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Additive Manufacturing of Sealing rings: Material Selection and
Application Development

Jacqueline Gerhard, Lothar Horl, Frank Bauer

The use of additive manufacturing, particularly 3D printing, for the production of seal rings is
a promising way to speed up the development cycle of new products. In addition, this tech-
nology enables the rapid optimization and investigation of seal profiles. In order to guarantee
the required sealing function, the sealing material must meet specific requirements. In this
study, a comprehensive analysis is performed focusing on the evaluation of elastic 3D printa-
ble materials to gain an understanding of the general properties and behaviour of these ma-
terials. A liquid crystal display printer was used for all tests. The first prototypes of additive
manufactured rod seals for a pneumatic application were tested.

1 Introduction

The use of additive manufacturing in the sealing technology allows for the rapid ex-
ploration and implementation of geometric variations in sealing profiles, enabling
rapid optimization for individual applications. However, this manufacturing process
presents new challenges. In order to guarantee the required sealing function, the
sealing material must meet specific requirements and therefore it is important to fully
understand the material behaviour.

In the following, the most common 3D printing techniques and the objective of this
work will be explained. Chapter 2 will present the most significant results of the ma-
terial tests, followed by the results of pneumatic rod seals on the test rig in chapter 3.

1.1 3D Printing Technologies

In the Fused Deposition Modeling (FDM) process, the material, a solid thermo-
plastic in the form of filaments, is melted in the extruder and applied through a nozzle
onto the printing platform. After printing, the thermoplastic cools and hardens again.

In addition to the FDM process, there are processes in which liquid photosensitive
resins are cured using some form of light energy, in the following called “resin
printer”. These processes use a resin tank with a transparent film on the bottom and
a non-stick surface. The resin tank contains the liquid resin. During the printing pro-
cess, the printing platform is lowered into the resin tank. Some space is left between
the bottom of the printing platform and the non-adhesive surface of the tank bottom.
This space corresponds to the layer height. The liquid resin in the gap between the
printing platform and the tank bottom is selectively exposed to light through the trans-
parent film to cure the desired areas, leaving the remaining areas liquid. By moving
the platform up, the hardened layer is separated from the tank bottom and new resin
flows into the gap between the printing platform and the tank bottom. This process
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is repeated until printing is complete. The most common techniques that utilize UV
light to cure photosensitive polymers are presented below.

In the Stereolithography (SLA) technique, a laser is used to selectively cure the
resin by punctually laser scanning the surface. The Masked Stereolithography
(mSLA) technique uses LEDs which are projected through a masking screen. The
mask prevents light from passing through to create the curing pattern. Because the
LCD (Liquid Crystal Display), i.e. the mask, absorbs most of the energy of the LEDs,
the mSLA technology has a lower amount of energy per unit area but is generally a
faster printing technique than SLA because the projector can expose the entire layer
at once rather than curing point by point. Digital Light Processing (DLP) is a tech-
nique that uses a digital light projector as a light source to cure the resin. The pro-
jector shines its light onto the DMD (Digital Micromirror Device), which consists of
thousands of small mirrors, each of which is capable of deflecting the light from the
projector in a different direction. For each layer, these mirrors are arranged in a spe-
cific orientation that reflects the digital light beam from the projector onto the bottom
of the tank in the shape of the layer to be printed.

Photopolymers for resin printers are UV-activated synthetic resins. During photopol-
ymerization, the resin consisting of monomers and photo initiators is exposed to UV
rays. The initiators are split into free radicals by the exposure. The free radicals
cause the monomers to crosslink to form polymer chains. Components produced by
photopolymerization exhibit anisotropic behavior, primarily due to inadequate cross-
linking during layer formation.

Another process is Selective Laser Sintering (SLS), in which small polymer powder
particles are sintered into a solid structure. For this process, powder is applied to
the printing platform in a thin layer. The printer heats the powder to a temperature
slightly below the melting point. The laser then scans the areas, which should be
printed, and heats the powder which mechanically fuses the particles and creates a
solid part.

In all additive manufacturing processes, layers are added sequentially, resulting in
stepped structures on rounded or angled edges of the component. These are gen-
erally more pronounced when using FDM printers than when using resin printers. As
example, an O-ring with a round cross-sectional geometry was printed with the
mSLA printer Mono M5s from Anycubic and then measured with the IMA seal scan-
ner [1]. For comparison, the same O-ring was printed using the FDM printer Sovol
S06 with a layer height of 0.1 mm. The contour of the printed O-ring using FDM is
shown in Figure 1 (left) and the contour of the printed O-ring using mSLA in Figure
1 (middle). For comparison, an injection-molded O-ring was measured, Figure 1
(right). The contours of the FDM printed O-ring are significantly more stepped than
those of the mSLA printed O-ring. An injection-molded O-ring with smooth contours
is more similar to an mSLA printed O-ring and the mSLA technique is therefore more
suitable for printing seal rings.



BO5 413

0.0 4
0.0 0.04

—0.51

y [mm]
S
o

y [mm]

~1.04 -1.0 -1.0

0 1 2 3 0 1 2 3 0 1 2 3
x [mm] x [mm] x [mm]
Figure 1: Geometry of printed O-rings: FDM (left), mSLA (middle) and of an injection-molded
O-ring (right)

1.2 Objective

There have already been a few attempts to realize the additive manufacture of seal
rings [2-7]. One approach is to print injection moulds and use them to produce seals
in an injection moulding machine. There are various materials that are advertised for
this purpose, for example the ultracure 3D RG 3280 from BASF or the Somos Per-
FORM material from Stratasys. However, this requires an injection moulding ma-
chine to be available. In addition, there exist different modifications of the standard
printing processes presented in chapter 1.1. As example, Cubicure developed the
Hot Lithography technique which can be used to print temperature-resistant and
long-term stable moulds for an injection moulding machine. ViscoTec focuses on
cross-linked chemistry and developed an extruder to print cross-linked 2-component
materials. The acquisition costs for these systems are higher than those for standard
resin printers, but they have already been used to successfully print seals [8].

In this study, the objective is to analyse the most straightforward approach and there-
fore the direct printing of seal rings. In order to achieve this, the first goal is to under-
stand photopolymers for 3D printing and study how they behave under different con-
ditions. Based on this, it will be possible to determine which type of seal they are
suitable for. In the scope of this work, the focus was on one mSLA 3D printing tech-
nique and four pre-selected materials from two manufacturers. These materials will
be used to investigate the behaviour and possibilities of the materials. A resin printer
was chosen as this has significantly better printing accuracy than FDM printers.

2 Material property studies

Two Anycubic models were used as mSLA printers (Mono M5s and M3 Max). Ten-
sile and compression set tests were performed on samples from both printers and
no difference was found between the two mSLA printers when using the same resin.
The printing parameters were initially set to achieve the most accurate printing of a
test geometry. For example, the exposure time, the length of time each layer is ex-
posed, depends on the material and must be adjusted for each material. If the expo-
sure time is too short, either the desired area will not be fully cured, resulting in ge-
ometric deviations, or the layers will not adhere to each other and the part will fall off
during the printing process. If the exposure time is too long, light scattering will cause
areas outside the exposed area to cure. As a result, the parts are usually larger than
defined in the Computer Aided Design (CAD) software.
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The materials analysed are listed in Table 1. The Shore A hardness of the materials
was measured according to DIN ISO 48-4 [10] on the day of printing (tstorage = 0 h)

and 4 weeks later (tsiorage = 4 W). These measurements are compared with the hard-

ness specified in the manufacturer's data sheet. In the following, only the abbrevia-
tion in the second column is mentioned instead of the entire name of the materials.

Table 1: Materials and their Shore A hardness

Shore A hardness
Material Abbreviation | tsiorage =0 h | tsrorage =4 W | Data sheet
Loctite 3D 8195 L 8195 59 60 58
Loctite 3D IND475 | IND475 60 70 60
Resione F69 F69 73 95 60-75
Resione F80 F80 56 78 50-60

Based on the measured hardness listed in Table 1, changes in the materials over
time were determined. Throughout the storage period, the specimens were stored at
room temperature and protected from light. Ideally, the sealing material and there-
fore the sealing function of a seal should not change significantly over time. There-
fore, a change of more than 20 Shore A in a 4-week period could render a material
unsuitable as sealing material. After a further 4-weeks (tstorage= 8 W), this change in
hardness was no longer detectable, indicating that the material could still be used as
sealing material. Tensile tests were carried out for further analysis and the results
are presented below.

21 Tensile Tests

As the materials cure under UV light, the ma- |
terial properties can still change after printing 12.5 mm 4 mm
if the printed parts are exposed to sunlight. To | T

analyse these material changes due to post-
curing, tensile tests according to DIN 53504 [9]
were performed. Figure 2 shows the geometry
of the S2 test specimen with a thickness of
2 mm. Firstly, it was investigated how the stress-strain curve changes after the sam-
ples have been stored for a certain time at room temperature and protected from
light. These changes were then tried to be reproduced by a longer exposure time or
curing time. The samples were tested at a speed of 100 mm/min. Each variant was
measured five times and then a representative curve, the most central, was selected
from the five resulting measurements for further analysis. The technical strain and
the technical stress are shown in the following.

; 75 mm
Figure 2: S2 Test specimen

To analyse the material changes due to post-curing, specimens made of IND475
were tested after different time intervals. The specimens were all printed at the same
time and then stored for the time tg,rage UNtil they were tested. Figure 3 shows the
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measured stress-strain curves for different storage times tsqrage between printing

and testing. The stress-strain curve shifts upwards and the material becomes stiffer
due to post-curing.
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Figure 3: Tensile tests, IND475 Material, varying tgiorage

In a further test, the curing time t.,.. was increased to achieve a more cured state.
The curing time defines how long the specimen is exposed to UV light in the curing
station after printing in order to fully cure. The samples were all printed at the same
time and then placed in the curing station for different lengths of time. In the curing
station, the specimens are placed on a rotating plate and are exposed to UV light at
a uniform wavelength of 405 nm from two angles. Afterwards they were immediately
tested, the resulting stress-strain curves are presented in Figure 4. The upwards shift
of the curve can also be observed with increasing t.,, but is less significant than
with increasing tgorage- After a longer curing time than 120 min, the samples became
too brittle and broke between 80 % and 100 % strain. Therefore, longer times in the
curing station were not further analyzed.
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Figure 4: Tensile tests, IND475 Material, varying t .

As a third approach, the exposure time teyposure With which each layer is exposed
during printing was increased. Increasing the exposure time means that the geome-
try can no longer be reproduced well. Therefore, a sheet was printed and the sam-
ples were cut out of the printed sheet material. When increasing the exposure time,
the effect of the upward shifted curve could not be observed for the material IND475.
The differences in the stress-strain curves were too small to be recognized in the
general scattering. The material behavior of F69 changes much faster with the stor-
age time tgorage Detween printing and measurement, Figure 5. The upwards shift of
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the stress-strain curve is in the case of the F69 material also visible by increasing
the exposure time teyposure, Figure 6.

Oh
2h
24 h
72 h
1 week

Stress [MPa]

Strain [%]

Figure 5: Tensile tests, F69 Material, varying tsorqge

An increase in tensile strength of approximately 35 % was detected after only one
week of storage for the F69 material, for which the greatest change over time was
observed. For the IND475, the increase in tensile strength of approximately 20 %
was measured after one week storage time and about 60 % after 20 weeks. For all
tested materials from the resin printer, the change in material behaviour due to the
storage time between printing and measurement was noticeable, but to different ex-
tents. For example, the upward shift in the stress-strain curve for the IND475 only
became apparent after several days or weeks. In the case of the F69, the upward
shift of the stress-strain curve was already visible after hours. This upward shift of
the curve could also be caused by increasing the curing time. For some of the ma-
terials, the upwards shift could be reproduced by increasing the exposure time, but
by a much smaller amount than by increasing the curing time. It was therefore not
possible to prove that the change in material behaviour over time is only due to post-
curing by UV light. Before testing, the tensile samples were weighed. A reduction in
weight over time was observed for all materials. This indicates that the change over
time is not only due to post-curing by UV light, but due to another effect.

Stress [MPa]

Strain [%]

Figure 6: Tensile tests, F69 Material, varying toxposure

An upward shift of the stress-strain curve of elastomers, and thus a higher stiffness,
can be achieved by a higher loading speed [11]. A downwards shift can be achieved
by higher temperatures [11]. At faster loading speeds, the stress-strain curve of the
photopolymers is shifted upwards, meaning the behavior of the photopolymers is
thus similar to that of elastomers. However, no reduced material stiffness was ob-
served at higher temperatures.
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2.2 Compression Set

The compression set (CS) was measured according to DIN 815 [12] at room tem-
perature (RT), 55 °C and 85 °C. Cylindrical specimens with a diameter of 13 mm and
a height of 6.3 mm were compressed by 25% for a period of 24 hours or 72 hours.
For each variant five specimens were tested, the results shown hereafter are the
average of the five measurements. For each material, the curing time t.,.. was
varied to reproduce different curing states. However, no correlation was found be-
tween the compression set and the curing times of t.,.. = {10, 20, 30, 40} minutes.
The first significant changes in the CS could only be determined for curing times of
60 minutes or more. In the following only the results of the materials IND475 and
F69 are shown, as the CS for the two materials F80 and L 8195 ranged between 0
% and 2 % for all measurements and is therefore insignificantly small. For the F69
material, the CS ranged between 25 % and 30 % for the 24 h and 72 h tests at room
temperature. For all tests at higher temperatures, the CS was less than 2 %.

For elastomers, the CS increases at higher temperatures [13]. This was not the case
with the printed materials. Figure 7 shows the measured CS for samples cured after
printing for curing times t.,.. = {10, 60, 120} minutes. In each case, one day was
waited between printing and measurement (tgrage = 1 day). The results of the meas-
urements after tgiorage = 20 Weeks are also shown, in this case the curing time was
setto t.yre = 10 minutes.

RT 24 h RT 72 h 55°C24h 55°C72h 85°C24h 85°C72h

Bt =10 min B t.,. =60 min B teye = 120 min B tsiorage = 20 weeks

Figure 7: Compression set, IND 475

The CS increases for longer post-curing times t.,... However, it decreases as the
storage time tg,rag. between printing and testing increases. These results therefore
indicate that the change in material behaviour over time is not just due to post-curing
with UV light.

It could be that the materials are not yet fully cross-linked after printing. Testing at
higher temperatures could accelerate the cross-linking, which is why the CS is lower
at higher temperatures. At room temperature, the material does not fully cross-link
during the test. Furthermore, the material behavior is different when it is cross-linked
in a compressed state than when it is cross-linked in a relaxed state, which would
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explain the difference between the CS after longer curing times and after the storage
time of 20 weeks.

The compression set at higher temperatures is generally lower for the IND475 ma-
terial than at room temperature. Figure 8 shows the results for the F69 material at
room temperature. At 55°C and 85°C, the CS ranged between 0 % and 2 %. As with
the IND475 material, the CS of the F69 material decreases as the storage time
tstorage iNCreases. However, as the curing time ¢t increases, the CS increases.

40

30 1

20 1

CS [%]

10 A

0_

RT 24 h RT 72 h

Il t,.=10 min BN tye = 120 min
Bt =60 min WD tstorage = 20 weeks

Figure 8: Compression set, F69

After the storage time of 20 weeks, the CS of the IND material decreases by 25 %
in the 24-hour tests and by 60 % in the 72-hour tests at room temperature. In the
case of the F69 material, the CS decreases about 15 % in both the 24-hour tests
and the 72-hour tests at room temperature. In the tensile tests, the change in material
behaviour over time was much more apparent for the F69 material than for the
IND475 material. In the case of compression set the change over time is greater for
the F69 material.

As defined in DIN 815, the CS was measured after 30 minutes. Figure 9 shows the
results of the measurement in 5-minute steps from the time the samples were taken
out of the steel plates for the 72-hour test at room temperature. The results of two
polyurethane compounds from Parker Hannifin GmbH are shown for comparison.

P5008

P5001

F69 tcyre = 10 min

F69 toure = 120 min
IND475 tcyre = 10 min
IND475 teyre = 120 min

time [min]

Figure 9: Compression set (72 h, room temperature) over time
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The two polyurethane P5008 and P5001 from Parker Hannifin GmbH behave almost
ideally. The CS is generally low and does not change much over time. The F69
material changes about 40 % in the first 40 minutes after removing the samples. The
CS of the IND475 material decreases almost linearly and therefore similar to the
Parker polyurethane. The samples made of IND475 and the samples made of poly-
urethane have probably deformed significantly within the first few seconds. This de-
crease within a few seconds was not measured. Thus, the material F69 takes longer
to deform back, as the strong decrease of the CS occurs only after minutes. This
indicates that the F69 specimens have not yet fully recovered after the 30-minute
waiting time specified in DIN 815, which is a disadvantageous characteristic for a
sealing material.

3 Additive Manufactured Rod Seals

A pneumatic rod seal design was printed from the four materials and analyzed. The
test rig and the results of the reference seal are introduced below. This is followed
by an explanation of the challenges encountered when printing the seal and the ge-
ometric optimization of the CAD file. The geometric optimization is then validated
using the Finite Element Method (FEM).

3.1 Translational Test Rig

The frictional force between a seal ring and rod was measured at ambient pressure
during horizontal movement of the rod on the translational test rig at the IMA. For
this purpose, the ARUP seal ring [14] from Trelleborg Sealing Solutions for a rod
diameter of 20 mm was printed. To obtain the CAD geometry the ARUP seal ring
was cast in epoxy resin and the geometry measured. For all of the printed seal rings
the same geometry file was used first, but had to be adapted later.

3.1.1 Reference Seal

The original ARUP seal ring from Trelleborg Sealing Solutions (TSS) made from a
Polyurethan with 90 Shore A (WU9E1) was tested as reference. The seal rings were
installed in a seal ring carrier first and then mounted on the rod. Next to the seal ring
0.1 ml of grease (Klubertemp GR MO7 N) was then applied around the circumference
of the rod. In a grease distribution run, the seal spreads the grease over the entire
rod, after which the measurement was started. The frictional forces measured while
moving the seal ring on the rod are shown in Figure 10 (left). For each variant, five
seal rings have been tested. The frictional forces from the different seal rings are
shown in different colors. During each measurement, the seal ring is moved 10 times
with v, = 200 mm/s from position xs,«= 5 mm to position x.,q= 70 mm which is
why there are 10 curves for each tested seal ring. As the scatter between the five
seal rings tested is very small and they all behave very similarly, the curves overlap.
Figure 10 (right) shows the average frictional force and the scatter of the five seal
rings. This was done by averaging the amount of the measurements taken at
x =35 mm. The minimum and maximum values of the measured force are marked
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by the grey bar. To analyze the force required at the beginning of the measurement
and during the change of direction, the average of the amount of frictional force
measured between x =5 mm and x = 7 mm was calculated. The maximum value of
the measured force in the range x = [5,7] mm is marked by the grey bar.
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Figure 10: Measured frictional force (left) and average frictional force (right), seal rings from
Trelleborg Sealing Solutions

3.1.2 Geometric Optimizations

When using an mSLA printer without optimizing the CAD geometry, printed parts
tend to be oversized. In general, the first layers are exposed longer to ensure the
components adhere to the printing plate. As a result, the first layers are printed
larger, which can be corrected by a respective change in the CAD file. In addition to
the oversize of these first layers, it was noted that the inner diameters of the printed
seals were too small and the outer diameters too large. Therefore, these had to be
adjusted as well. The printed seal rings were measured to determine the true inner
diameter and the inner diameter in the CAD file was then adjusted. Figure 11 shows
the sectional geometry of the seal ring. As an example, three dimensions are illus-
trated, which were adjusted in the CAD file in order to print the original geometry as
accurately as possible. Using the diameters d1c,p and d2¢,p listed in Table 2, an
inner diameter of dl.5eq = 195 mm + 0.05 mm and an outer diameter of
d2printea = 29.5 mm % 0.1 mm could be achieved for the printed seals. The width b
of 3.6 mm could be achieved for all printed seals.

Table 2: Dimensions defined in the CAD file and actual measured dimensions [mm]

dlCAD dlprinted dZCAD dzprinted bCAD bprinted
IND475 | 20.4 19.45 28.9 29.6 3.2 3.6
L8195 | 193 19.5 294 295 3.6 3.6
F69 19.4 19.45 294 29.5 3.45 3.6
F80 19.6 19.5 293 295 3.5 3.6
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d2

d1

Figure 11: Sectional view of the seal ring

Despite the adjustment of the geometry according to Table 2, the shape of the seal-
ing lip still deviates from the actual shape in the CAD file. Thus, the geometry of the
seal ring made of IND475 was further optimized, as this was the geometry that de-
viated the most from the original geometry. Figure 12 (left) shows the measured
frictional forces for the first printed seals with an inner diameter of
dlcap= 19.5 mm in the CAD file and an average inner diameter of
d1printea = 18.5 mm measured on the printed seals. After adapting the geometry in
the CAD file according to Table 2, an average inner diameter of d1pinteq = 19.45 mm
was measured, which significantly reduced the frictional force, Figure 12 (middle).
Casting the printed seal rings in epoxy resin and measuring the printed geometry
showed that the printed sealing lip was still too wide. The design of the sealing lip
was then adjusted in the CAD file, which led to the frictional forces shown in Figure
12 (right).
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Figure 12: Frictional force, IND475, first printed seal (left), optimization of the diameters
(middle) and adjustment of the sealing lip (right)

Thus, depending on the material, the geometry defined in the CAD file must first be
adapted before a seal ring can be printed accurately using an mSLA printer.

Figure 12 also shows how quickly a seal geometry can be modified to achieve spe-
cific characteristics, such as lower friction. With a 3D printer, these geometry
changes can be made fast and without much effort.
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3.1.3 Material Comparison

For the 3D-printed seal rings, the printing parameters were selected for which the
best accuracy could be achieved in printing tests. In order to test all seals under the
same conditions, exactly seven days were waited between printing and testing. Fig-
ure 13 compares the frictional forces of the seals made of L 8195, F69 and F80. The
diameters of the seal geometries have been adjusted to match the inner diameter of
the original ARUP seal.

The individual seal rings made from L 8195 behave very differently, but the meas-
urement results of a single seal ring vary only slightly. In the case of F69, it is the
opposite: The five seal rings made of F69 all behave in a similar way, but the disper-
sion of one seal ring is greater.
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Figure 13: Frictional force, L 8195 (left), F69 (middle) and F80 (right)

In Figure 14, the average frictional force and the scatter is shown for the

reference seal ring from Trelleborg (TSS),

e seal rings made of Loctite 8195, Resione F69 and Resione F80,

e Loctite IND475 seal rings, without geometric optimizations (IND475_1),

o Loctite IND475 seal rings with the optimization of the diameter (IND475_2),
o Loctite IND475 seal rings with the adjustment of the sealing lip (IND475_3).

The average of the five measurements at position x = 35 mm is displayed by the
darker color. The average of the amount of frictional force measured between the
positions x = 5 mm and x = 7 mm is displayed in a lighter color. The scattering,
marked by the gray bar, is greatest for Loctite 8195. The Loctite IND 475 seals
showed the lowest scatter, even without adjusting the geometry. In addition, the dif-
ference between the frictional force during movement (at position x = 35 mm) and
the frictional force required to change direction (in the range x = [5,7] mm) is lowest
for the seal rings made of Loctite IND 475.
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Figure 14: Average frictional force

In order to analyse the impact of the storage time on the frictional force, experiments
were run with seal rings after tg,rage = {0, 1, 4, 16} weeks. No trend in any direction
could be recognized for the materials IND475, F69 and F80. The measured frictional
forces of the seals made of L 8195 were generally so scattered that no trend could
be identified either. The longest test run lasted 24 hours. The only seals that could
not withstand this test run were made of the L 8195 material. These have torn after
18-21 hours. None of the other seals broke or showed signs of wear. In addition to
the results shown in this chapter, measurements were performed under pressure.
With the exception of the seals made of L 8195 material, all seals were able to with-
stand a pressure of 6 bar.

3.2 Assembly Simulation

The geometric optimizations of the seals made from IND475 were evaluated using
the Finite Element Method (FEM). The actual printed geometries were measured
and used. The measured frictional forces for these geometries are shown in Figure
12. The frictional force measured on the test rig can be calculated by

Feic = 1 Fy (1)
with the coefficient of friction x and the contact normal force Fy. In an FEM simulation
in the software MSC Marc Mentat, the assembly of the 2-dimensional cross-sectional
geometry of the seal ring was simulated to get the contact normal force between seal
ring and rod. To do so, the printed geometry was measured in order to ensure the
same conditions as in the experiments. The seal ring carrier, in which the seals are
installed before they are mounted on the rod, was also measured. In the FEM simu-
lation, as in the experiments, the seal ring was first pushed into the groove, i.e. the
seal ring carrier. The installed seal ring is then mounted on the shaft. The used Og-
den material model is based on the tensile tests of the IND475 material at room
temperature after tg,rage = 1 Week. Relaxation was not considered. The simulation
results of the seal rings

TSS: Reference seal ring, measurements shown in Figure 10

IND475_1: First printed seal, measurements shown in Figure 12 (left)
IND475_2: Optimization of the diameters, measurements Figure 12 (middle)
IND475_3: Adjustment of the sealing lip, measurements Figure 12 (right)
are discussed in the following. Figure 15 shows the simulated installed seal ring

IND475_3. The colors represent the first component of stress. Figure 16 shows the
simulated contact forces between the sealing lip and shaft. The position x = 0 is
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defined by the node located left of the first node in contact with the shaft. The maxi-
mum values of the simulated normal force Fy .y are listed in Table 3. In addition,
the frictional forces F;.;. measured on the test rig are given. These are the average
of all frictional forces measured between the two positions 20 mm and 40 mm.

80 66 52 38 24 10 -04 -18 -3.2 -4.6
[ [ [ I I [

Figure 15: Simulation result, mounted seal IND475_3, 1st Component of Stress [N /mm?]

The radial force, i.e. the force with which a seal ring is pressed against the shaft over
the entire circumference, was measured using a radial force gauge [15] according to
DIN 3761-9. Five seal rings were measured in each case, the average radial forces
are given in in Table 3. When measuring the radial force, a higher value is measured
at the beginning. Due to relaxation, the radial force decreases after only a few sec-
onds. The values given in in Table 3 are the radial forces measured at the beginning,
as no relaxation was considered in the simulation.

< 250
% — IND475_1
© 200 IND475_2 |
2 150 —— IND475_3
© 7 | !
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5 1001
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© 50 A J\
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0 1 2 3 4
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Figure 16: Simulation result, Contact Normal Forces of the sealing lip

Table 3: Frictional Forces measured on the test rig, Contact Normal Force obtained from the
simulations and measured radial force

IND475_1 IND475 2 IND475 3 TSS
Feic = 19N Feic =12 N Fric = 9N Fric =8N
Fymax = 251N Fymax = 146 N Fymax = 108 N Fymax =96 N
Fradgial = 241N Fragial = 138 N Fragial = 102N Fradgial = 94 N
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The measured radial forces agree well with the simulation results. Both the radial
force and the frictional force could be significantly reduced by adjusting the inside
diameter and optimizing the geometry of the sealing lip. Calculating the coefficient
of friction from either the measured radial force F,,4, Or the simulated contact force
Fy.max a@ccording to equation (1), results in a coefficient of friction between 0.076 and
0.088. These values are reasonable for a fully lubricated steel rod. On the test rig
the same rod was used for all tests and the same amount of grease was applied. In
the simulations, the same conditions were defined, the only change was the geom-
etry of the seal. Therefore, the coefficient should be exactly the same. Small differ-
ences may be due to inaccurate measurement of the geometry.

4 Conclusion

The potential of additive manufacturing of seal rings using an mSLA printer was in-
vestigated. Additive manufacturing opens up many new possibilities in sealing tech-
nology. New and complex geometries can be produced and different geometric var-
iations can be realized quickly. However, in order to fully exploit the potential, some
preliminary work must be done first. This includes finding the right material, as there
are many different photopolymers for mSLA printers available on the market.

The 3D-printed materials analyzed in this study have a lower elongation at break and
a much lower tensile strength than conventional sealing materials. Nevertheless, the
elongation at break of the printed materials is still sufficient for seals. In addition, very
good Compression Set values were measured for the printed materials. One disad-
vantage is the change of the material behavior over time. All tested materials show
a stiffer behavior in tensile tests after a longer period of time between printing and
testing. The compression set is reduced by a longer waiting time, which is generally
beneficial, but this still makes the material difficult to evaluate. The material change
could not be reproduced by increasing the curing time or the exposure time, indicat-
ing that the change in material behavior was not due to post-curing with UV light.
Before the materials can be used reliably, it is important to gain an understanding of
the reason for their behavior. The change in material behavior could be due to reac-
tions with the surrounding environment. Further tests need to be carried out, for ex-
ample after storage times in a vacuum chamber, in order to detect evaporation of
solvents out of the printed material.

The advantage, on the other hand, is the geometrical flexibility. For example, the
sealing lip width can be changed very quickly to achieve the desired contact pressure
between the sealing lip and the rod. In order to be able to do this, it is necessary to
know how the geometry will be printed. Due to geometric deviations, the geometry
file must be adapted depending on the printer and the material. If this is neglected,
the geometry of the printed seal will not match the desired geometry which can lead
to a poorer sealing performance. The impact of the geometric deviations on the fric-
tional force between the seal and the rod was proven within the scope of this study.

It should be noted that the samples for all material tests were manufactured using
an mSLA printer with a 405 nm light source. Printing on a different printer with a
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different light source may result in different material properties depending on the
wavelength for which the material has been optimized by the manufacturer.
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6 Nomenclature

Variable

bCAD
bprinted
dlCAD

dlprinted
dZCAD
dzprinted
Ffric
Fy
Leure
texposure
tstorage
Vmax
Xstart
Xend
Y7,

Description

Width defined in the CAD file

Width measured on the printed seal

Inner diameter defined in the CAD file

Inner diameter measured on the printed seal
Outer diameter defined in the CAD file
Outer diameter measured on the printed seal
Frictional force

Contact normal force

Curing time

Exposure time

Storage time

Maximum velocity

Start position of measurement

End position of measurement

Coefficient of friction
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