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M-Mechanical characterization of tribologically stressed
elastomer surfaces with respect to radial shaft sealing systems

Christian Wilbs, Matthias Adler, Daniel Frolich, Alisa Bellon, Nicole Schuster,
Jasmin Menzel, Emely Bopp

This paper introduces the new py-mechanical characterization method and its application for
the post-test analysis of radial shaft seals (RSS) used for dynamic lubricant-elastomer com-
patibility tests. Therefore, the measurement procedure and accuracy will be discussed as well
as the features which can be drawn from the measured force-displacement curve. Further-
more, it will be shown, how these features allow a precise evaluation of the seal material
condition regarding hard deposits, hardening and softening. This will be summarized by show-
ing the correlation of the visual-haptic elastomer assessment and the results of the newly
developed characterization method which will increase the significance of dynamic lubricant-
elastomer tests.

1 Introduction

The radial shaft seal (RSS) is a widely used machine element, e.g. in gearboxes to

seal lubricants against the environment. For this purpose, the RSS, the shaft surface,
In terms of sustainability and cost efficiency, high expectations are set on the relia-

and the sealed fluid as well as the operation conditions (sliding speed, temperature,
bility and service life of such radial shaft sealing systems.
‘ \. - ~ ; —— /
£
Figure 1 Worm-gearbox with leakage due to lubricant-elastomer incompatibility

pressure, etc.) form a tribological system - the radial shaft sealing system (Figure 2).
3 /]
.(‘l /1

Therefore, downtimes due to maintenance or even leakages (Figure 1) must be
avoided. In particular, the complex interactions between the sealed lubricant and the
radial shaft seal have a major influence on the long-term reliability and lifetime of a
radial shaft sealing system. It is therefore essential to ensure lubricant-elastomer
compatibility under dynamic tribological stress.
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Figure 2 Radial-shaft-sealing System [1] (left side) and reverse pumping effect according to
Kammiiller [2] (right side)

The lubricant elastomer compatibility can be verified by dynamic tests in accordance
with established industry test standards. Due to the tribological stress of the lubricant
and seal material within the sealing gap, physical and chemical interactions between
lubricant and elastomer take place (see Figure 3) [5].
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Figure 3 Lubricant-elastomer interaction

Depending on whether the compatibility between lubricant and elastomer is given or

not the intensity of interactions is different and has impact on the properties of the
lubricant and elastomer. Especially the near surface material properties (u-mechan-
ical material properties) within the first 60 um of the sealing edge are crucial for a
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well performing reverse pumping effect (see Figure 2, right side) and therefore the
performance of the radial shaft sealing system.

2 RSS Analysis and Characteristics

The post-test analysis of the RSS is an essential process to determine the material
condition and how the lubricant affects the seal under tribological stress. Besides
leakage, seal wear width, shaft wear depth, radial load- and interference change it
is of great importance to consider the near surface material condition of the sealing
edge. While the seal and shaft wear, the radial load and interference are measurable
continuous values the seal material condition, is rated based on visual-haptic feed-
back of the material by seal experts with years of practical experience. The material
condition rating scale is not a continuous value but a categorial with five levels: with-
out (= 1), little (= 2), moderate (= 3), heavy (= 4) and severe (= 5). This scale is
applied to nine post-test seal characteristics to determine the intensity of the seal
condition change, see Table 1.

Table 1 Post-test seal condition characteristics

Characteristic Method
Grooving Visual
Hollow wear Visual
Contact discoloration Visual
Cracking Visual*
Blistering Visual*

Soft deposits Visual-haptic
Hard deposits Visual-haptic
Hardening Visual-haptic
Softening Visual-haptic

*) in some cases, also haptic feedback

While grooving, hollow wear and the wear band width, are describing the geometrical
change of the sealing lip, the other characteristics, such as deposits (soft and hard),
cracking, blistering, hardening, and softening allow a conclusion regarding the phys-
ical and chemical interaction influencing the seal material properties [4].

Even though that all characteristics are important to be considered, hard deposits,
hardening and softening are essential for the dynamic sealing function and at the
same time the most difficult to rate. Because all three characteristics are evaluated
not only through visual inspection, but also by haptic feedback, which indicates
whether the sealing edge is harder or softer than before the test or if there is a hard,
brittle layer covering the sealing edge.
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Figure 4 NBR seal after 768h dynamic test showing no damage (test no. 3, left side) and
hard deposits covering the sealing edge due to incompatibility (test no. 2, right side)

The left side of Figure 4 shows a post-test sealing edge of a NBR seal without any
sign of a significant change of the material property, indicating a good lubricant elas-
tomer compatibility. All other results of the dynamic test have been within the limits
too. In comparison, the sealing edge in Figure 4 on the right side is covered by a
dark, brittle, hard layer — hard deposits — indication a lubricant incompatibility. The
corresponding dynamic test results show that 3 out of 3 seals leaked after only 120
h and the shaft wear is above 10 uym.

This comparison uses two extreme examples — highly compatible (Figure 4, left side)
vs. highly incompatible (Figure 4, right side) lubricants which makes it easy to differ-
entiate one from the other. However, for the purpose of development and approval
tests, it is crucial to distinguish the condition of the seal material across a range of
possibilities, ensuring repeatability and reproducibility even within these extreme var-
iations. Therefore, it is necessary to move from a visual-haptic feedback rating with
a categorial scale to an objective measurement method of continuous values.

3 p-Mechanical Material Characterization of RSS

The new tactile seal characterization method — “y-mechanical seal characterization”
— is realized by using a micro indentation tester named “LNP® nano touch” with a
high precision force-displacement sensor (force resolution: 0.6 mN). Due to the very
small probe tip radius of R = 40 um it is possible to measure directly on the wear
band, even of narrow wear band widths of 100 - 150 ym (see Figure 5, detailed
view).
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Figure 5 y-Mechanical measurement setup and force-displacement curve

In Figure 5 (left side) is shown the measurement setup with the mounted seal and a
detailed view of the probe tip positioned on top of the wear band. The measurement
results in a force-displacement curve (Figure 5, right side) showing the force F on
the vertical axis in mN and the penetration depth s on the horizontal axis in ym. The
colour differentiates the force when the probe is penetrating the seal F;,, (black line)
and reversing F,.,, (red line). To ensure comparability of the results it is necessary to
use the same measurement parameters (see Table 2).

Table 2 Measurement parameters

Measurement Value Unit
Probe-tip type Sphere (Radius) -
Probe-tip radius 40 Mm
Su 60 um
Uy 5 um/s
ty 0 S

s 0 s

v, 5 um/s
t, 0 S
Type v-Control Linear -

However, with the force-displacement curve alone it is not possible to characterize
a seal properly. Thus, features need to be calculated from the curve which then allow
the characterization of the seal material properties, in particular: hard deposits, hard-
ening and softening.
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Figure 6 u-Mechanical characteristics calculated from the force-displacement curve

Figure 6 shows qualitatively the calculated features from the force-displacement
curve in blue. E,,, is the maximum measured force at the maximum penetration
depth s,,. The Hysteresis H is the relative area enclosed by the F;,- and F,.,-curve
related to the area under the F;,-curve. The slope derived from a linear regression
of the force-displacement curve at a discretization length of 5 ym corresponds to the
stiffness S of the seal material. Another interesting feature is the homogeneity b
which describes the rate between the surface stiffness and the bulk stiffness. The
surface stiffness is considered as the mean stiffness of the penetration depth range
from 0 to 15 ym and the bulk stiffness as the mean stiffness from 50 to 60 um. Table
3 summarizes the most important features calculated from the force-displacement
curve for a proper post-test y-mechanical seal material characterization.

Table 3 u-Mechanical features for seal characterization
Characteristic Unit

Fnax Maximum force mN

H Hysteresis -

S Stiffness mN/um
b Homogeneity -
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4 RSS Characterization Map and Interpretation

Finally, Figure 7 shows the RSS Characterization Map including the maximum force
Fax in MN on the horizontal axis, the hysteresis H in % on the vertical axis and the
homogeneity b as colour code.
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Figure 7 RSS Characterization Map

The Characterization Map includes only results from dynamic tests with seals out of
72 NBR 902, but with different test conditions (e.g. fluid, pressure, duration, sliding
speed, etc.). The two examples, test no. 2 and 3, were tested at the same test con-
ditions but with different fluids and test no. 1 additionally at a higher duration time
and pressurization. The general trend in data shows with increasing maximal force
E,.x a fast rise of the hysteresis H and the homogeneity b (green to red) before it is
levelling out at high E,,,, values. This curve progression correlates with the seal ma-
terial degradation intensity due to lubricant elastomer incompatibility.

Table 4 shows the post-test material condition rating results of the visual-haptic feed-
back method and the corresponding results from the micro mechanical characteri-
zation.

Table 4 Post-test material condition rating results

No Damage Rating Fmax Hysteresis Stiffness bulk Homogeneity
() (mN) (%) (mN/pm) ()

1 Hardening 5 280 54 3.0 1.7
Hard d.ep03|ts 5 99 78 16 13
Softening 4

3 none 1 61 38 0.9 0.7
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The test results clearly show the difference between hardening and hard deposits.
Since hardening is mainly correlated to high F,,,, values and a bulk stiffness S
greater than approx. 1.8 mN/um while hard deposits correlate with a high hysteresis
H, homogeneity b greater than 1.1 and relatively small F,,,, values. Often the seal
material underneath hard deposits is softened as well. In Figure 8 the seal condition
and stiffness curves of test 1 to 3 are shown.
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Figure 8 Seal wear band and stiffness curve

Seal 2 and 3 of test 1 show a typical stiffness curve for hardened seals, a constant
progression at a high stiffness level (bulk stiffness approx. 3 mN/um). Sometimes
the material at the surface is even more hardened as the stiffness curve of seal 1
reveals. However, the stiffness curve of seals with hard deposits show a significant
drop to a lower level of stiffness (bulk stiffness approx. 1.6 mN/um) after the first 15-
20 ym. The penetration depth range where the stiffness is degreasing until it is lev-
elling out corresponds to the layer thickness of the hard deposits. In contrast the
stiffness curves of test 3 are slowly rising with increasing penetration depth s and
levelling out at a bulk stiffness of approximately 1 mN/um indicating that no material
degradation took place and therefore a good lubricant elastomer compatibility.

5 Summary and Conclusion

The new p-mechanical seal characterization method realized by using the micro in-
dentation tester from LNP® and the here presented features drawn from the force-
displacement curve, are the basis to successively update the state-of-the-art visual-
haptic seal assessment method. Features such as the maximum force F,,,,, hyste-
resis H, homogeneity b and the stiffness curve S allow a characterization of the seal
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material properties change and thus an evaluation of the lubricant elastomer com-
patibility. This characterization and evaluation are based on highly precise measure-
ments which will increase the significance of dynamic lubricant elastomer compati-
bility tests even more. Other interesting outcomes of this analysis are, that it shows:

1. The new p-mechanical characterization method accurately reflects the re-
sults from the visual-haptic feedback method and the dynamic test results.

2. With increasing seal material degradation due to incompatibility, the precise
p-mechanical measurement shows an increased, up to 4 times higher, vari-
ation of the results. This suggests that the variation is mainly caused by un-
stable tribological conditions within the contact due to an incompatibility.

Increasing the experience with the new p-mechanical characterization method will
allow to narrow down the exact feature combinations and limits for a complete char-
acterization. Also, the development of further features [3] will provide the possibility
to characterize additional characteristics e.g. in terms of seal wear or permanent
deformation. Furthermore, it is necessary to extend the analysis to other elastomer
compounds such as FKM’s, ACM’s and HNBR’s.

6 Nomenclature

Variable  Description Unit
F Measured force [mN]
Frax Maximum force [mN]

H Hysteresis [-]

S Stiffness [MN/um]
b Homogeneity []

s Penetration depth [um]
Sy Maximum penetration depth [um]
Uy Penetration velocity [um/s]
ty Holding time at maximum penetration depth [s]

s End of test penetration depth [um]
vy Reverse velocity [um/s]
t, Holding time at end of test penetration depth [s]

7 References

[1]1 Freudenberg FST GmbH, Weinheim, 2024

[2] Kammiuller, M.: Zur Abdichtwirkung von Radial-Wellendichtringen, Dissertation,
Stuttgart, Institut fiir Maschinenelemente, 1986



366

22 |SC

[3]

[4]

[5]

8

Alt K., Hittinger A., Woppermann M.: Automatisierung und Standardisierung
der Analyse von tribologisch geschédigten Radialwellendichtringen, 64. Tribo-
logie-Fachtagung, 2023

Merkle, L., Bauer F.: Gestaltung von Lastkollektiven zur Priifung von Radial-
Wellendichtungen, FVA 696 Il / 696 IV, Heft 1512, Forschungsvereinigung An-
triebstechnik e.V., Frankfurt am Main, 2022

Weiser, G. S.: Bedeutung instationdrer Versuchsbedingungen fiir die Testung
von Radialwellendichtringen am Beispiel der Blasenbildung, Dissertation, Tech-
nische Universitat Hamburg, 2023

Authors

Freudenberg FST GmbH

Hoéhnerweg 2-4, 69469 Weinheim, Germany:

Christian Wilbs, M. Sc., christian.wilbs@fst.com

Dr.-Ing. Daniel Frolich, ORCID 0000-0002-2707-948X, daniel.froelich@fst.com
Dr.-Ing. Matthias Adler, matthias.adler@fst.com

Alisa Bellon, M. Sc., alisa.bellon@fst.com

Emely Bopp, B. Sc. emely.bopp@fst.com

Freudenberg Technology Innovation SE & Co. KG

Hoéhnerweg 2-4, 69469 Weinheim, Germany:

Dr.-Ing. Nicole Schuster, ORCID 0000-0002-9766-5548,
nicole.schuster@freudenberg.com

Dr.-Ing. Jasmin Menzel, jasmin.menzel@freudenberg.com

https://doi.org/10.61319/2BMEKGRS



mailto:jasmin.menzel@freudenberg.com
https://doi.org/10.61319/2BMEKGRS

	A00
	A22
	µ-Mechanical characterization of tribologically stressed elastomer surfaces with respect to radial shaft sealing systems
	1 Introduction
	2 RSS Analysis and Characteristics
	3 µ-Mechanical Material Characterization of RSS
	4 RSS Characterization Map and Interpretation
	5 Summary and Conclusion
	6 Nomenclature
	7 References
	8 Authors


