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A B S T R A C T   

The evolution of the film thickness in a grease lubricated rolling bearings is given by a continuous process of loss 
and replenishment of oil in the rolling track. It is believed that in a long run, the oil film is maintained by the oil 
that is bleeding from grease reservoirs. The bleeding capabilities of a grease thus have an impact on the grease 
and/or bearing life. The ability of a grease to bleed the oil changes during the operation of the bearing due to 
mechanical ageing, which affects the fiber structure of the grease. In this study the lubricating grease is 
considered as a porous medium formed by the grease thickener and the base oil. The oil bleed behavior of a 
polyurea grease was explored as a function of mechanical degradation of the grease in numerous full bearing 
tests. The measured degradation in bleed was interpreted as an evolution of the grease matrix permeability based 
on Darcy’s law. A grease ageing master curve was built to describe the change of permeability of the grease due 
to mechanical ageing.   

1. Introduction 

Bearings are one of the most widely spread machine elements. Over 
50 billion bearings are operational at any time in the world and by far 
most of these bearings are grease lubricated [6]. The improvement of 
bearing materials, in combination with the improvement in bearing life 
prediction and therefore the selection of the right bearing size, made 
grease failure to be dominant mechanism of failures in grease lubricated 
bearings. The grease failure will at the end lead to a bearing failure and 
consequently, there is a need to predict the failure of the grease, i.e., 
grease life. Grease is a complex semi-solid lubricant consisting of a solid 
thickener matrix and a liquid lubricant. The thickener matrix (typically 
10–20 wt% of the grease) retains the oil inside the grease. According to 
the current understanding of grease lubrication in bearings, there is a 
continuous process of oil loss and replenishment to the track. The loss of 
oil occurs via oxidation and evaporation of the oil, as well as leakage 
[12,16]. Release of the oil by grease, called bleeding, is considered to be 
one of the main mechanisms that supplies a rolling contact with oil [3, 
17]. Consequently, it has a direct impact on grease life. It forms one of 
the main specifications for greases in rolling bearings. However, today 

only the bleed properties of fresh greases are specified. We will show in 
this paper that this bleed changes during time in a running bearing and 
that this evolution can be described using a “Master-Curve”, which 
correlates the bleed rate with the mechanical energy supplied to the 
grease. One way to describe the micro-flow of the oil in grease is to 
consider it as porous structure with a certain permeability [2,13,18]. In 
this case, the flow can be described via Darcy’s law. Permeability is not 
part of the grease specifications and therefore never measured. Several 
researchers measured it using various experimental, i.e. not standard-
ized, methods. Sisko and Brunstrum [14] measured permeability by 
using a setup where oil is flowing through a grease sample and where the 
pressure is imposed by an oil column formed by a simple pipette filled 
with oil. They reported values of permeability from 3 × 10− 15 to 40 ×
10− 15m2. Nogi et al. [10] estimated permeability using a centrifugal 
force to separate the oil and reported values of around 1 × 10− 15m2. 
Usually only the properties of fresh grease are given. However, these 
properties change with time during the operation of a bearing. Zhou 
et al. [21] studied the evolution of the yield stress with mechanical 
ageing of grease in bearings. They showed that the evolution of the yield 
stress of a grease follows a Master-Curve that describes the relation 
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between the yield stress and the mechanical energy imposed to the 
grease in a bearing. In this work, following the same idea, a 
Master-Curve for the evolution of bleed as a function of ageing was built. 
We will show that the evolution of the bleed rate can be described by its 
permeability as a function of the, temperature corrected, imposed me-
chanical energy density. 

2. Experimental approach 

2.1. R0F+ test 

The R0F+ test rig is specially designed to evaluate grease life [7,8]. 
In this test 2 bearings are running at the given load, temperature and 
speed until failure or until the test is stopped. The ageing of the grease 

was performed by running bearings in R0F+ test rigs for different times 
to obtain samples of grease that have undergone different stages of 
mechanical degradation. The tests were performed at 100 ∘C and 120 ∘C. 
The test temperature was chosen low enough to ensure an absence of 
oxidation, which was confirmed by FTIR measurements. The test con-
ditions are given in Table 1. 

The selected grease was a commercially available NLGI2 class, diu-
rea thickened grease with synthetic ester and ether base oil, which is 
typically used in electric motors. The kinematic base oil viscosity is 81.6 
cSt at 40∘C and 10.8 cSt at 100∘C. The density is ρ = 960 kg/m3. 

3. Bleed measurements 

In the current work, the bleeding capabilities of grease were 
measured using the SKF MaPro test [11,18]. This test setup consists of a 
circular piece of blotting paper on a heated plate. On the paper a small 
grease sample is placed in the center by using a mask with a diameter of 
10 mm and height 1.1 mm. During the test, the temperature is fixed at 
55∘C. The paper is sucking oil from the grease forming a circular stain. 
After 2 h, the diameter of the oil stain is measured (see Fig. 1), giving a 
measure for the resistance to release oil from the grease and therefore it 
gives a measure of grease bleed. This diameter is denoted by db here. 

The bleed properties of a lubricating grease will change in a running 
bearing due to shear ageing. Fig. 2 shows the results of bleed measure-
ments by using this method for samples taken from bearings that have 
been running for different times and two different temperatures, 100∘C 
and 120∘C. 

As can be seen from Fig. 2, the bleed diameter db is decreasing with 
increasing ageing time. Hence, the grease looses its ability to bleed oil in 
time in the running bearing. Mechanical degradation of a grease leads to 
a change in micro-structure leading again to a change in grease bleed. 
This process was extensively studied by Zhou et al. [19,20]. A schematic 
representation of the degradation process using AFM images of the 
grease micro-structure as a function of ageing is shown in Fig. 3. 

As can be seen from this representation, the fibers initially align but 
break under prolonged shear. This leads to an increase of surface area of 
the thickener, which increases the affinity of oil to the thickener which 
reduces the ability to bleed. 

Table 1 
R0F+ testing conditions for standard 6204–2Z bearings.  

test Temp. Axial load Radial Load Speed  
(∘C) (N) (N) (krpm) 

1 100 225 270 15 
2 120 225 270 15 
Validation 85–150 0–380 270–450 15–20  

Fig. 1. SKF MaPro kit based bleed experiment. The circle in the center of the 
paper represents the initial grease sample, the larger circle is the stain of the 
bled oil. This stain diameter is referred to as db. 

Fig. 2. SKF MaPro kit bleed experiment. Bleed diameter db as a function of R0F+ running time. The color represents different temperatures of the R0F+ experiment.  
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4. Grease bleed and grease degradation 

Grease can be modeled as a porous medium, where oil is retained 
inside the voids that are formed by the thickener microstructure. A 
pressure is required to drive the oil out from the grease. This pressure 
can be generated by centrifugal forces in the case that the grease is 
attached to the rotating cage [2]. In a standard bleed test [1,4,13] this 
pressure is induced by gravity on to the oil and by a dead weight. In the 
SKF MaPro Test, where the paper can also be modeled as a porous me-
dium, this pressure is given by the difference in oil affinity between 
thickener and paper [18]. The relation between flow rate and pressure 
can be described using Darcy’s law for the flow through a porous 
medium: 

u→= −
k
η∇
→

p, (1)  

where u→ is the local velocity of the oil, ∇→p the local pressure gradient, k 
is the permeability and η the dynamic base oil viscosity. The radius of the 
bleed stain after two hours on the blotting paper for greases that have 
been aged for different times in the bearing can be expressed in the 

permeability of the grease. After all, mechanical ageing will only change 
the micro-structure of the grease and not the viscosity of the oil. It is 
assumed that the affinity between oil and thickener will not change. 

Also the bearing operating temperature will have an impact on the 
rate of mechanical degradation and corresponding change in bleed 
properties. The work on to the grease (given by the product of torque 
and speed) is a function of temperature because the torque is a function 
of the base oil viscosity, which is a function of temperature. The bearings 
are externally heated to reach the prescribed temperatures of 100∘C and 
at 120∘C, so also the heat flow is different at different temperatures. The 
result is given in Fig. 2, showing the bleed diameter db measured for 
grease samples that were aged for the same time but at different tem-
peratures. It should be noted that the bleed diameter measurements are 
always done at 55∘C. The change in bleed properties are clearly different 
for ageing under different temperatures. As expected, at higher tem-
peratures, the degradation with the same mechanical energy is more 
severe than at lower temperatures. In order to be able to describe the 
degradation of a grease in different conditions, a Bleed Master-Curve 
concept is proposed here. The idea of building a Master-Curve origi-
nates from the work of Zhou et al. [21]. They showed that the 

Fig. 3. Ageing of Li/M; Cartoon and AFM results for different ageing stages, copied from [20].  

Fig. 4. Bleed diameter versus energy for grease samples taken from bearings that have been run for various times. The green line is a best fit curve.  
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degradation of lubricating grease under shear, measured by the change 
in yield stress, is determined by an adjusted friction energy density, 
described by a ‘Master-Curve’. Here, a similar approach was followed, 
but instead of yield stress, grease bleed (and later permeability of the 
grease) will be considered. As mentioned above, in the Master-Curve 
approach the degradation of a grease is determined by the energy that 
is imposed to the grease to age it. The mechanically supplied energy 
density is calculated here according to: 

ΔEmech(t) =
1
Va

∫ t

0
M(t′)

2πn
60

dt′, (2)  

with t the age of the grease, M the frictional bearing torque, n the 
rotational speed (rpm) and Va the grease volume in the bearing. Here it 
is assumed that the energy imposed to the grease is equal to the energy 
generated by the friction torque. In addition, it is assumed that the 
grease volume will not change in time. This is clearly an engineering 
approach, since friction is generated inside the EHL contacts, which are 
assumed to be lubricated by base oil that was bled from the grease 
reservoirs. The exact nature/origin of this energy needs to be explored in 
the future. It is possibly related to frictional heat development. For now 
it is assumed that the grease inside the bearing is aged uniformly and 
that the shear energy can be scaled using the bearing frictional torque. 
The frictional torque M was calculated using the SKF catalogue model 
[15]. In this model friction torque is the sum of the rolling and sliding 
friction in starved lubricated contacts where both components are given 
by the base oil viscosity. The tests were run with non-contacting seals 
(‘caps’) for which the contribution to friction can be neglected. As was 
shown by Zhou et al. [21], the energy density has to be corrected for 
temperature (heat) using a so called Arrhenius factor: 

CT = 2(T − T0)∕TA, (3)  

with T0 = 120∘C, as a reference temperature and TA = 10∘C the Arrenius 
temperature. This correction factor was obtained from the thermal shear 
ageing tests by Zhou et al. [21]. So 

ΔEadj = CT ΔEmech. (4)  

The bleed diameter versus time curve from Fig. 2 can now be transferred 
into a bleed diameter versus imposed energy curve, as shown in Fig. 4. 

To parametrize the experimentally found Master correlation we used 
the simple expression: 

db = d∞ +
d0 − d∞

1 +
(
KΔEadj

)m, (5)  

where, d0 is the diameter of the oil stain of a fresh grease, d∞ the 
diameter of the bleed stain after infinite ageing, when bleeding stops (no 
bleed corresponds to 10 mm, the diameter of the grease patch) while K 
and m are two fitting parameters. K− 1 indicates the value of ΔEadj at the 
inflection point of the curve and m is an exponent that defines the slope 
of the curve at the inflection point. This Master-Curve equation, also 
shown in Fig. 4, was fitted to the experimental data, revealing K 
= 1.8 × 10− 5 mm3/J, m = 0.59, while d0 = 22 mm and d∞= 10 mm. 
Every point in Fig. 4 corresponds to a bleed measurement from a sample 
taken from a particular bearing after a particular time. It is impossible to 
put this grease sample back into the bearing and continue running. The 
results from Fig. 4 are therefore bleed measurements from a large set of 
bearings. We know that the performance of grease lubricated rolling 
bearings is to some extend influenced by minute differences in initial 
filling due to the chaotic nature of the lubrication process [9]. Part of the 
spread can therefore be explained from the fact that each bearing was 
inevitably filled slightly different. Overall, Fig. 4 shows that the impact 
of mechanical ageing of the grease on bleed under various conditions 
can be described with a reasonable accuracy when one uses the Bleed 
Master-Curve. In order to validate this result, additional samples of the 
reference grease were collected and again bleed tests were performed. 
The first set of additional grease samples was collected from the support 
bearings that were used in the same R0F+ ageing tests (note that in an 
R0F+ test bearings are running on a shaft with two test bearings and two 
support bearings [7,8]). These bearings were running under different 
conditions, i.e. they were subjected to only radial load and were running 
at lower temperatures. A second additional set of grease samples were 
obtained from grease life tests at 150∘C where various speeds and loads 
were used. For each test condition, several samples were collected from 
different bearings. So the grease samples from the validation data set 
were aged at various, load, speed and temperature conditions, while the 
Master-Curve was built only by analyzing the bleed from the tests done 
at 2 different temperatures. The Bleed Master-Curve for the reference 
grease, together with the fitting and validation data is shown in Fig. 5. 

As can be seen from Fig. 5, the validation data points lie reasonable 
close to the Bleed Master-Curve. The bleed diameter in these tests has a 
large spread, even though the grease from different bearings of the same 
test set were tested at the same conditions. One of the possible reasons 

Fig. 5. Bleed Master-Curve together with the validation data points.  

A. Akchurin et al.                                                                                                                                                                                                                               



Tribology International 170 (2022) 107507

5

could be an impact of oxidation. Another reason could be oil loss, that 
affects the bleed as well. This point will be addressed later on in this 
paper. 

5. Permeability master-curve 

As mentioned above, according the model from Zhang et al. [18], 
grease bleed is given by the ‘affinity’ of the base oil to the thickener and 
by the permeability of the ‘porous medium’. Permeability measurements 
have been done earlier by Sisko and Brunstrum [14]. However, no 
technology or method is available to measure this on the very small 
sample taken from the test bearings that are used in this study. In this 
work, the permeability of an aged grease was obtained using the bleed 
measurements for the aged grease samples and a model describing the 
flow of oil in the MaPro kit test, as described by Zhang et al. [18]. This 
model is based on Darcy’s equation for oil flow in the grease matrix and 
in the MaPro kit paper. Both were considered to be porous media with 
given, different, properties. The work by [18] aimed to measure the 
difference in base oil affinity for the thickener matrix and for the blotting 
paper. In the present work we study the change in permeability while 
the grease is ageing in a bearing. We therefore extended the model 
equation from [18] with a term that explicitly contains the permeability 
of the grease. The derivation of this rate equation can be found in the 
appendix of this paper. The growth rate of the oil stain under the grease 
patch now reads: 

∂ξ
∂τ =

1
1 + 2lnξ + β(ξ∞ − ξ)

. (6)  

Here a is the radius of the grease patch (which is always equal to 5 mm 
in the MaPro kit experiment), ξ = (R∕a)2, where R is the radius of the oil 
stain in the paper, ξ∞ the maximum value of ξ, which is reached when all 
oil, initially present in the grease patch, is absorbed by the paper, 

τ =
t
ts
, ts =

ηϕpa2

8kpΔP
, β =

8b2ϕpkp

a2ϕgkg
, (7)  

where b is the thickness of the paper (182 μm), kp, kg are permeabilities 
of the paper (kp = 0.81μm2) and the grease matrix respectively. ΔP is the 
so called retaining pressure, ϕg, ϕp are the porosities of the grease matrix 
and the paper (ϕp = 0.345), respectively. All parameters in this equation 
are known, except for the permeability of the grease kg and the retaining 

pressure ΔP. The permeability of fresh grease was measured using a 
standard DIN test set-up [4], where the grease is located in a wire screen 
cone and loaded by a light dead weight. This gave a value of kg 
= 2.0 × 10− 15 m2. This made it possible to calculate the retaining 
pressure ΔP by using the model and the bleed measurement for a fresh 
grease, giving ΔP = 3.2 kPa. It is assumed that it does not change with 
ageing. If so, then the only variable left unknown for the aged grease is 
its permeability. The permeability for each aged sample can now be 
found by fitting the integrated Eq. (6) to the bleed data obtained from 
the MaPro kit experiments (so t = 2 h). This leads to a permeability 
curve as shown Fig. 6. 

It should be noted, that the fitting was performed only using the data 
points marked in red and blue. The rest of the data was used for vali-
dation of the Master-Curve concept. The validation data were obtained 
from the grease samples aged at various loads, temperatures and speeds. 
Also the additional data follow clearly the Master-Curve. 

It is well known that some of the oil is lost from the bearing while the 
bearing is running. This loss is the result of evaporation and/or oxida-
tion and/or leakage. The loss of the oil from the porous grease matrix 
results in a decrease of its porosity, which in turn, also affects the 
permeability. To include this effect in the model, the permeability was 
corrected for the oil loss via an adjustment parameter: 

kadj = k
kf (ϕ0)

kf (ϕc)
, (8)  

where kf(ϕ0) is the permeability of a fresh grease matrix with fiber 
volume fraction ϕ0 and kf(ϕc) is the permeability of a ’fresh’ grease 
matrix with fiber volume fraction ϕc from which some oil is lost. Here 
the fiber volume fraction was estimated based on oil content, ϕ0 = 0.15 
for the fresh grease and, assuming 30% oil loss after severe ageing, 
ϕc= 0.2. Following Gebart [5], but realising that the effective friction 
factor depends linearly on the parallel and perpendicular friction fac-
tors, the permeability for an isotropic fiber distribution can be calculated 
as: 

k(ϕf ) =
3k⊥(ϕf ) k‖(ϕf )

2k⊥(ϕf ) + k‖(ϕf )
(9)  

with r the radius of the grease thickener fibers and ϕf the fiber-volume 
fraction of the grease: 

Fig. 6. Permeability curve obtained by fitting Eq. 6 to the bleed data from Fig. 5. Fitting was performed on points marked in red and blue, only, the other data were 
used for validation. K = 3.7 × 10− 5 mm3/J, m = 0.61. 
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k⊥(ϕf ) =
16

9π
̅̅̅
2

√

( ̅̅̅̅̅̅̅̅π
4ϕf

√

− 1

)5
2

r2 (10)  

k‖(ϕf ) =
8
57

(
1 − ϕf

)3

ϕ2
f

r2. (11)  

Note that the value of r (radius of a grease matrix fiber) is unknown. 
However, if it is assumed to be constant, it is not needed to calculate the 
ratio k(ϕ0)∕k(ϕc). Applying this correction factor to the permeability 
shown in Fig. 6, the Master-Curve as in Fig. 7 can be obtained. As can be 
seen from the figure, adjustment for oil content gives a slightly better fit, 
but does not have a significant impact. 

6. Conclusions 

In this paper the bleeding properties of a lubricating grease and its 
evolution with mechanical ageing were assessed using the MaPro kit test 
and R0F+ bearing tests. It was shown that the bleeding capability of a 
grease deteriorates with ageing and that the severity of ageing depends 
on load, temperature and speed of the bearing. At the same time, it was 
shown that this behavior can be described well with a Master-Curve that 
gives a relationship between the energy input to age the grease and the 
change in the bleeding properties. The permeability of the fresh grease 
was measured using the standard bleed test DIN 51817 [4]. This mea-
surement gave a permeability of the fresh grease in the order of 
k ≈ 10− 15 m2, consistent with previously reported data. Based on this 
data and the model for the flow of the oil in the MaPro kit experiment, a 
Master-Curve for the evolution of the permeability with ageing was 
built. This showed that during the ageing, permeability changes 

considerably and impacts the bleeding capabilities of greases. This type 
of Master-Curves can be used to model bleed behavior of grease during 
ageing. Permeability, in combination with its change during ageing is a 
much better description of the bleed properties of lubricating greases 
than bleed values obtained from standardized tests. It is recommended, 
as a next step, to study possible changes in oil retraining pressure as a 
function of grease ageing. 
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Appendix 

This appendix contains the derivation of Eq. (6). Start with Eqn 11 and 12 from [18]. 

p∞ − Δpp = p0 +
ηa2vz

4bkp
(1 + lnξ) (12)  

p∞ − Δpg = pb − H
ηvz

kg
(13)  

Fig. 7. Corrected permeability curve, based on the same data as in Fig. 6. K = 8.9 × 10− 5 mm3/J, m = 0.54.  
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were H is the height of the oil in the grease patch, Δpg is the capillary pressure in the grease matrix. vz is the vertical oil velocity in the grease patch. pb is 
the average pressure at the lower side of the reservoir 

pb =
1

πa2

∫ a

0
p(r)2πrdr (14)  

=

∫ a

0

(

p0 +
ηa2vz

4bkp

(r
a

)2
)

2rdr
a2 (15)  

=

∫ a

0

2p0rdr
a2 +

∫ a

0

ηvz

2bkp

r3dr
a2 (16)  

= p0 +
ηvza2

8bkp
(17)  

Substituting pb in Eq. (13) gives 

p∞ − Δpg = p0 +
ηa2vz

8bkp
− H

ηvz

kg
(18)  

and combine with Eq. (12). 

Δpp − Δpg =
ηa2vz

8bkp
− H

ηvz

kg
−

ηvza2

4bkp
(1 + lnξ) (19)  

or 

Δpp − Δpg =
ηa2vz

8bkp
(1 − 2 − 2lnξ) − H

ηvz

kg
(20)  

Define ΔP = Δpp − Δpg and use vr(R) = − a2vz∕(2bR) and Ṙ = vr(R)∕ϕp. This gives 

ΔP = −
a2

8b
ηvz

kp
(1 + 2lnξ) − H

ηvz

kg
(21)  

Ṙ = −
a2vz

2bRϕp
(22)  

or 

vz =
− 2ṘRbϕp

a2 =
− ∂t(R2) bϕp

a2 = − bϕp ξ̇ (23)  

From volume conservation one can derive: 

H =
ϕpb
ϕg

(ξ∞ − ξ) (24)  

Substitution of last two equations in Eq. (21) gives 

ΔP = ξ̇

(
a2ϕpη

8kp
(1 + 2lnξ) +

b2ϕ2
pη

ϕgkg
(ξ∞ − ξ)

)

(25)  

Defining 

A =
ηϕpa2

8kp
; β =

8b2ϕpkp

a2ϕgkg
(26)  

this gives 

ΔP = A ξ̇(1 + 2lnξ + β(ξ∞ − ξ)) (27)  

from which one obtains 

ξ̇
A

ΔP
=

1
1 + 2lnξ + β(ξ∞ − ξ)

(28) 
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Defining 

τ =
t
ts
; ts =

A
ΔP

=
ηϕpa2

8kpΔP
(29)  

one finally obtains 

dξ
dτ =

1
1 + 2lnξ + β(ξ∞ − ξ)

(30)  

Integrating this expression gives the dimensionless time τ as a function of the dimensionless radius squared ξ: 

τ = 1 − ξ + 2ξlnξ + β[ξ∞(ξ − 1) −
1
2
(ξ2 − 1)] (31)  

Here we used the initial condition τ(1) = 0 which is equivalent with R(t = 0) = a. With this equation we arrive at an expression for β: 

β =
τ − 1 + ξ − 2ξlnξ

ξ∞(ξ − 1) − 12(ξ2 − 1)
(32)  

Using the expressions from Eq. (7) we can calculate β, and thus kg, from the value of ξ = (R∕a)2 measured at time τ = t∕ts, where t = 2 h. 
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