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Abstract

A common application for grease-lubricated oscillating rolling element bearings is, e.g., rotor blade bearings in wind tur-
bines. These bearings mainly operate under conditions that are prone to starvation. If the grease is unable to provide enough
inlet lubricant supply for the contact between rolling element and bearing raceway, wear in the form of False Brinelling and
thus premature bearing failure is possible. Bearing experiments with different lithium complex model greases, which differ
mainly in their base oil viscosity and oil separation rate, were carried out to show the influence of the grease parameters on
wear initiation. The results show that the ability of the grease to release a high amount of base oil with high mobility into
the track of the rolling element is a crucial mechanism to prevent wear, especially at small oscillation angles. For oscillation
angles larger than a critical angle, a secondary replenishment mechanism may prevent early wear initiation. The experimen-
tal results are used to validate a starvation model proposed in earlier work (Wandel et al. in Tribol Int 165:107276, 2022).
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Abbreviations

f Oscillation frequency
fe Overrolling frequency
e Amplitude ratio

e;r  Amplitude ratio on the inner ring

0 Oscillating angle

Ogw Starvation driven wear angle

Critical oscillation angle

0. Critical oscillation angle according to HARRIS
04 Dither angle according to HARRIS
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Starvation number
Traveled distance of contact ellipse

Ogr Oil separation rate
xgw Traveled distance of contact ellipse corresponding

to Ogw

Critical traveled distance of contact ellipse
Short HErTZ ian half axis

Short HErTz ian half axis on the inner ring
Long HEerTZ’ian half axis

Long HEerTZ’ian half axis on the inner ring
Replenishment time

Time between overrollings
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o, Surface tension

Mo Dynamic base oil viscosity

1 Introduction

Oscillating rolling element bearings play an important role
in many industries. Whether in robotic arms or as rotor blade
bearings in wind turbines, the bearing is a critical compo-
nent for the function of the respective application [1, 2]. In
earlier work, it was shown that operation with very small
oscillation angles (vibration) can lead to standstill marks
[3]. These standstill marks are characterized by the fact
that the contact area is not fully exposed to fresh lubricant
during an oscillation and the contact area can no longer be
supplied with fresh lubricant. After an incubation phase,
wear- and surface-induced cracking can be the result [4, 5].
When the oscillation angles are large enough so that the
contact area opens up during an oscillation, the possibility of
track replenishment through base oil reflow is given [6—12].
Nevertheless, these conditions can be prone to starvation
and early wear commonly referred to as false brinelling,
especially if the grease is unable to provide sufficient base
oil with good lubricity [13, 14].

In general, it is assumed that smaller oscillation angles
are more critical for wear initiation since no sufficient hydro-
dynamic lubricant film build up is possible [15].

In earlier work [16], we have shown that small oscillation
angles are not necessarily more critical in terms of early
wear initiation. Up to a starvation driven wear angle fgy,
the conditions get more critical. For the used bearing type,
this angle was in the range of 15°-30°. For bigger angles,
a secondary re-lubrication mechanism becomes active and
the conditions are less critical. It is expected that this re-
lubrication is due to redistribution of the grease on the roll-
ing element by the cage. It was suggested by HaRRris that the
conditions are critical to early wear initiation up to a critical
angle w,,;, calculated according to [17].

However, in our previous work, we have shown that this
critical angle also depends on the nature of the lubricant.

To be able to estimate whether an oscillating bearing
encounters starvation-driven wear, a starvation number Sy
was introduced, which depends on the operating conditions
as well as the grease parameters, see equation 1. The star-
vation number was adapted based on the work of DAMIENS,
Cann and Cen [18-20]. The higher the starvation number,
the more likely early wear initiation is. This starvation num-
ber is based on results obtained with two fundamentally dif-
ferent greases. The objective of this paper is to validate the
suggested starvation number in oscillating grease-lubricated
rolling element bearings with additive-free model greases,
which are similar in terms of their thickener structure but
differ in terms of base oil content and base oil viscosity.
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Fig. 1 Illustration of the test setup used [16]. (1) Test unit contain-
ing the type 7208 test bearings; (2) Asynchronous servo motor that
applies a sinusoidal motion profile; (3) Torque transducer that meas-
ures the resistance to rotation of the test bearings; (4) PT100 tempera-
ture sensors; (5) Type 7208 test bearings; (6) Hydraulic load unit;

Based on the results, a critical starvation number SN, will
be suggested, which should not be exceeded in operation in
order to avoid early wear initiation.

2 Experimental Setup

An oscillating bearing test rig, which was already used in
[16], was used to carry out the experiments. Figure 1 shows
the details of the experimental setup. The oscillating motion
with adjustable frequency, amplitude and motion profile is
given by a position-controlled asynchronous motor, which
has already been part of previous publications [4, 21].
Between the motor and the test unit, a torque transducer
with built-in incremental encoder allows the measurement
of the angle synchronous torque. The test unit contains two
unsealed angular contact ball bearings of type 7208 (FAG).
The bearings are mounted in face-to-face arrangement and
are axially loaded by a hydraulic load unit. A hydraulic
control system ensures constant axial loading of the test
bearings. During the experiments, the temperature of the
bearings is monitored via PT100 elements on the outer ring.

A digital microscope is used to visually assess the bearing
damage after the tests.

2.1 Experimental Conditions
Before a test run, each bearing is disassembled and all parts

are cleaned for 5 min in an ultrasonic bath with benzine fol-
lowed by a 5 min ultrasonic bath in isopropanol and 15 min
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Table 1 Grease properties

Parameter LiX4 LiX4+20% LiX100 Industrial Industrial Grease 2
Grease 1

Thickener type LiX LiX LiX Li Ca

Base oil type 93.7% PAO 93.7% PAO /6.3% ester 93.7% PAO PAO Mineral Oil
16.3% ester 16.3% ester

Base oil viscosity at 40 °C in ¢St 19 19 1067 50 13

Density at 40 °C in 1073 Kg/m? 0,82 0,82 0,84 0,83! 0,83'

Base oil viscosity at 40 °C in Pas 0,0171 0,0171 0,9603 0,045 0,0117

Surface tension in 1073 N/m 28.54 28.54 31.16 302 302

Oil separation rate Ogg in % (IP 121) 0.7 5.1 1.2 4.0 6.1

Pen60 1/2-scale in 10~! mm 276 317 276 319 305

NLGI grade 2 1 2 1 0-1

Xgw in 1073 m 3,75 3,75 3,75 3,75 7,5

Xcin 1073 m 7,5 7,5 7,5 7,5 15

! Assumption for the density, as exact measurements are not available.

2 Assumption for the surface tension, as exact measurement are not available

of drying in an oven at 80 °C. Afterward, the bearings are
reassembled and mounted on the shaft before grease is filled
into the bearing. This is done after the bearings have been
mounted on the shaft to protect the grease from heat during
assembly. Then, a syringe is used to fill 100 % of the free
bearing volume with grease. This corresponds to 10 ml of
grease per bearing. Further information on the model greases
used can be found in Sect. 2.2. All experiments shown in this
paper were performed with a constant axial load of 12.4 kN,
resulting in a maximum contact pressure of approximately
2 GPa between rolling elements and raceways.

The bearings are rotated continuously at 10 rpm for
20 revolutions under applied axial load to ensure uniform
grease distribution at the start of the test. The actual test
run then starts, and the bearings are subjected to a sinusoi-
dal oscillation for 4000 cycles. The varied test parameters
are oscillation frequency and oscillation angle. The combi-
nations of the oscillation frequencies and angles shown in
Table 2 are used.

The amplitude ratio e = x/2b is used to select the range
of oscillation amplitudes. The angle that limits the oscilla-
tion frequency downward is the dither angle e = 1[22]. For
smaller angles, the contact area is not fully opened' during
an oscillation and standstill marks may result. For larger
angles, the critical angle that was suggested by Harris lim-
its the oscillation angle upward. Larger angles lead to an
overlap of the contact areas of adjacent rolling elements.
For the operating conditions selected in this paper, overlap-
ping occurs on the inner ring from an amplitude ratio of

! We use the description “opened” to describe whether the contact
patch moves relative to the starting position.

er = 32.5upward. A more detailed explanation of the oper-
ating conditions chosen for the experiments can be found in
[16]. Explanations regarding the dither angle and the critical
angle can be found in Harris et al. [22]. Experiments based
on this definition were carried out by Maruyama et al. [15]
and Schwack et al. [23].

2.2 Model Greases

The lithium complex model greases were produced in a lab-
oratory reactor using a batch size of 8 kg. The manufacturing
process followed a standardized procedure where the soap
was made in approximately 40% of the total oil content. The
first saponification reaction using 12-hydroxyoctadecanoic
acid was performed at 90 °C with a hold time of 30 minutes.
The temperature was subsequently raised to around 115 °C
and then kept steady for two hours. At this point, the second
saponification reaction using azelaic acid was performed.
The grease was then kept steady at 115 °C for an additional
half hour before the temperature was raised to the maximum
temperature of 205 °C. The cooling was accomplished using
5 % portions of oil with a hold time of 15 minutes after each

Table 2 Parameter combinations

Parameter Value Unit
Axial load 12.4 kN

aR 1.6 1073 m
bir 1.7 104 m
Frequency f 02,1,3,5 Hz
Angle 0 2,7, 15, 30, 45 °
Distance x 5,17.5,37.5,75, 113 10*m
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addition. The grease was finally passed through a colloidal
mill after which it was deaerated for 1 hour. The base oil is
a blend that consists of 6.3 % adipate ester and 93.7 % PAO,
where the PAO is either a PAO4 (LiX4 grease) or a PAO100
(LiX100 grease). Most of the ester was used up front in the
process to facilitate the saponification reactions. Only small
amounts of ester were added in the end of the process to
ensure identical oil composition. The LiX4 grease diluted
with 20 % additional oil blend was mixed using a DAC-600
SpeedMixer until completely homogeneous and is called
LiX4+20 hereafter. All three grease were passed through a
3-roller mill three times prior to testing to reset any possible
structure that might have built up during storage. The grease
properties can be found in Table 1. It includes the properties
of the model greases that were examined in the course of
this paper, as well as two industrial greases that were tested
under the same conditions in the last paper [16].

3 Results

The results section contains the analysis of the measured
torque and builds a connection to the phenomenological
observation of the damage on the bearing raceway. The
results are aggregated and visualized in color maps and then
compared to the previously suggested starvation number SN.
The temperature change measured on the outer ring during
the tests was negligibly small, regardless of the operating
parameters, so it will not be discussed in more detail below.

3.1 Analysis of the Experimental Data

During the experiments, the angle synchronous torque is
recorded and subsequently reduced by the moment of inertia
of the moving components. Figure 2 shows the development
of torque over the number of oscillating cycles for a test run
at 3 Hz oscillation frequency and 7° oscillation angle. The
black dashed lines in Fig. 2 show the course of the maximum
and minimum torque during the test. A comparison of the
results is made on the basis of the curves of the absolute
maximum values of the torque per oscillation cycle.

Figure 3 shows all the results for the different operating
parameters and the different model greases. The diagrams
in the left column show the results for grease LiX4. The
upper left diagram shows the results for the different oscil-
lation angles at the lowest oscillation frequency of 0.2 Hz,
the further down in the diagram, the higher the oscillation
frequency up to 5 Hz. The same principle applies for the
middle column with grease LiX4+20 and the right column
with grease LiX100. The oscillating amplitudes are shown
with different line styles. The abscissa shows the number of
cycles, i.e., experimental time.
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Fig.2 Measured torque signal reduced by the moment of inertia
of the moving components for a test at f= 3 Hz, ®= 7°. The black
dashed lines show the development of the maximum and minimum
torque. The solid black line marks the maximum torque value that
was reached during the test [16]

Comparing the diagrams at an oscillation frequency of
0.2 Hz, it is clear that the torque for LiX4 remains constant
over the entire duration of the experiments and over the
whole range of tested oscillation amplitudes. The representa-
tive raceway surface for these operating conditions can be
seen in Fig. 4a. The raceway surface shows no signs of adhe-
sive damage. The same applies to the LiX4420 grease with
increased base oil content, again no increase in torque as
well as no damage on the raceway surface could be detected.
In contrast, the torque for LiX100 increases sharply from the
start for all angles except for 45°. At 2°, the sharp increase at
the beginning up to 5.6 Nm is followed by a sharp drop down
to a low level of about 1.2 Nm where it remains constant
over the course of the experiment. Looking at the damage
on the raceway surface in Fig. 4b, we can see that a part of
the covered track shows corrosive damage. This initiation
occurred at the beginning of the experiment during the sharp
torque rise. The tests at 7°, 15° and 30° remain at a higher
torque level, with the test at 7° showing a downward trend,
while the tests a 15° and 30° show an upward trend. By far,
the highest torque of 13 Nm is reached at an oscillation angle
of 15°. The corresponding representative damage mark can
be seen in Fig. 4c. As expected from the high torque values,
the whole covered track shows severe damage consisting of
black and red iron oxide and a spotty surface due to mate-
rial spalls.

Taking a look at the experiments for LiX4 at 1 Hz oscil-
lation frequency, it can be seen that the torque values for
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Fig. 3 Illustration of the progression of the maximum absolute torque
value of every oscillation cycle for the tested parameter combina-
tions and greases. The left column shows the results for grease LiX4,

the test at 2° stay at a constant low level. There is a slight
increase in the torque for the tests at 7°, 30° and 45° and a
sharp increase at 15° oscillation angle. Looking at the results
for LiX4+20, the sharp increase in the torque at 15° was
noticeably reduced. The torque curves of the other oscilla-
tion angles also show a smaller upward deflection. Looking
at the test at 1 Hz for LiX100, it can be seen that the shape of
the curves is very similar to those at 0.2 Hz. The only curve
that constantly stays at a low level is at 45° oscillation angle.
The second line of raceway images in Fig. 4 shows the dam-
age marks for the tests with the different greases at 1 Hz and
15°. The comparison shows that for grease LiX4 (d)) and
LiX100 (f)), the whole track covered by the contact area is

x103 Cycles / -

x10° Cycles / -

the middle column the results of LiX4 with 20 % extra base oil and
the right column for LiX100. The upper row of diagrams shows the
results for 0.2 Hz the bottom row for 5 Hz

severely damaged. A representative mark for the LiX4+20
grease (e)) with added base oil also shows the beginning of
severe damage to parts of the covered surface, but in com-
parison with the other greases, the damage is less severe.

If the frequency is further increased to 3 Hz, there are two
curves for the LiX4 grease, at 7° and at 15° oscillation angle,
that show a sharp increase in torque up to about 10 Nm. The
test at 2° also shows an upward deflection in contrast to the
tests at 0.2 Hz and 1 Hz, but recovers to a low level in the
course of the test. In this case, the representative damage
mark in Fig. 4g shows a partially damaged raceway surface.
For the grease LiX4+20, these operating conditions are not
critical and no damage occurs, see Fig. 4h. Looking at the

@ Springer



114 Page6of 14

Tribology Letters (2022) 70:114

LiX4 0.2 Hz / 15° a) LiX1000.2 Hz/ 2°

LiX4 1 Hz / 15° d)

LiX4+20 1 Hz / 15°

LiX4 3 Hz / 2°

LiX4 5 Hz / 7°

Fig.4 Damage on the inner raceway of the bearing for different oscil-
lation parameters and the corresponding grease. a Fresh surface, b f=
3 Hz, ®= 15°, Grease 1, ¢ f= 1 Hz, ®= 2°, Grease 1, d f= 2 Hz, ©=

LiX100 grease at 3 Hz in Fig. 41, it is the first condition
under which the torque for the 2° test does not recover to the
low initial level and a severely damaged raceway surface is
the consequence. For the tests with LiX44-20, the increase
in oscillation frequency also leads to an increase in torque
for the tests at 15° and 30°. For the other oscillation angles,
the curves have a similar shape when compared to the lower
frequencies, even though the torque levels for the 15° test
are a little lower.

At 5 Hz oscillation frequency, the torque for the tests
with LiX4 at 7° and 15° reaches very high values of up to
18 Nm. At 2°, the curve has a similar shape to the one at
3 Hz but does not recover to its initial level any more. For
the LiX4+20 grease, the test at 7° now shows an upward

@ Springer

b) LiX100 0.2 Hz / 15°

k)  LiX100 5Hz/ 7°

15°, Grease 2. The parameter combinations on which the images are
based are marked with the corresponding letter in Fig. 5

deflection for the first time. The shape of the curves for the
other oscillation angles is similar to the ones at 3 Hz. Com-
paring the damage images in Fig. 4, line 4 at an oscillation
frequency of 5 Hz and oscillation angle of 7°, it is clear that
the surfaces for LiX4 and LiX100 are severely damaged on
the whole track, whereas the surface is just partly damaged
for the LiX4+420 grease with added base oil. For LiX100
and the test at 2°, the torque reaches higher levels than for
the lower frequencies. The other curves behave similar to the
other frequencies even though the torque at 15° is not rising
as high during the early phase of the test.

Finally, for this part, there are two types of curves in
the case of damage initiation: on the one hand, curves that
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Fig. 5 Maximum friction
torque reached during the
corresponding test run. The
examined parameter combina-
tions are marked with black
triangles. High torque values
are represented by dark blue
color. Values between the test
parameters are interpolated
linearly for visualization. The
upper maps show the results for
industrial grease 1&2 that were
obtained in previous work [16].
The maps below show the cor-
responding results for the model
greases investigated in this )
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rise continuously until the end of the test period or remain
at a constantly high level after the initial rise, and on the
other hand, curves that reach a high torque peak and then
drop to a low level. Regardless of the torque behavior, it
can be said that reaching high torque values results in seri-
ous damage to the raceway surface. However, curves that
approach a low torque level after damage initiation may

turn out to be less critical in long-term tests. The following
analysis focuses on the maximum torque values, regardless
of the behavior of the torque curve.

3.2 Aggregation and Visualization of the Results

In order to get a more compact overview of the numerous
results that have been compiled and to be able to link them

@ Springer
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to a starvation model, a method was developed to display the
results in such a way that a direct visual comparison is pos-
sible. The maximum torque reached during an experiment is
assigned as characteristic torque value to each test run. This
is illustrated in Fig. 2. In Fig. 5, each parameter combination
is associated with its characteristic torque value and a cor-
responding color value. The tested parameter combinations
are marked by black triangles. The torque values are linearly
interpolated between the tested operating parameter combi-
nations, resulting in a color map for each grease that ensures
good clarity of the results. The color scale ranges from light
yellow for low torques of 1 Nm to dark blue for high torque
values of up to 18 Nm. Additionally, a qualitative assessment
of the damage marks on the load side test bearing is made.
This was achieved by means of a simple visual observation
of every damage mark on the inner and outer raceway of the
bearings. Each mark is rated either undamaged, partially
damaged or fully damaged. Undamaged means that no cor-
rosive or adhesive damage can be detected on the surface.
In this case, the mark is represented by a light yellow box
in the corresponding position on the bearing ring in Fig. 6.
Partially damaged means that only parts of the track on
the raceway that was covered by the rolling element dur-
ing the oscillation shows corrosive or adhesive damage.
These marks are represented by light green colored boxes.
If the whole covered track is severely damaged, the mark
is rated as fully damaged and represented by a dark blue
box in Fig. 6. The installation position of the bearing with
respect to the direction of gravity is also represented so that
the influence of gravity on the position of the damage marks
can be taken into account.

Figures 5 and 6 show the aggregated results of the three
model greases that were tested in the course of this paper
and additionally the results of two fully formulated industri-
ally relevant greases that were tested in the previous paper
[16]. Looking at Fig. 5a, distinct area for all the test greases
is noticeable where high torque values can be observed.
For most of the greases, this area is formed around medium
oscillation angles and medium-to-high oscillation frequen-
cies. An exception is the LiX100 grease that shows high
torque values over the whole range of oscillation frequen-
cies. In this results section, only the model greases will be
investigated further. A detailed description of the results for
the industrial greases can be found in [16]. For the follow-
ing discussion in Sect. 4, however, the results are important.

Comparing the color maps for LiX4 and LiX4+20, it
immediately becomes clear that the dark blue area becomes
smaller. In general, the maximum torque values observed
are lower and the dark blue area shifts toward higher oscil-
lation frequencies. The maximum torque for the test at 1 Hz
and 15° for LiX4 is 9.05 Nm where as it is at only 2.64 Nm
for LiX4+420. Also, in the range of small oscillation angles,
the damage area can be reduced by the grease with higher

@ Springer

base oil content. Especially, the parameter combinations in
the lower right corner at 3 Hz & 7°, 3 Hz & 2° and 5 Hz
& 2° show a lower degree of damage when comparing the
torque values and evaluating the damage marks. Comparing
the results for oscillation angles of 30° and over, a slight
improvement of the results for the grease with added base oil
can be observed. However, the effect is not as strong, com-
pared to smaller oscillation angles. In conclusion, additional
base oil and a consequently increased oil separation rate lead
to less damage and lower torque for all operating parameters.

To show the influence of base oil viscosity, we compare
LiX100 and LiX4. A clear difference is that for LiX100,
the damage area extends to low oscillation frequencies of
0.2 Hz. The test at 0.2 Hz and 15° interestingly shows the
highest torque value out of all the tests with LiX100. The
grease also shows worse results at small oscillation angles.
The tests in the lower left corner of the maps show that
there was almost no increase in torque and only a few partly
damaged marks for LiX4 and the tests at 2° & 0.2 Hz/ 1 Hz,
whereas for LiX100, significantly higher torque values
paired with more damaged marks were the result. It must
be noted that the high torque values and thus also the sur-
face damage in this range for LiX100 were observed at the
beginning of the experiments, see Fig. 3. In the course of
the experiments, the torque decreased again. Looking at an
angle of 30°, we can see that the damage area is spread to
lower frequencies. The results for 30° and frequencies of
1 Hz, 3 Hz and 5 Hz are comparable to those of LiX4 with
slightly more damage. At 45° oscillation angle, the bearings
with LiX100 as well as with LiX4 show less damage com-
pared to smaller oscillation angles.

3.3 Connection of Experimental Results
and Proposed Starvation Number

In our previous paper, we proposed the starvation number
shown in Equation 1, which takes into account lubricant
parameters and operating conditions of the oscillating roll-
ing element bearing.

X .
5 leSxSW
-a- - .
SN:u XS_W.lexCZx>xSW (])
o, - OSR 2b X —Xgw
0 if x > x,

The values of the operating parameters that are necessary for
the calculation of the starvation number are listed in Table 2.
This includes the rollover frequency f, which is twice the
oscillation frequency f, the length of the long HERTZ ’ian
half axis a over which the rolling element load is taken into
account, and the distance x which describes the path cov-
ered by the rolling element on the raceway. By division with
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Fig.6 Overview over the
damaged areas on the bearing
raceway surface on the outer
and inner ring. Areas that are
completely damaged are marked
in dark blue; areas that are
partly damaged are marked in
turquoise; areas without severe
damage are marked in light yel-
low. The upper maps show the
results for industrial grease 1&2
that were obtained in previous
work [16]. The maps below
show the corresponding results
for the model greases investi-
gated in this paper (Color figure
online)

the short HERTZ’ian half-axis x is made dimensionless.
The distance x,,, is the distance at which the wear-critical
area spreads out most toward low frequencies. The critical
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distance x, is the distance at which the operating condi-
tions become uncritical over the entire frequency band. The
necessary grease parameters can be found in Table 1. This
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Industrial Grease 1
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18

Torque / Nm

[o)}

[\

Starvation Number

1.3+

Starvation Number / -

LiX4 LiX4 +20 % LiX100

Fig.7 Comparison of the experimental results with the calculated
starvation number on the inner ring contact. For each grease, the
upper map shows the experimental results and the lower map the cal-
culated Starvation Number Sy. The maps in the upper half of the fig-
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ure show the results for industrial grease 1&2 that were obtained in
previous work [16]. The maps below show the corresponding results
for the model greases investigated in this paper
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Fig.8 Summary of all results
based on the dimensionless
Starvation Number SN and the
torque values. The Starvation
Number of the tests is repre-
sented over its two dimension-
less components D1 and D2.
Each test is represented by a tri-
angle that is colored according
to the maximum torque value
reached during the test (Color
figure online)
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includes the dynamic base oil viscosity 7, the oil separation
rate Ogj, as well as the surface tension of the base oil ;. The
starvation number SN is calculated in the range of the tested
operating parameters and each corresponding grease. To
provide a visual representation of the starvation number, the
values are assigned to colors similar to the color maps that
represent the characteristic torque values. Figure 7 shows a
comparison of the torque values in the experiments and the
corresponding starvation number. In the top left of Fig. 7,
you can see the color maps for industrial grease 1, that was
investigated in previous work. The upper color map shows
the experimental torque result with the determined distances
X, and x., the underlying map displays the corresponding
starvation number Sy. The upper right shows the results for
industrial grease 2, which was investigated in previous work.
The diagrams in the bottom row show the test results with
the model greases, starting left with LiX4, LiX4+20 in the
middle, and LiX100 on the right.

Comparing the torque maps of the LiX4 and the LiX4+20,
we observed that the critical damage area becomes smaller
and moves to higher frequencies. If we compare the starva-
tion number of the two greases, we see similar behavior. The
increase in base oil content for the LiX4+-20 grease leads to an
increase in oil separation (Ogg) of 4.2 % as shown in Table 1.

The oil separation is the only parameter that differs in the star-
vation number of the two greases. The torque maps of the
LiX4 and the LiX100 show that the damaged area spreads over
the whole parameter range except for an oscillation angle of
45°. The starvation number of two greases differs mainly due
to the significantly increased (factor 56) base oil viscosity. This
means that the starvation number in the investigated parameter
range increases significantly up to the defined critical angle
0. and the corresponding distance x.. The visualization by
means of the color maps shows that the starvation number
can describe the tendency of the test results qualitatively.

To give an overview over the achieved results, all test result
are presented in a summary diagram in Fig. 8. The two dimen-
sionless parts of the Starvation Number D1 (2) & D2 (3) are
plotted on the logarithmic x and y axes.
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@

@ Springer



114 Page120f 14

Tribology Letters (2022) 70:114

x .
E lf.x S xSW
=J Bw ., L7r
D, =1 3, — ifx, > x> xqy (3)
0 if x > x,

The Starvation Number, which is a product of two dimen-
sionless parts, is shown on the z-axis. The Starvation Num-
ber for each test is marked as a triangle in the spanned space.
The triangles are colored in a binary color code based on
the maximum torque value that was reached during the test.
If the maximum torque exceeded a threshold of 3 Nm, the
triangle is colored dark blue, otherwise light yellow. The
green plane marked in the diagrams indicates the critical
Starvation Number Sy,. = 0.65 under which no test exceeded
the threshold value of 3 Nm. Above this number, most of the
tests show very high torque values and severely damaged
raceways.

4 Discussion

The starvation number Sy, is based on the assumption, that
after a certain number of cycles, re-lubrication of the con-
tact at small oscillation angles takes place mainly due to
bled base oil [6]. A high starvation number indicates that
under these conditions, the contact cannot be sufficiently
supplied with base oil, i.e., severe starvation occurs and no
sufficiently separating lubricating film can be formed in the
contact. This results in boundary lubrication and damage
initiation. The results show that an increase in the base oil
content and an associated increase in oil separation lead to
a reduction in the damage-critical parameter range. These
results thus support the hypothesis underlying the Starvation
Number. It should be noted, however, that increasing the
base oil content not only increases the oil separation but also
decreases the consistency, as shown in Table 1. Therefore, it
cannot be excluded that the consistency also has a consider-
able influence on the grease performance. Assuming that
the reflow of the base oil is responsible for supplying the
contact, the viscosity and the associated mobility of the base
oil also play a crucial role. A low-viscosity oil can flood the
track behind the rolling element faster than a high-viscosity
base oil [18]. To test this hypothesis, the model grease LiX4
with a low-viscosity base oil was compared with the model
grease LiX 100 with a high-viscosity base oil. In Table 1, we
can see that both model greases have the same consistency
and comparable oil separation rates Og,. Nevertheless, the
damage-critical parameter range for LiX100 is significantly
extended, especially toward low oscillation frequencies and
small oscillation angles. In this case, the increased base
oil viscosity 7, thus seems to have a decisive influence on
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starvation in the contact zone. This fact supports the con-
sideration of the base oil viscosity in the denominator of the
starvation number. At this point, however, it must be empha-
sized once again that for the evaluation of the test results in
the color maps, the maximum torque during the experiments
was used. For the tests with industrial grease 1, industrial
grease 2 and the model greases LiX4 and LiX4+20, these
values generally also match the torque values at the end of
the test run. However, some of the torque curves of the tests
with LiX100 behave differently. In some cases, an increase
in torque and the associated initiation of damage can be
observed at the beginning of the test, followed by a steady
drop in torque to relatively low torque values.

It is therefore possible that these operating parameters
would not be as critical for long-term operation as they
appear from this observation.

The influence of the oil separation rate (Ogy) and base
oil viscosity on the development of damage-critical param-
eter combinations, especially in the area of small angles,
could be plausibly explained on the basis of the experimental
results. Up to now, x,,, and x, have to be obtained empirically
from test data. In order to develop a starvation number that
can be used solely based on bearing geometry and grease
parameters, a physical relationship between critical angle
and geometry must be found. The reason that larger oscil-
lation angles are less critical with regard to starvation is
assumed to be a geometric relationship. From a sufficiently
large oscillation angle onward, the contact track may be
replenished by grease reservoirs from the cage. Also, due
to the cage contact, piled up grease dams on the sides of the
track could be smoothed and thus lead to a re-lubrication of
the track. A similar replenishment mechanism was already
mentioned by [24] for rotating grease-lubricated bearings.
For the lithium greases, significantly less critical operating
parameters are observed from an oscillation angle of 30°.
However, we can see that the grease parameters also have
a decisive influence on the critical angle. Industrial grease
2, which is a calcium grease and thus has a significantly
different thickener structure to the other greases, shows a
larger starvation driven wear angle 6, as well as a larger
critical angle 6.. From these observations, we deduce that
other grease parameters also have a decisive influence in
the region of larger oscillation angles. Another point to be
discussed is the influence of grease additives on wear initia-
tion. The results have shown that critical parameter combi-
nations will lead to an early wear initiation with the model
greases that do not contain additives but also with the fully
formulated industrial greases. The results indicate that the
additives do not have a significant effect under the tested
conditions. To obtain a more tangible result, we added a
common anti-wear friction modifier package containing
ZDDP and MoDTC additives to the LiX4 model grease
in order to be able to directly observe the influence of the
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Fig.9 Comparison of a test at 1 Hz and 15° with LiX4 grease with-
out additives and LiX4 with added 2 % liquid and 2 % solid additives

additives in the test. The results are shown in Fig. 9. Com-
paring the dotted dark green torque curve for the test without
additives and the solid light green torque curve for the grease
with additives, we see that for both of the experiments, the
torque starts rising after just a few hundred oscillation cycles
up to a value of over 8 Nm. With the experience from the
other wear tests, it can be said that there is no qualitative
difference in terms of wear initiation and the influence of
the additives in this critical parameter range is negligible. It
must be said that this direct comparison of the model grease
with and without additives was only carried out for a very
critical parameter combination, in which severe starvation,
boundary lubrication and damage initiation with a strong
torque increase occurred after a short time. Under less criti-
cal operating parameter combinations, additives could have
a wear-reducing effect in longer test runs. At this stage, the
purpose of the surface tension o, is to make the Starvation
Number Sy dimensionless since the surface tension hardly
differs between the base oils used. However, from a physi-
cal point of view, we expect the surface tension to have a
significant impact.

5 Conclusion and Outlook

In previous work, we have shown that oscillating motion
in highly loaded grease-lubricated rolling element bearings
can cause severe damage to the bearing raceway after only
a few oscillating cycles. On this basis, a Starvation Number
Sy was proposed which, taking into account the grease and
operating parameters, predicts a tendency of the conditions
to cause early wear initiation. Decisive grease parameters
in the Starvation Number are the oil separation rate O, and

the base oil viscosity #,. In order to investigate the influence
of these parameters, additive-free lithium complex greases
were produced, which differ mainly in the base oil viscos-
ity and the oil separation rate. With these model greases,
it was shown that an increased oil separation reduces the
range of damage-critical operating parameters and reduces
the severity of occurring damage. However, an influence of
the grease consistency cannot yet be fully ruled out on the
basis of these tests. The comparison of two model greases
with very different base oil viscosities showed that a high
base oil viscosity performs significantly worse at low oscil-
lation frequencies and small oscillation angles than a grease
with a lower base oil viscosity. The experiments with the
model greases show that the starvation number is a good
indicator whether the operating conditions are critical for
wear initiation or not, at least with respect to the studied
grease parameters. The influence of additives seems to be
negligible in the investigated parameter range. Based on
the results obtained, a grease with a high oil separation rate
and low base oil viscosity is recommended for use in grease
lubricated, highly loaded oscillating rolling element bear-
ings. In addition, based on the results to date, it is recom-
mended that a critical Starvation Number Sy, of 0.65 should
not be exceeded. The aim of future research is to make the
determination of the starvation-driven wear angle 6,,, and
the critical angle 6, independent of empirical investigations
and to determine these parameters entirely from the lubri-
cant and geometry parameters of the bearing. The influence
of the bearing cage will for this purpose be a major focus.
It will also be necessary to investigate how the Starvation
Number Sy can withstand scaling to other bearing sizes and
other bearing geometries.
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