Chemical Engineering

Research Article 86

Technology

Oliver Feuchtmiiller*
Lothar Horl
Frank Bauer

An Empirical Study on the Wear of
Reciprocating Hydraulic Rod Seals Using 15
Different Oils

Hydraulic oils differ in their chemical composition and viscosity substantially.
Their influence on the wear of rod seals is neither fully understood nor can be
predicted precisely. The primary objective of this study was to evaluate the influ-
ence of various oils and their wetting properties on the wear of rod seals. In an
empirical study, the wear of 30 commercially available polyurethane U-cups was
investigated with 15 different oils using a recently built test rig. The wear of rod
seals increased with lower viscosity and higher polarity of the oil. Both oil proper-
ties are combined in a new parameter which helps to assess the lubricity of oil and

the wear of rod seals.
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1 Introduction

Hydraulic rod seals are critical machine components of great
technical and economic importance. A rod seal can be seen as
a tribological system consisting of a seal ring, a rod, and a
lubricant. A poorly designed rod seal results in a decreased
averaged lifetime and low efficiency of hydraulic cylinders. If
the rod seal fails, leakage and further consequences such as
downtime and environmental pollution are unavoidable. The
requirements of sealing systems related to safety and reliability
are increasing steadily. Consequently, even existing sealing
solutions must be reconsidered and improved. One challenge
arises from new operating conditions and applications, e.g., the
use of new or alternative hydraulic oils.

At outstroke and instroke, the rod drags oil into the sealing
gap forming a lubrication film, which depends on the rod
speed and the dynamic viscosity of the oil [1,2]. The lubrica-
tion condition in the sealing gap directly influences friction,
wear, and leakage. It follows that the hydraulic oil plays a key
role in the smooth operation of a rod seal and the entire
hydraulic system.

The oil film thickness in the sealing gap of practical relevant
polyurethane U-cups is in the submicron to nanometer scale
[3-5]. On this microscopic scale, properties of the oil can differ
considerably from bulk properties due to interfacial phenom-
ena at the solid-liquid interface [6,7]. Those interfacial phe-
nomena can be quantified using wetting parameters such as
the contact angle, the work of adhesion or the spreading coeffi-
cient between the oil and the solid [8-10]. These wetting
parameters depend on the surface energy (or surface tension)
of the solid v," and the fluid y,. The surface energy of a materi-

1)  List of symbols at the end of the paper.
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aly = y? + y% is the sum of a polar part y* and a dispersive part
yd. Both parts result from intermolecular forces [11]. The polar-
ity P = ¥"/y of a material is defined as the quotient of the polar
part and the total surface energy. The determination of the
surface energy of a fluid or a solid is described in DIN 55660
[12-14].

Experimental work indicated the influence of the polarity of
various base oils on the properties of polymers, which are used
in sealing technology [15, 16]. The influence of wetting param-
eters on wear of rotary shaft seals was investigated and con-
firmed in [17-20]. Martinez [21] demonstrated the dependence
of friction on measured contact angles in reciprocating and
lubricated contacts. He did not observe any noteworthy wear
in his 25-min friction tests. Correlations between friction and
the spreading parameter, polarity and work of adhesion were
observed in further studies, e.g., [22,23].

Further studies demonstrated that wetting phenomena influ-
ence friction [24, 25] leakage [26], and wear [27] of reciprocat-
ing rod seals as well. However, the influence of wetting phe-
nomena (e.g., surface energy and polarity of hydraulic oil) on
the wear of a rod seal has been poorly investigated and is not
yet understood. It is still a challenge to predict the wear of rod
seals when using oils with different properties. Consequently,
the development of new sealing systems is associated with
time-consuming and expensive empirical tests. Despite decades
of theoretical and empirical research [28,29], optimization
potential related to wetting phenomena is not considered so
far. Advanced quantitative parameters are required to assess
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the lubricity of hydraulic oils and to predict the wear rates of
rod seals.

The focus of this experimental study is on the influence of
the surface energy, polarity, and dynamic viscosity of different
oils on the wear of polyurethane U-cups. Wear tests were car-
ried out using a recently developed and built test rig at constant
operating parameters. The radial load and a geometrical
parameter were measured to quantify the wear of the U-cups.
Wetting properties of the sealing material, hydraulic rod, and
various oils are provided. Based on the results, the wear of the
U-cups can be correlated with wetting parameters of the seal-
ing system.

2 Materials and Methods
2.1 Components and Characterization of the
Sealing System

The sealing system used in this study consists of three main
components: the seal ring, the rod, and the oil. Different
parameters were determined to characterize the components.

2.1.1 Seal Ring

Commercially available and representative polyurethane
U-cups from Freudenberg (Freudenberg Sealing Technology
GmbH & Co. KG) labeled “T20 50x65x10” (Art.-No.:
40422194) were used. The sealing compound is based on a
Shore 95 A polyurethane (95 AU V142). According to the data-
sheet, this compound is compatible with various oils such as
typical HLP mineral oils, various fire-resistant oils (HFA, HFB,
HFC, HFD), and HEES synthetic ester oils at an operating tem-
perature of 25°C. These U-cups fit for standardized housings
defined in ISO 5597 [30] (bore diameter ) 65 mm, rod diame-
ter @50 mm).

The surface energy of the sealing compound was determined
based on contact angle measurements. A sufficient preparation
process is a fundamental prerequisite to achieve a smooth and
clean specimen surface. Any contamination or a certain rough-
ness of the specimen can influence the measured contact angles
considerably. Therefore, specimens were polished to a mirror
smooth finish using an individual polishing process. Silicon
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carbide (SiC) paper was used in the polishing process. The grit
size was increased stepwise from 800 to 4000. During the pro-
cess, the abrasive paper was continuously rinsed with deionized
water to remove any abraded particles. Care must be taken to
ensure an evenly distributed material removal resulting in a flat
surface.

An jonizer was used before the contact angle measurements
on the surface to avoid electrostatical charge and to blow away
any dust particles. Water and diiodomethane were used as ref-
erence liquids. The measurements were carried out following
the recommendations in DIN 55660-2 [12]. The polar and
dispersive parts of the surface energies were calculated using
the approach from OWRK [31]. Polar and dispersive parts of
surface energies of the reference liquids were adopted from
Strom et al. [32].

The radial load F,,4 of a seal is defined as the integral of the
pressure in the sealing gap. Due to abrasive wear, the radial
load of a hydraulic rod seal can decrease. Thus, the wear of
such seals can be indicated and quantified by measuring the
radial load. In this study, the radial loads of the seals were mea-
sured using the split mandrel technique, which is described in
DIN 3761-9 (under revision) [33] and illustrated in Fig. 1a. The
measurement device used has an automatic diameter control
and is described by Feldmeth [34] in detail.

Before the measurements, the U-cups were mounted and
stored at room temperature for approximately 24 h to simulate
the installation conditions and to reduce relaxation effects. The
radial load was measured 10s after the U-cup was pushed
over the split mandrel as it is suggested in [34]. The measure-
ments were repeated five times for each U-cup to calculate a
mean value. After each measurement, the U-cup was rotated
by 90°.

The length of the beveled edge [ was measured as a geometric
parameter to indicate and quantify the wear of the U-cups used
in this study, see Fig. 1b. Due to abrasive wear, the length of the
beveled edge decreases (Lyew > lafter testrun)- High wear is indi-
cated by remarkably reduced lengths of the beveled edge. For
the measurements, the IMA-Sealscanner® was employed (see
[35]). This measurement device consists of a 2D laser scanner
and a rotation drive to digitize the surface of the U-cup incre-
mentally in three dimensions; see Fig. 1b. An individual algo-
rithm was applied to determine the length of the beveled edge
around the circumference automatically.
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Figure 1. Schematic illustrations of the device to measure the radial load (a) and the analysis of the beveled
edge of a U-cup measured with the IMA-Sealscanner® before and after a test run (b).
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2.1.2 Rod

In this empirical study, specifically rough hydraulic rods
were used. The hydraulic rods were hard-chromed and honed
to a roughness of approximately Rz 3pm (Ra 0.3 pm,
Rmr (Rz/4) 70 %). The aim was to achieve rough surfaces with
abrasive effect to accelerate the wear of the U-cups and to
reduce the test time. In a previous research project such a
rough honed rod caused moderate and well measurable wear at
similar U-cups [36].

Fig. 2 shows the surface topographies, taken with a confocal
microscope Keyence VK 9710, of three different hydraulic rods
for illustration purposes. The rod with a common quality as
specified by the company Weber-Hydraulik GmbH displays
characteristic grooves in circumferential direction. Deep grooves
which intersect in a certain angle are the result of the honing
process and a characteristic feature of the rods used in this study.

The surface energy of a representative hydraulic rod was de-
termined as described in DIN ISO 55660-2 [12]. Therefore,
contact angles with water and
diiodomethane were measured in a

such as HLP mineral oil, fire-resistant HFC oil, biodegradable
ester-based oils, fully synthetic oils based on polyalphaolefins,
and silicone oils from various suppliers. The oils are based on
different base oils and differ in their chemical composition and
viscosity class.

The dynamic viscosity of each oil was measured using a
common plate-to-plate rheometer (Type MCR 302 from Anton
Paar GmbH) as described in DIN 53019 [38]. A shear rate of
100s™" and a temperature of 25 °C were chosen.

The surface energies were analyzed using bubble pressure
tensiometry; see [39] for details on the measuring method. A
SITA Science Line T60 bubble pressure tensiometer was used.
This bubble pressure tensiometer measures the dynamic pres-
sure of a gas bubble at a flow rate in a liquid and calculates the
surface energy automatically. The measurements were carried
out at 23-25 °C and a bubble lifetime of 60 s. The measurement
device was calibrated using distilled water before each measure-
ment.

Table 1. The 15 different oils used for wear tests.

first step. In a second step, the sur-

face energy was calculated using

Name Base oil ISO VG Supplier
the approach from OWRK. Polar s
and dispersive parts of surface en- FVA 2 Mineral 32 FVA
ergy of the refere"nce liquids were FVA 3 Mineral 100 FVA
adopted from Strom et al. [32]. It
must be noted that the surface Renolin B10 VG 32 Mineral 32 Fuchs Schmierstoffe GmbH
rou'ghness influences contact angles Renolin B20 VG 68 Mineral 68 Fuchs Schmierstoffe GmbH
which are used to calculate the sur-
face energy. In this study, a hard- ~ FVAPAO2 Polyalphaolefin 68 EVA
chromed ‘and polished rod was Renolin Unisyn 32 OL Polyalphaolefin 32 Fuchs Schmierstoffe GmbH
employed for contact angle mea-
surements to eliminate the influ- Renolin Planto Tac 68 Ester 68 Fuchs Schmierstoffe GmbH
ence of surface roughness. Renolin Plantohyd 32S Ester 32 Fuchs Schmierstoffe GmbH
Renolin Plantosyn 68 HVI Ester 68 Fuchs Schmierstoffe GmbH
2.1.3 il Hydrotherm 46 M Water-glycol 46 Fuchs Schmierstoffe GmbH
In total, 15 different sample oils FVAPG1 Polyglycol 46 EVA
were used in this study; see Tab. 1. FVA PG 3 Polyglycol 220 FVA
The oils include various reference Renolin PG 32 Polvelyeol . Fuchs Schmierstoffe GmbH
oils [37] from a German research enotn oglyeo uehs Schmierstotie b
association named Forschungs- OKS 1050/0 Silicone n/a OKS Spezialschmierstoffe GmbH
ini Antriebstechnik e.V.
veremigung n riebstec n1' e- OKS 1010/1 Silicone n/a OKS Spezialschmierstoffe GmbH
(FVA) and typical hydraulic oils
a) b)
pm pm pn
2007 axial direction 2007 1 2
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Figure 2. Surfaces of hydraulic rods with polished surface (a), common surface (b), and rough surface (c).
3D-topography analyzed with the Keyence VK 9710 confocal microscope.
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The polar and dispersive parts of the surface energies were
obtained using the pendant drop method as described in
DIN 55660 [14]. Perfluorooctane with a surface energy of
140mNm™ was used as purely dispersive reference liquid.
The density of each oil was determined using a pycnometer,
since it was required as input for the analysis.

2.2 Wear Tests

Experimental tests were carried out on a recently built test rig.

2.2.1 Test Rig for Hydraulic Rod Seals

The test rig used is based on an arrangement as described in
DIN 7986 [40] and illustrated in Fig. 3. Two test U-cups were
mounted in a test chamber in opposite directions (“face to
face”). Each test chamber was pressurized with hydraulic oil. A
hydraulic rod was pushed and pulled through the chamber
using an additional linear-hydraulic actuator to simulate out-
stroke and instroke of a typical hydraulic cylinder.

One special feature of the test rig used is the temperature
unit which guaranteed a constant flow rate through hollow
hydraulic rods. Thus, a defined and constant temperature of
the rod surface was achieved. The oil temperature in the pres-
sure chamber and the surface temperature of the rod were
equal.

To pressurize the test chambers, additional hydraulic cylin-
ders and a separate hydraulic pump were employed. The addi-
tional cylinders separated the oil circuits and avoided contami-
nations and mixing between different oils. Before the tests, all
components were rinsed and cleaned properly using aceton
and petroleum ether.

2.2.2 Operating Parameters

The test duration was 400000 double strokes (approximately
22 days) which resulted in a cumulated sliding distance of
400 km for each setup. The operating conditions were constant
during the test time. The oil pressure in the test chambers was
set to 50 bar, the rod speed was 250 mm s\, and the tempera-
ture was set to 25°C. Before starting the wear tests, the test
arrangement and its components were checked during an addi-
tional short running-in time. The influence of this short run-
ning-in phase on the wear of the rod seals can be neglected.

a) test

oil

separator test
cylinder chamber

linear

temp. F actuator
w | || g =

Chem. Eng. Technol. 2023, 46, No. 1, 86-94

b)

© 2022 The Authors. Chemical Engineering & Technology published by Wiley-VCH GmbH

3  Results

In this study, the dynamic viscosities and the surface energies
of 15 oils were measured. Wear tests were carried out with 15
different oils and 30 U-cups (two U-cups in each test chamber).
The wear of each U-cup was quantified by the radial load and
the length of the beveled edge.

3.1 Analysis

The viscosities of the oils were measured at 25 °C, which corre-
sponds to the temperature of the wear tests. The viscosities of
the oils at 25°C differ in a wide range; see Fig.4a. FVAPG 3
has the highest viscosity with 489 mPas and OKS1050-0 has
the lowest viscosity with 44 mPas.

The polar and dispersive parts of the surface energy of the
oils were determined using bubble pressure tensiometry and
the pendant drop method. The results show that the mineral
oils, polyalphaolefins, and esters have similar surface energies,
polar and dispersive parts. Consequently, the polarities of those
oils are similar. It is remarkable that the water-glycol-based
Hydrotherm 46 M has a high surface energy and polarity com-
pared to the other oils. In contrast, both silicone oils have lower
surface energies. Fig. 4b shows the dispersive and polar part of
the surface energy of each oil. Contact angle measurements on
the seal compound and on a hydraulic rod were carried out to
calculate the surface energies of both materials. The rod has a
higher surface energy y¢ = 33.3mNm™, y§ = 205mNm™)
than the seal compound (¥4 = 39.6mNm™, y¥ = 3.5mNm™)
and a higher polarity.

3.2 Wear

The radial load of each U-cup was determined after the endur-
ance tests to indicate the wear. Remarkable differences were
found depending on the oil in the test chamber. The measured
radial loads were in the range of approximately 220 to almost
600 N. Fig.5a shows the radial load for each U-cup and the
mean value for both U-cups in one test chamber after the test
runs.

Furthermore, the mean length of the beveled edge of each
U-cup was measured after the endurance tests to indicate the
wear. Depending on the oil, remarkable differences were
identified. The lengths were in the range of approximately
1.26 mm, which is almost equal the length of a new U-cup

-
Figure 3. Schematic illustration (a) and
a picture (b) of the test arrangement.
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Figure 4. Properties of the used lubricants; dynamic viscosities at 25 °C (a), dispersive (light), and polar (dark) parts

of the surface energies (b).

without wear, and 0.59 mm. The results are displayed in
Fig. 5b.

4 Discussion

Based on the results, the wear of the U-cups after the test runs
with different oils can be correlated with wetting properties of
the sealing system. A combined and normalized parameter to
quantify the wear of the U-cups is introduced.

4.1 Combined Wear Parameter

In this study, an almost linear correlation between the mea-
sured radial loads and the lengths of the beveled edges of the
U-cups is found. Fig. 6a plots the radial load against the length

of the beveled edge. The higher the radial load, the higher the
length of the beveled edge. Both parameters can be combined
to a single parameter, which is defined as the product of both
parameters. This combined parameter is appropriate to quanti-
fy the wear of the U-cups. For the sake of simplicity, the com-
bined parameter is normalized to describe the relative wear in
%, as shown in Fig. 6b.

maX(F radlafter test run) —F radlafter test run
maX(F rad lafter test run)

Relative wear =

(1)

The U-cup with the highest radial load and length of the
beveled edge serves as a reference and has a relative wear of
0% by definition. The wear of the other U-cups is given in %
relative to the reference U-cup. A wear rate of 100 % is equiva-
lent to a U-cup which has a radial load of 0N or a U-cup which
has no beveled edge due to high abrasive wear.

a) 700 b) 14
600 E1'2_5=
= 8
Z [}
= 500 - 2 1.0
@ ]
[=]
2 . —
= 400 % ]
= 3 2 0.8
g 3 3N
&~ 300 =)
b =
o 0.6 - —
-
200
T 1 1 1 1 T T 1T T T 1T T 1T T1T°7T 0.4 —rrrTrrTr 1T 1T T T T T T "T°71T
B2 8EInNEsELEs T8 8828838848008
O§SUEE°-<UF"’N§‘“0 UEEEg:U‘“NU“‘“’E’LO
SESfaoS<c~>ETmE <& > S fam>&E < &
o - © E‘foq’_::’:’x: E =) 2z © Eco<ﬂ,: >
Q w8 g v EH&O% I Sy g 2 2=z ° =
) Mo oM m e £ 2 o S X M » = 2 m =
08 go° ‘iﬁg Tt ©0 g = £ g
SV > 7 > s N =
5 = ™~ foo] E [
= =

Figure 5. Measured radial loads (a) and lengths of the beveled edges (b) of the U-cups after the test runs.
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Figure 6. Correlation between the radial loads and the lengths of the beveled edges of the U-cups after the test runs
(). Relative wear plotted over the product of the radial load and the length of the beveled edge (b).

4.2 Correlations

For the wear tests, similar U-cups, rods, and operating parame-
ters were chosen. The results confirm that the oil has a consid-
erable influence on the wear of hydraulic rod seals. In this
section, correlations between the wear and various parameters
are discussed.

Fig.7a shows the relative wear of the rod seals over the
dynamic viscosity of the oil. The results indicate that the wear
depends on the viscosity, if only oils with similar chemical prop-
erties are considered, e.g., FVA2 with a viscosity of 54 mPas
leads to higher wear than FVA 3 with a viscosity of 205 mPas.

One possible reason of the influence of viscosity on wear may re-
sult from its influence on the oil film generation. The oil film
thickness in the sealing gap and thus the lubrication condition
depend on the viscosity of oil [3,4]. It is assumed that a thick
film separates the U-cup and the rod and reduces the wear rate.

If lubricants of different base oils are compared, this relation-
ship is no longer valid, e.g., the use of polyglycol-based oils
resulted in higher wear than the other oils. Consequently, the
dynamic viscosity is a key factor which influences the wear of
rod seals but not a sufficient parameter to quantify the lubricity
of oil generally. Further properties of the oil must have an
influence on the wear of rod seals.

® BIOVG32 ¢ FVA3 ® Planto Tac 68 ® FVAPGI ¢ PG32
A B20VG6E8 ® FVAPAO2 A Plantohyd 32S A FVAPG3 ® OKS1010-1
B FVA2 A Unisyn 32 OL B Plantosyn 68 HVI B Hydrotherm 46 A OKS 1050-0
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Figure 7. Wear of the seal in dependence of the dynamic viscosity of oil (a) and the polarity of oil (b).
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Fig. 7b displays the relative wear as a function of the polarity
of the oil. An almost linear correlation between the polarity of
oil and the wear of the seals is revealed. One exception is the
HFC hydraulic fluid Hydrotherm 46 M which has the highest
polarity but caused a moderate wear rate. Nevertheless, the
polarity of the oil should be considered when quantifying the
lubricity of oil. It is conceivable that chemical interactions
between the seal compound and the oil depend on the polarity
of the oil. According to the results it can be assumed that oils
with higher polarity have a negative effect on the wear resis-
tance of the sealing compound.

Furthermore, the wear was correlated with the spreading
parameter, work of adhesion, and total surface energy of each
oil. The correlations were not better than the correlation
between the polarity and the wear. That is why those parame-
ters are not considered in the following section.

So far, the dynamic viscosity and the polarity of the oil were
identified as key factors influencing the wear of rod seals. The
tests revealed that oil with high viscosity and low polarity de-
creases the wear of rod seals. In a next step, both key factors
are combined to a new parameter, which can be used to illus-
trate the wear of the seals depending on properties of oil. The
new parameter
Lubyy = - @)

Xp

includes the viscosity # and polarity x,, of the oil. The quadra-
ture of the polarity increases its weighting and indicates that
the polarity of the oil has a strong influence on the wear of
rod seals. Fig.8 plots the wear of the seals against this new
parameter Lub,;. Obviously, the new parameter indicates the
relation between properties of oil and the wear of the seals and
is better suited than simple parameters such as the viscosity or
polarity.

100

5 Summary and Conclusion

In this research project, correlations between the wear behavior
of a rod seal and wetting parameters were investigated experi-
mentally.

The analysis of wetting properties includes the determina-
tion of the dispersive and polar parts of the surface energies of
15 different oils. The samples include commercially available
hydraulic oils and other oils made from different base oils
(mineral oils, polyalphaolefins, esters, polyglycols, silicone oils).
Dispersive and polar parts of the surface energy of a hard-
chrome plated rod were determined by means of contact angle
measurements. Reproducible results for a polyurethane com-
pound were obtained by a grinding/polishing process and con-
tact angle measurements.

The wear of rod seals was investigated in endurance tests,
each with 400 000 double strokes which corresponds to a slid-
ing distance of 400 km. Abrasive rods were used to increase the
wear rates and to reduce the test duration. The wear behavior
of 30 polyurethane U-cups was investigated with 15 different
oils. The oils differ in viscosity, chemical composition, and
wetting properties remarkably. The results highlight the influ-
ence of the oil on the wear of rod seals. To quantify the wear, a
characteristic geometrical parameter of the U-cup and the radi-
al load were used.

The wear behavior of the polyurethane U-cups was mapped
as a function of a new parameter, which includes the dynamic
viscosity and the polarity of oil. It is concluded that high wear
rates can result from oils with lower viscosities and higher
polarities. In practice, these new insights help to assess and
compare the lubricity of hydraulic oils and the wear behavior
of different sealing systems. When high wear rates occur, it is
recommended to use oils with higher dynamic viscosity and
lower polarity.

Furthermore, the use of abrasive rods is a promising
approach for evaluating oils and sealing rings (geometry and
materials) in accelerated test rig trials. When using rods of
common quality, reduced wear can be expected under similar
test and operating conditions.
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Symbols used

Frad [N] radial load of a seal
I [mm] length of the beveled edge of a
U-cup
Lubgy [Pas] new parameter to map the wear of
rod seals
Greek letters
y [MNm™] surface energy
yfl [mNm™] dispersive part of the surface energy
of a liquid
7w [mNm™] polar part of the surface energy of a
liquid
4 [mMNm™] dispersive part of the surface energy
of a solid
V8 [mNm™] polar part of the surface energy of a
solid
n [Pas] dynamic viscosity
Ap [-] polarity of material
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