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1. Lubricant in Rolling
Bearings

1.1 Functions of the Lubricant in
Rolling Bearings

The lubrication of rolling bearings —
similar to that of sliding bearings — main-
ly serves one purpose: to avoid or at least
reduce metal-to-metal contact between
the rolling and sliding contact surfaces,
i.e. to reduce friction and wear in the
bearing.

Oil, adhering to the surfaces of the
parts in rolling contact, is fed between the
contact areas. The oil film separates the
contact surfaces preventing metal-to-met-
al contact (»physical lubrication«).

In addition to rolling, sliding occurs in
the contact areas of the rolling bearings.
The amount of sliding is, however, much
less than in sliding bearings. This sliding
is caused by elastic deformation of the
bearing components and by the curved
form of the functional surfaces.

Under pure sliding contact conditions,
existing for instance between rolling ele-
ments and cage or between roller faces
and lip surfaces, the contact pressure, as a
rule, is far lower than under rolling con-
tact conditions. Sliding motions in roll-
ing bearings play only a minor role. Even
under unfavourable lubrication condi-
tions energy losses due to friction, and
wear are very low. Therefore, it is possible
to lubricate rolling bearings with greases
of different consistency and oils of differ-
ent viscosity. This means that wide speed
and load ranges do not create any prob-
lems.

Sometimes, the contact surfaces are
not completely separated by the lubricant
film. Even in these cases, low-wear opera-
tion is possible, if the locally high temper-
ature triggers chemical reactions between
the additives in the lubricant and the sur-
faces of the rolling elements or rings. The
resulting tribochemical reaction layers
have a lubricating effect (»chemical lubri-
cation).

The lubricating effect is enhanced not
only by such reactions of the additives
but also by dry lubricants added to the oil
or grease, and even by the grease thickener.

Lubricant in Rolling Bearings

Functions of the Lubricant in Rolling Bearings

In special cases, it is possible to lubricate
rolling bearings with dry or solid lubri-
cants only.

Additional functions of rolling bearing
lubricants are: protection against corro-
sion, heat dissipation from the bearing
(oil lubrication), discharge of wear particles
and contaminants from the bearing (oil
circulation lubrication; the oil is filtered),
enhancing the sealing effect of the bear-
ing seals (grease collar, oil-air lubrication).

1.1.1 The Different Lubricating Condi-
tions in Rolling Bearings

Friction and wear behaviour and the
attainable life of a rolling bearing depend
on the lubricating condition. The follow-
ing lubricating conditions exist in a roll-
ing bearing:

— Full fluid film lubrication: The surfac-
es of the components in relative mo-
tion are completely or nearly com-
pletely separated by a lubricant film
(fig. 1a).

This is a condition of almost pure

fluid friction. For continuous opera-

tion this type of lubrication, which is
also referred to as fluid lubrication,
should always be aimed at.

— Mixed lubrication: Where the lubri-
cant film gets too thin, local metal-to-
metal contact occurs, resulting in
mixed friction (fig. 1b).

— Boundary lubrication: If the lubricant
contains suitable additives, reactions
between the additives and the metal
surfaces are triggered at the high pres-
sures and temperatures in the contact
areas. The resulting reaction products
have a lubricating effect and form a
thin boundary layer (fig. 1c).

Full fluid film lubrication, mixed lu-
brication and boundary lubrication occur
both with grease lubrication and with oil
lubrication. The lubricating condition
with grease lubrication depends mainly
on the viscosity of the base oil. Also, the
grease thickener has a lubricating effect.

— Dry lubrication: Solid lubricants (e.g.
graphite and molybdenum disul-
phide), applied as a thin layer on the
functional surfaces, can prevent metal-
to-metal contact. Such a layer can,
however, be maintained over a long
period only at moderate speeds and
low contact pressure. Solid lubricants,
added to oils or greases, also improve
the lubricating efficiency in cases of
metal-to-metal contact.

1: The different lubricating conditions

a) Full fluid film lubrication
The surfaces are completely separated
by a load carrying oil film

b) Mixed lubrication
Both the load carrying oil film and
the boundary layer play a major role

¢) Boundary lubrication
The lubricating effect mainly depends on the
lubricating properties of the boundary layer

Lubricant layer

[l Boundary layer [l
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1.1.2 Lubricating Film with Oil Lubri-
cation

Main criterion for the analysis of the
lubricating condition is the lubricating
film thickness between the load transmit-
ting rolling and sliding contact surfaces.
The lubricant film between the rolling
contact surfaces can be described by means
of the theory of elastohydrodynamic

(EHD) lubrication. The lubrication un-
der sliding contact conditions which
exist, e.g. between the roller faces and lips
of tapered roller bearings, is adequately
described by the hydrodynamic lubrica-
tion theory as the contact pressure in the
sliding contact areas is lower than in the
rolling contact areas.

The minimum lubricant film thick-

ed using the equations for point contact
and line contact shown in fig. 2. The
equation for point contact takes into ac-
count the fact that the oil escapes from
the gap on the sides. The equation shows
the great influence of the rolling velocity
v, the dynamic viscosity mq and the pres-
sure-viscosity coefficient « on hp,;,. The

ness hyi, for EHD lubrication is calculat-

load Q has little influence because the
viscosity rises with increasing loads and

2: Elastohydrodynamic lubricant film. Lubricant film thicknesses for point contact and line contact

Lubricant outlet Q Lubricant inlet
Roller
Vi deformation
1 where
Pimin] Lubricant film Nmin [M]
p) U
T G
[ \ Raceway W
EHD-pressure deformation \
distribution . oW
‘ accgroding Hertzian pressure distribution e
tof Hertz k
%b a [m?/N]
according Mo [Pa-s]
to Hertz v [m/s]
E' [N/m?]
Point contact according to Hamrock and Dowson R [mi
Ain = 3,63 - U068 . (G049 . \\-0073 . (1- e—O,GS‘k) ‘R, [M] r
Line contact according to Dowson
Nmin = 2,65 - U7 - G034 . W'-013. R [m] Q [N]
L [m]
with U =my V/(E'-R))
G =a-F
W =Q/(E'-R?) for point contact
W' =Q/(E" - R, - L) for line contact

minimum lubricant film thickness in the area of
rolling contact
speed parameter
material parameter
load parameter for point contact
load parameter for line contact
e =2,71828..., base of natural logarithms
k = a/b, ratio of the semiaxes of the contact areas
pressure viscosity coefficient
dynamic viscosity
v = (V4 +V,)/2, mean rolling velocity
v, = rolling element velocity
v, = velocity at inner ring or outer ring contact
E' = E/[1 - (1/m)?], effective modulus
of elasticity
E = modulus of elasticity = 2,08 - 10! [N/m?]
for steel
1/m = Poisson’s ratio = 0,3 for steel
reduced curvature radius
R, =1y - 1,/(ry + 1) at inner ring contact
R, =1y - ry/(ry —1,) at outer ring contact
r, = rolling element radius [m]
r, = radius of the inner and outer ring
raceways [m]
roller load
gap length or effective roller length

FAG | 4




the contact surfaces are enlarged due to

elastic deformation.

The calculation results can be used to

check whether a sufficiently strong lubri-

cant film is formed under the given con-

ditions. Generally, the minimum thick-

ness of the lubricant film should be one

tenth of a micron to several tenths of a

micron. Under favourable conditions the

film is several microns thick.

The viscosity of the lubricating oil chang-

es with the pressure in the rolling contact

area:

Mm=mp- e

m dynamic viscosity at pressure p [Pas]

Mo dynamic viscosity at normal pressure
[Pas]
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e (=2,71828) base of natural
logarithms

o  pressure-viscosity coefficient [m%/N]

p  Pressure [N/m?]

The calculation of the lubricating con-
dition in accordance with the EHD theo-
ry for lubricants with a mineral oil base
takes into account the great influence of
pressure. The pressure-viscosity behavi-
our of a few lubricants is shown in the di-
agram in fig. 3. The a,5 diagram shown in
fig. 7 (page 7) is based on the zone a-b for
mineral oils. Mineral oils with EP-addi-
tives also have o values in this zone.

If the pressure-viscosity coefficient has
considerable influence on the viscosity ra-
tio, e.g. in the case of diester, fluorocar-

bon or silicone oil, the correction factors
B1 and B2 have to be taken into account
in the calculation of the viscosity ratio x.
xp12=% BBy
% Viscosity ratio for mineral oil

(see section 1.1.3)

correction factor for pressure-

viscosity behaviour

= Olsynthetic ot/ mineral o

(o values, see fig. 3)

correction factor for varying density

= Psynthetic oit/ Pmineral oil
The diagram, fig. 4, shows the curve
for density p as a function of temperature
for mineral oils. The curve for a synthetic
oil can be assessed if the density p at 15°C
is known.

By

B,

3: Pressure-viscosity coefficient « as a function of kinematic viscosity v, for pressures from 0 to 2000 bar
4: Density p of mineral oils as a function of temperature t
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1.1.3 Influence of the Lubricant Film
and Cleanliness on the Attainable
Bearing Life

Since the sixties, experiments and field
application have made it increasingly
clear that, with a separating lubricant film
without contaminants in the rolling ele-
ment/raceway contact areas, the service
life of a moderately loaded bearing is con-
siderably longer than that calculated by
means of the classical life equation
L = (C/P)P. In 1981, FAG was the first
bearing manufacturer to prove that roll-
ing bearings can be fail-safe. Based on
these findings, international standard
recommendations and practical experi-
ence, a refined procedure for calculating
the attainable life of bearings was devel-
oped.

The preconditions for endurance
strength are:

— full separation of the surfaces in rolling

contact by the lubricant film (x > 4)
— utmost cleanliness in the lubricating
gap correspondingtoV =0.3
— stress index fu > 8.
fs* = C()/PO*
C, static load rating [kKN]
see FAG catalogue
equivalent bearing load [kKN]
determined by the formula
Py« =Xo- F + Yy F,[KN]
where X, and Y,, are factors from
the FAG catalogue and
F, dynamic radial force
F, dynamic axial force

Attainable life in accordance with the
FAG method:

Lna =8y - 83 - L [108 revolutions]
or
Lina =1 - @3 - Ly [h]

5: Viscosity-temperature diagram for mineral oils
6. Rated viscosity v, depending on bearing size and speed; D = bearing O.D., d = bore diameter

The a, factor is 1 for the usual failure
probability of 10%.

The a,; factor (product of the basic
ayg factor and the cleanliness factor s, see
below) takes into account the effects of
material and operating conditions, i.e.
also that of lubrication and of the cleanli-
ness in the lubricating gap, on the attain-
able life of a bearing.

The nominal life L (DIN ISO 281) is
based on the viscosity ratio » = 1.

The viscosity ratio » = v/v is used as
a measure of the lubricating film develop-
ment for determining the basic a,s), factor
(diagram, fig. 7).

v is the viscosity of the lubricating oil
or of the base oil of the grease used at op-
erating temperature (diagram, fig. 5) and
v, is the rated viscosity which depends
on the bearing size (mean diameter dm)
and speed n (diagram, fig. 6).

120 T : 51 (eSt 1000
Viscosity [nm?/s] (cSt)
110 at 40 °C [104 °F] \ 3
100 NU T 500 5 —
90 |
N
80 %7\ \\ \ 0
NN 200 S AL
0 O N S
% N ~& \
— 60 >§0 \ N
S & | 100 :
- @
0 L
o 50 by
E & g 50 ™~
IS 7 —_—
= %
g 40 =) < %
£
e > 2 \
g 30 - % 7 20
B S 2
9] 2
20 g
24
5
10 3
4 6 810 20 3040 60 100 200 300 10 20 50 100 200 500 1000
Operating viscosity v [mm2/s]—-= Mean bearing diameter d,, = '% [mm] —
5 6
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The equation for the attainable life
Lna and the diagram in fig. 7 show how
an operating viscosity which deviates
from the rated viscosity affects the attain-
able bearing life. With a viscosity ratio of
% = 2 to 4 a fully separating lubricant film
is formed between the contact areas. The
farther x lies below these values the larger
is the mixed friction share and the more
important a suitably doped lubricant.

The operating viscosity v of the oil or
of the base oil of the grease used, i.e. its
kinematic viscosity at operating tempera-
ture, is indicated in the data sheets sup-
plied by oil and grease manufacturers. If
only the viscosity at 40°C is known the
viscosity of mineral oils with an average

Lubricant in Rolling Bearings
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viscosity-temperature behaviour at oper-
ating temperature can be determined
from the diagram in fig. 5.

The operating temperature for deter-
mining n depends on the frictional heat
generated, cp. section 1.2. If no tempera-
ture measurements from comparable
bearing locations are available the operat-
ing temperature can be assessed by means
of a heat balance calculation, see section
1.3.

As the real temperature on the surface
of the stressed elements in rolling contact
is not known, the temperature measured
on the stationary ring is assumed as the
operating temperature. For bearings with
favourable kinematics (ball bearings,

7: Basic a3, factor for determining the a,; factor

cylindrical roller bearings) the viscosity
can be approximated based on the tem-
perature of the stationary ring. In the case
of external heating, the viscosity is deter-
mined from the mean temperatures of the
bearing rings.

In heavily loaded bearings and in bear-
ings with a high percentage of sliding
(e.g. full-complement cylindrical roller
bearings, spherical roller bearings and ax-
ially loaded cylindrical roller bearings)
the temperature in the contact area is up
to 20 K higher than the measurable oper-
ating temperature. The difference can be
approached by using half the operating
viscosity v read off the V-T diagram for
the formula » = v/v;.

(with effective additives tested in rolling bearings,
a,; factors > 1 are possible even with x < 0.4)

LI} Unfavourable lubricating conditions
Contaminated lubricant
Unsuitable lubricants

Limits of adjusted rating life calculation
As in the case of the former life calculation, only material

20
Zones
| Transition to endurance strength
Precondition: Utmost cleanliness in the lubricating gap 10

and loads which are not too high, suitable lubricant

1l Normal degree of cleanliness in the lubricating gap

fatigue is taken into consideration as a cause of failure for
the adjusted rating life calculation as well. The calculated
“attainable life" can only correspond to the actual service
life of the bearing if the lubricant service life or the life
limited by wear is not shorter than the fatigue life.

gy

005 01 0.2
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The value K = K, + K, is required for
locating the basic a3, factor in the dia-
gram shown in fig. 7.

K; can be read off the diagram in fig. 8
as a function of the bearing type and the
stress index fg.

K, depends on the viscosity ratio x
and the index fex. The values in the dia-
gram, fig. 9, apply to lubricants without
additives or lubricants with additives

whose special effect in rolling bearings
was not tested.

With K =0 to 6, ayg, is found on one
of the curves in zone 11 of the diagram
shown in fig. 7.

With K > 6, a,3;,, must be expected to
be in zone II. In such a case a smaller K
value and thus zone 1l should be aimed at
by improving the conditions.

8: Value K, depending on the index f and the bearing type
9: Value K, depending on the index f. for lubricants without additives and lubricants with additives whose effect in rolling

bearings was not tested

About the additives:

If the surfaces are not completely sepa-
rated by a lubricant film the lubricants
should contain, in addition to additives
which help prevent corrosion and increase
ageing resistance, also suitable additives
to reduce wear and increase loadability.
This applies especially where »x < 0.4 as
then wear dominates.

4
d
3 —
¢ a ball bearings
2 — b tapered roller bearings
\ cylindrical roller bearings
Ky b c spherical roller bearings
T spherical roller thrust bearings
1 cylindrical roller thrust bearings
d full complf_emenlg (zz)ylindrical
o a ~— roller bearings *
0 2 4 6 8 10 12
foo ——m=
1 Attainable only with lubricant filtering corresponding V < 1, otherwise K; = 6 must be assumed.
2 To be observed for the determination v: the friction is at least twice the value in caged bearings.
This results in higher bearing temperature.
8 3 Minimum load must be observed.
7 K=0.2** K5 equals 0O for lubricants
] with additives with a
6 N\ 1 K=0.05+ corresponding suitability
proof.
5 \ 230,34
Ay,
T 4 0.35**
3 4'\\0 .
Ke A N\ Sy ** With k < 0.4 wear
2 RN dominates unless
A eliminated by suitable
N ey
1 AN additives.
0
0 2 4 6 8 10 12
9 foe —»
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The additives in the lubricants react
with the metal surfaces of the bearing and
form separating reaction layers which, if
fully effective, can replace the missing oil
film as a separating element. Generally,
however, separation by a sufficiently thick
oil film should be aimed at.

Lubricant in Rolling Bearings
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Cleanliness factor s

Cleanliness factor s quantifies the ef-
fect of contamination on the life. Con-

tamination factor V is required to obtains.

s =1 always applies to "normal cleanli-
ness" (V = 1), i.e. ay3; = 3.

With "improved cleanliness” (V = 0.5)
and "utmost cleanliness" (V =0.3) a

10: Diagram for determining the cleanliness factor s
a Diagram for improved (V = 0.5) and utmost (V = 0.3) cleanliness
b Diagram for moderately contaminated lubricant (V = 2) and heavily contaminated lubricant (V = 3)

cleanliness factor s = 1 is obtained from
the right diagram (a) in fig. 10, based on
the index f and depending on the viscos-
ity ratio x.

s=1appliesto x <0.4.

With V = 2 (moderately contaminated
lubricant) and V = 3 (heavily contaminat-
ed lubricant), s is obtained from zone b of
the diagram, fig. 10.

0 0 0 o ®
< ™M MO N N — O O
1 U Inn I U Inn I
4 4 X X 4 4 X X 4
4
17/ ]/ v=0s AT Tv=os
[/ /1/ K=0.7 pd
VISV / _—
] J7 7/ /
y AW AV Y\ AV 4 7/
TV 7 A T/ 1/ K=0.6 7
V.4 Y /1 / / /
VA VAV A, ey
74 //;/,/ /// /
///// / /// k=05
A i
LT L~
LT T
25 3 4 5 6 7 8 910 12 14 161820 1 2 5 10 15 20 30
Stress index fg* . Cleanliness factor s
‘ 1
— — v=1 0.7
! 05
— V=2 1— "
T~ 03 3
\ -
NgE—02 8
V=3 a
\\/ Q
- 01 = A cleanliness factor s > 1 is attainable for full-
N @ complement bearings only if wear in roller/roller
0.05 8 contact is eliminated by a high-viscosity lubricant
: and utmost cleanliness (oil cleanliness according
to ISO 4406 at least 11/7).
0.03
b
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Contamination factor V

Contamination factor V depends on
the bearing cross section, the type of
contact between the mating surfaces and
the cleanliness level of the oil, table in
fig. 11.

If hard particles from a defined size on
are cycled in the most heavily stressed
contact area of a rolling bearing, the re-
sulting indentations in the contact surfac-
es lead to premature material fatigue. The
smaller the contact area, the more damag-
ing the effect of a particle of a defined
size.

At the same contamination level small
bearings react, therefore, more sensitively
than larger ones and bearings with point
contact (ball bearings) are more vulnera-
ble than bearings with line contact (roller
bearings).

The necessary oil cleanliness class
according to 1SO 4406 (fig. 12) is an ob-
jectively measurable level of the contami-
nation of a lubricant. It is determined by
the standardized particle-counting
method.

The numbers of all particles > 5 um
and all particles > 15 um are allocated to
a certain oil cleanliness class. An oil clean-
liness 15/12 according to I1SO 4406
means that between 16000 and 32000
particles > 5 um and between 2000 and
4000 particles > 15 um are present per
100 ml of a fluid. The step from one class
to the next is by doubling or halving the
particle number.

Specially particles with a hardness of
> 50 HRC reduce the life of rolling bear-
ings. These are particles of hardened steel,
sand and abrasive particles. Abrasive par-
ticles are particularly harmful.

If the major part of foreign particles
in the oil samples is in the life-reducing
hardness range, which is the case in many
technical applications, the cleanliness
class determined with a particle counter
can be compared directly with the valves
of the table on page 46. If, however, the
filtered out contaminants are found, after
counting, to be almost exclusively miner-
al matter as, for example, the particularly

FAG | 10

harmful moulding sand or abrasive
grains, the measured values must be in-
creased by one to two cleanliness classes
before determining the contamination
factor V. On the other hand, if the greater
part of the particles found in the lubri-
cant are soft materials such as wood,
fibres or paint, the measured value of the
particle counter should be reduced corre-
spondingly.

A defined filtration ratio 8, should
exist in order to reach the oil cleanliness
required (cp. Section 5.1.3). A filter of a
certain filtration ratio, however, is not
automatically indicative of an oil cleanli-
ness class.

Cleanliness scale

Normal cleanliness (V = 1) is assumed
for frequently occurring conditions:

— Good sealing adapted to the
environment

— Cleanliness during mounting
— Oil cleanliness accordingto V=1

— Observing the recommended oil
change intervals

Utmost cleanliness (V = 0.3): cleanli-
ness, in practice, is utmost in

— bearings which are greased and pro-
tected by seals or shields against dust
by FAG. The life of fail-safe types is
usually limited by the service life of the
lubricant.

— bearings greased by the user who ob-
serves that the cleanliness level of the
newly supplied bearing will be main-
tained throughout the entire operating
time by fitting the bearing under top
cleanliness conditions into a clean
housing, lubricates it with clean grease
and takes care that dirt cannot enter
the bearing during operation (for suit-
able FAG Arcanol rolling bearing
greases see page 57).

— bearings with circulating oil system if
the circulating system is flushed prior
to the first operation of the cleanly fit-
ted bearings (fresh oil to be filled in via
superfine filters) and oil cleanliness
classes according to V = 0.3 are en-
sured during the entire operating time.

Heavily contaminated lubricant
(V =3) should be avoided by improving
the operating conditions. Possible causes
of heavy contamination:

— The cast housing was inadequately or
not at all cleaned (foundry sand, parti-
cles from machining left in the hous-

ing).

— Abraded particles from components
which are subject to wear enter the
circulating oil system of the machine.

— Foreign matter penetrates into the
bearing due to an unsatisfactory seal.

— Water which entered the bearing, also
condensation water, caused standstill
corrosion or deterioration of the lubri-
cant properties.

The intermediate values V = 0.5 (im-
proved cleanliness) and V = 2 (moderate-
ly contaminated lubricant) must only be
used where the user has the necessary
experience to judge the cleanliness condi-
tions accurately.

Worn particles also cause wear. FAG
selected the heat treatment of the bearing
parts in such a way that, in the case of
V = 0.3, bearings with low sliding motion
percentage (e.g. radial ball bearings and
radial cylindrical roller bearings) show
hardly any wear even after very long
periods of time.

Cylindrical roller thrust bearings, full-
complement cylindrical roller bearings
and other bearings with high sliding
motion shares react strongly to small hard
contaminants. In such cases, superfine
filtration of the lubricant can prevent
critical wear.



11: Guide values for the contamination factor V
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(D-d)/2 V Point contact Line contact
required oil guide values for required oil guide values for
cleanliness class filtration ratio cleanliness class filtration ratio
according to according to according to according to
1SO 4406%) I1SO 4572 1SO 4406%) ISO 4572
mm
0.3 11/8 B5 =200 12/9 B3=200
0.5 12/9 B3 =200 13/10 B3=75
<125 1 14/11 Be=T75 15/12 Bs=75
2 15/12 Be=T75 16/13 B12=75
3 16/13 B1,=75 17/14 Bys =75
0.3 12/9 B5 =200 13/10 B3=75
0.5 13/10 B;=75 14/11 Bs=75
>125..20 1 15/12 Be=T75 16/13 B12=75
2 16/13 Bp275 17/14 By =75
8 18/14 Bys=75 19/15 Bys=75
0.3 13/10 B;=75 14/11 Bs=75
0.5 14/11 Be=T75 15/12 Bs=75
>20...35 1 16/13 Bp275 17/14 B,275
2 17/14 Bys =75 18/15 Bys =75
3 19/15 By =75 20/16 Bys =75
0.3 14/11 Be=T75 14/11 Bs=75
0.5 15/12 Bg=75 15/12 B,=75
>35 1 17/14 B1,275 18/14 Bys=75
2 18/15 By =75 19/16 Bys =75
8 20/16 Bys=75 21/17 Bys =75

The oil cleanliness class can be determined by means of oil samples by filter manufacturers and institutes. It is a measure of the probability of life-
reducing particles being cycled in a bearing. Suitable sampling should be observed (see e.g. DIN 51 750). Today, on-line measuring instruments
are available. The cleanliness classes are reached if the entire oil volume flows through the filter within a few minutes. To ensure a high degree of

cleanliness flushing is required prior to bearing operation.

For example, filtration ratio 35 =200 (ISO 4572) means that in the so-called multi-pass test only one of 200 particles = 3 um passes through the
filter. Filters with coarser filtration ratios than 3,5 = 75 should not be used due to the ill effect on the other components within the circulation system.

1) Only particles with a hardness > 50 HRC have to be taken into account.

12: Oil cleanliness classes according to 1SO 4406 (excerpt)

Number of particles per 100 ml Code
over 5 um over 15 pm

more than up to more than up to

500000 1000000 64000 130000 20/17
250000 500000 32000 64000 19/16
130000 250000 16000 32000 18/15
64000 130000 8000 16000 17/14
32000 64000 4000 8000 16/13
16000 32000 2000 4000 15/12
8000 16000 1000 2000 14/11
4000 8000 500 1000 13/10
2000 4000 250 500 12/9
1000 2000 130 250 11/8
1000 2000 64 130 11/7
500 1000 32 64 10/6
250 500 32 64 9/6
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Functions of the Lubricant in Rolling Bearings

1.1.4 Lubricating Film with Grease
Lubrication

With lubricating greases, bearing
lubrication is mainly effected by the base
oil, small quantities of which are separat-
ed by the thickener over time. The princi-
ples of the EHD theory also apply to
grease lubrication. For calculating the vis-
cosity ratio v/v, the operating viscosity of
the base oil is applied. Especially with low
» values the thickener and the additives
increase the lubricating effect.

If a grease is known to be appropriate
for the application in hand — e.g. the
FAG Arcanol rolling bearing greases (see
page 57) —and if good cleanliness and
sufficient relubrication are ensured the
same K, values can be assumed as for
suitably doped oils. If such conditions are
not given, a factor from the lower curve
of zone Il should be selected for deter-
mining the a,, value, to be on the safe
side. This applies especially if the speci-
fied lubrication interval is not observed.
The selection of the right grease is partic-
ularly important for bearings with a high
sliding motion rate and for large and
heavily stressed bearings. In heavily load-
ed bearings the lubricating effect of the
thickener and the right doping are of
particular importance.

Only a very small amount of the grease
participates actively in the lubricating
process. Grease of the usual consistency
is for the most part expelled from the
bearing and settles at the bearing sides or
escapes from the bearing via the seals.
The grease quantity remaining on the
running areas and clinging to the bearing
insides and outsides continuously separ-
ates the small amount of oil required to
lubricate the functional surfaces. Under
moderate loads the grease quantity
remaining between the rolling contact
areas is sufficient for lubrication over an
extended period of time.
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The oil separation rate depends on the
grease type, the base oil viscosity, the size
of the oil separating surface, the grease
temperature and the mechanical stressing
of the grease.

The effect of the grease thickener be-
comes apparent when the film thickness
is measured as a function of operating
time. On start-up of the bearing a film
thickness, depending on the type of
thickener, develops in the contact areas
which is clearly greater than that of the
base oil. Grease alteration and grease dis-
placement quickly cause the film thick-
ness to be reduced, fig. 13.

In spite of a possibly reduced film
thickness a sufficient lubricating effect is
maintained throughout the lubrication

interval. The thickener and the additives
in the grease decisively enhance the lubri-
cating effect so that no life reduction has
to be expected. For long lubrication inter-
vals, the grease should separate just as
much oil as needed for bearing lubrica-
tion. In this way, oil separation over a
long period is ensured. Greases with a
base oil of very high viscosity have a
smaller oil separation rate. In this case,
adequate lubrication is only possible by
packing the bearing and housing with
grease to capacity or short relubrication
intervals.

The lubricating effect of the thickener
becomes particularly evident in the oper-
ation of rolling bearings in the mixed fric-
tion range.

13: Ratio of the grease film thickness to the base oil film thickness as a function of

operating time
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1.1.5 Lubricating Layers with
Dry Lubrication

The effect of dry lubrication mainly
consists of compensating for surface
roughness as a result of which the effec-
tive roughness depth of the surfaces is re-
duced. Depending on the load and type
of material, the dry lubricant is either
rubbed into the metal surface or chemical
reactions with the surface are released
during sliding and rolling.

In dry lubricants with layer lattice
structure, the lamellas of the dry lubri-
cant slide relative to one another under
pressure. Therefore, sliding occurs away
from the metal surfaces, within the lubri-

Lubricant in Rolling Bearings

Functions of the Lubricant in Rolling Bearings

cant layers (fig. 14). The compressible dry
lubricant layer distributes the pressure
uniformly on a larger surface. Dry lubri-
cants without layer-lattice structure are
phosphates, oxides, hydroxides and sul-
phides. Other dry lubricants are soft met-
al films. Due to their low shear strength,
they have a positive frictional behaviour.
Generally, lives are considerably shorter
with dry lubrication than with oil or
grease lubrication. The dry lubricant layer
is worn off by sliding and rolling stress-
ing.

Oil and grease reduce the service life of
dry lubricant layers depending on the
treatment of the surface and the type of
dry lubricant used. Sliding lacquers can

14: Working mechanism of solid lubricants with layer-lattice structure, e.g. MoS2
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soften and change their structure; this
causes the friction between the surfaces to
increase. Many lubricants are available
with dry lubricant additives, preferably
MoS2. The most commonly used quan-
tities are 0.5 to 3 weight percent colloidal
MoS2 in oils and 1 to 10 weight percent
in greases. A greater concentration of
MoS2 is necessary for high-viscosity oils,
in order to noticeably improve the lubri-
cating efficiency. The dispersions with
particles smaller than 1 micron are very
stable; the dispersed particles remain in
suspension.

Dry lubricants in oil or grease contrib-
ute to the lubrication only where the con-
tact surfaces are not fully separated by the
lubricant film (mixed lubrication). The
load is accommodated more easily in the
contact area, i.e. it is transmitted with less
friction and less wear. Dry lubricant in oil
can be advantageous during the run-in
period when an uninterrupted lubricating
oil film has not yet formed due to the sur-
face roughness. With high-speed bear-
ings, dry lubricant additives can have a
negative effect on high-speed operation
because they increase bearing friction and
temperature.
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Calculation of the Frictional Moment

1.2 Calculation of the Frictional
Moment

The frictional moment M of a rolling
bearing, i.e. the sum total of rolling fric-
tion, sliding friction and lubricant fric-
tion, is the bearing's resistance to motion.
The magnitude of M depends on the
loads, the speed and the lubricant viscos-
ity (fig. 15). The frictional moment com-
prises a load-independent component M,
and a load-dependent component M.
The black triangle to the left of the dot-
dash line shows that with low speeds and
high loads a considerable mixed friction
share Ry, can be added to M, and M, as
in this area the surfaces in rolling contact
are not yet separated by a lubricant film.
The zone to the right of the dot-dash line
shows that with a separating lubricating
film which develops under normal oper-
ating conditions the entire frictional mo-
ment consists only of My and M.

M =M+ M; [Nmm]

M [N mm] total frictional moment
of the bearing

M, [N mm] load-independent compo-
nent of the frictional
moment

M; [N mm] load-dependent component
of the frictional moment

Mixed friction can occur in the race-
way, at the lips and at the cage of a bear-
ing; under unfavourable operating condi-
tions it can be very pronounced but hard
to quantify.

In deep groove ball bearings and pure-
ly radially loaded cylindrical roller bear-
ings with a cage the mixed friction share
according to fig. 15 is negligible. The fric-
tional moment of axially loaded cylindri-
cal roller bearings is determined by means
of the equations given at the end of sec-
tion 1.2.

Bearings with a high sliding motion
rate (full-complement cylindrical roller
bearings, tapered roller bearings, spherical
roller bearings, thrust bearings) run, after
the run-in period, outside the mixed fric-
tion range if the following condition is
fulfilled:
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n-v/(P/C)%5=9000

n  [min™] speed

v [mm?/s] operating viscosity of the
oil or grease base oil

P [kN]  equivalent dynamic load

C [kN] dynamic load rating

The load-independent component of
the frictional moment, M,, depends on
the operating viscosity v of the lubricant
and on the speed n. The operating viscos-
ity, in turn, is influenced by the bearing
friction through the bearing temperature.
In addition, the mean bearing diameter
d, and especially the width of the rolling

contact areas — which considerably varies
from type to type — have an effect on M.
The load-independent component M, of
the frictional moment is determined, in
accordance with the experimental results,
from

Mg =f,- 107 (v - n)¥3.d,° [N mm]
where

M, [N mm] load-independent compo-
nent of the frictional
moment

fo index for bearing type and
lubrication type
(table, fig. 16).

15: Frictional moment in rolling bearings as a function of speed, lubricant viscosity

and loads.

In ball bearings (except thrust ball bearings) and purely radially loaded
cylindrical roller bearings the mixed friction triangle (left) is negligible,
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v [mm?/s] operating viscosity of the
oil or grease base oil
fig. 5, page 6)

n [min™] bearing speed

d, [mm] (D +d)/2 mean bearing
diameter

The index fy is indicated in the table,
fig. 16, for oil bath lubrication where the
oil level in the stationary bearing reaches
the centre of the bottommost rolling ele-
ment. F, increases — for an identical d, —
with the size of the balls or with the
length of the rollers, i.e. it also increases,
indirectly, with the size of the bearing
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cross section. Therefore, the table indi-
cates higher f, values for wide bearing se-
ries than for narrow ones. If radial bear-
ings run on a vertical shaft under radial
load, twice the value given in the table
(fig. 16) has to be assumed; the same ap-
plies to a large cooling-oil flow rate or an
excessive amount of grease (i.e. more
grease than can displaced laterally).

The f, values of freshly greased bear-
ings resemble, in the starting phase, those
of bearings with oil bath lubrication. Af-
ter the grease is distributed within the
bearing, half the f, value from the table

Calculation of the Frictional Moment

(fig. 16) has to be assumed. Then it is as
low as that obtained with oil throwaway
lubrication. If the bearing is lubricated
with a grease which is appropriate fo