(19 DANMARK (10 DK/EP 4069988 T3
(12) Overseettelse af
europaeisk patentskrift
Patent- og
Varemeerkestyrelsen
(51) Int.Cl.: F 16 C 19/38 (2006.01) B21H 1/12(2006.01) F 16 C 33/64 (2006.01)
(45) Overseettelsen bekendtgjort den: 2024-07-01
(80) Dato for Den Europaciske Patentmyndigheds
bekendtgarelse om meddelelse af patentet: 2024-04-24
(86) Europaeisk ansggning nr.: 20816142.2
(86) Europeeisk indleveringsdag: 2020-11-26
(87) Den europeaeiske ansggnings publiceringsdag: 2022-10-12
(86) International ansggning nr.: EP2020083446
(87) Internationalt publikationsnr.: WO2021110519
(30) Prioritet: 2019-12-03 DE 102019218794
(84) Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE SI SK SM TR
(73) Patenthaver: thyssenkrupp rothe erde Germany GmbH, TremoniastraBe 5-11, 44137 Dortmund, Tyskland
thyssenkrupp AG, ThyssenKrupp Allee 1, 45143 Essen, Tyskland
(72) Opfinder: ROLLMANN, Jérg, Riantecweg 6, 59558 Lippstadt, Tyskland
HANDRECK, Thomas, Waldstr. 37, 59609 Anréchte, Tyskland
LUNEBURG, Bernd, Westkapeller Ring 30, 45481 Miilheim, Tyskland
TOFKE, Matthias, Biickeburger StraBe 1a, 59555 Lippstadt, Tyskland
LIEWEN, Christian, Merschweg 110, 59558 Lippstadt, Tyskland
(74) Fuldmaegtig i Danmark: Zacco Denmark A/S, Arne Jacobsens Allé 15, 2300 Kegbenhavn S, Danmark
(54) Benaevnelse: Fremgangsmade til at sge baereevnen og rulleindretning til hard rulning af en overfladehardet
rullelejebane
(56) Fremdragne publikationer:

EP-A1-2759 729
US-A-3 791 706



DK/EP 4069988 T3



10

15

20

25

30

DK/EP 4069988 T3

METHOD TO INCREASE THE LOAD CAPACITY AND ROLLING APPARATUS TO
HARDEN AN EDGE HARDENED ROLLING BEARING RACE

Prior art

The invention relates to a method for increasing the load capacity of a surface-hardened roll-
ing bearing raceway according to the preamble of claim 1, and to a rolling apparatus for hard

rolling a surface-hardened rolling bearing raceway as claimed in claim 13.

DE 10 2016 114 895 A1 discloses a method for increasing the load capacity of a surface-
hardened rolling bearing raceway. The profile of the residual stress is changed by rolling of
the hardened peripheral region, and, in particular, the residual tensile stress maximum lo-
cated below the hardened outer layer is reduced. During the rolling, a surface pressure of be-
tween 3500 and 5500 MPa is achieved. The roll used preferably comprises a rolling body,
such that the rolling bearing ring is rolled directly with the correct raceway width. One disad-
vantage is that although the static load capacity of the rolling bearing raceway can be in-
creased by the method, the dynamic continuous load capacity of the bearing decreases, re-

sulting in a reduction in the average service life of the raceways and thus of the bearing.

Other rolling methods for treating hardened surfaces are known from DE 10 2015 201 644
A1 and EP 2 771 585 B1. The aim of these methods is to use deep rolling to form residual
compressive stresses directly under the surface of metals, that is to say to work-harden the
material and build up residual compressive stresses. Typically, in hardened steels, it is thus
possible to generate compressive residual stresses of significant magnitude directly at the
surface down to a depth range of several 100 uym. Cylindrical roller bodies with a diameter of
1 to 9 mm are used for the rolling. One disadvantage is that these methods make it possible
to influence only the properties of a hardened outer layer itself, without increasing the static
load capacity, which is limited by the residual stress profile below the hardened outer layer in

the case of surface-hardened rolling bearing raceways.
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Disclosure of the invention

It is therefore the object of the invention to specify a method and a rolling apparatus for in-
creasing the static load capacity of a surface-hardened rolling bearing raceway, said method

and rolling apparatus also improving the service life of the raceway.

This object is achieved by means of a method for increasing the load capacity of a surface-
hardened rolling bearing raceway having the features of claim 1 and a rolling apparatus hav-

ing the features of claim 13.

In this way, a method for increasing the load capacity of a surface-hardened rolling bearing

raceway of a rolling bearing ring element is specified, comprising the following steps:

- providing a rolling bearing ring element which has an unhardened core region and, at
least in certain portions, an outer layer hardened to a surface hardening depth, a rolling
bearing raceway being formed in the region of the hardened outer layer,

- hard rolling the rolling bearing raceway with at least one roll,

- the diameter of the roll being selected in the range of 8 to 25 times the surface harden-
ing depth,

- a surface pressure prevailing in the rolling contact between the roll and the rolling bear-
ing raceway during the hard rolling being set in the range between 2000 MPa and 3300
MPa, and

- the rolling bearing raceway being machined after the hard rolling.

Thus, according to the invention, surface pressures that are lower than those in the prior art
are used during the hard rolling. This is based on the finding that although the plastification in
the core region of the rolling bearing ring element brought about by the known surface pres-
sures in the range from 3500 to 5500 MPa contributes particularly effectively to a reduction of
the residual tensile stress maximum, specifically in such a way that higher surface pressures
lead to a greater increase in the static load capacity, such plastification simultaneously leads,
due to the microstructural changes introduced into the material, to a reduction in the dynamic
deformation capacity of the material in the core region. If the bearing is subjected to continu-
ous dynamic loading, microcracks will occur in the core region of the rolling bearing ring at an
earlier stage and may grow into larger fatigue fractures and thus adversely affect the service
life of the raceway. The surface pressures used according to the invention in the range be-
tween 2000 MPa and 3300 MPa (Hertzian stress) in combination with roll diameters that are
large compared with the surface hardening depth achieve a depth effect during the hard roll-

ing, in which the equivalent stress corresponding to the sum of load stresses and residual



10

15

20

25

30

35

DK/EP 4069988 T3
-3-

stresses does indeed exceed the yield strength of the rolling bearing ring element in the core
region, but at the same time the resulting plastic deformations in the core region are mini-
mized. A particularly good compromise between careful material processing and, at the
same time, effective reduction of residual stresses is achieved for surface pressures in the
range from 2300 MPa to 2800 MPa.

It was also found that the hard-rolling step gives rise to changes in surface structure in the
rolling bearing raceway, which lead to stress peaks when rolling bodies roll over them and
can thus damage the raceway and rolling bodies. According to the invention, it is therefore
provided that, subsequent to the hard-rolling step, changes in surface structure are removed

by machining in order to further increase the service life of the raceway.

In a preferred embodiment, the surface pressure in the rolling contact is selected in such a
way that load stresses brought about in the unhardened core region are at most 0.9 to 2
times, preferably 1.2 to 1.5 times, the yield strength of the unhardened core region. The un-
hardened core region begins at a surface distance of approximately 1.1 times the surface
hardening depth. In the context of the invention, load stress should be understood to mean
the equivalent stress which corresponds to the real, multi-axial stress state introduced into
the rolling bearing element by the hard rolling and enables a comparison with the (one-di-
mensional) material property yield strength. The load stress is preferably calculated using the
distortion energy hypothesis. In order to effectively reduce the residual tensile stress maxi-
mum in the core region, it is necessary for the equivalent stress of the sum of load stresses
and residual stresses to exceed the yield strength of the core material, such that the residual
stresses can be reduced by rearrangements. If the load stresses in the unhardened core re-
gion do not exceed 0.9 to 2 times the yield strength of the material of the rolling bearing ring
element, the plastic deformations of the core material are minimized as much as possible. In
particular, micro-cracking, as could occur as a result of the tensile strength of the material
being locally exceeded, is avoided. Due to the careful processing of the rolling bearing race-
way, the plastic deformation capacity of the rolling bearing raceway also remains largely un-

changed.

Particularly preferably, the surface pressure in the rolling contact is selected in such a way
that the hard rolling at most gives rise to plastic strain of up to 5% in the core region. By re-
ducing the plastification to 5% strain, the core material is prevented from flowing over further
sections. As a result, the original microstructure of the material is retained and the residual

stresses are reduced by local strain/compression of the core material.
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The rolling bearing ring elements are preferably formed from a rolling bearing steel, such as
42CrMo4.

During the hard rolling, the rolling bearing raceway is preferably overrolled between 1 and
100 times, particularly preferably between 2 and 10 times. The greatest reduction of the re-
sidual tensile stress maximum occurs already during the first overrolling. However, specifi-
cally when using the lower surface pressures compared with the prior art, it has been found
that subsequent overrolling can also contribute significantly to the reduction of the residual
tensile stress maximum. More than 10 overrollings would also still have a measurable effect,

but they are often no longer worthwhile from an economic point of view.

In order to reduce the forces to be absorbed by a rolling apparatus used for the hard rolling
at the specified surface pressures, it is advantageous if the rolling contact has a width of at
most 2/3 of the width of the rolling bearing raceway and the rolling bearing raceway is hard-

rolled in multiple overlapping paths.

In a preferred embodiment, the roll has a lateral surface which is convexly curved in longitu-
dinal section at least in peripheral regions of the rolling contact. Due to the curvature of the
roll in the peripheral regions, excessive stresses at the peripheries of the rolling contact in
the rolling bearing raceway are reduced. This protects the surface of the rolling bearing race-
way and reduces the changes in surface structure that occur. Consequently, the outlay for
the subsequent machining is reduced. The convexly curved configuration is particularly pre-
ferred for rolls that are narrower than the rolling bearing raceway, so that wear in the rolling

bearing raceway is avoided.

The rolling bearing ring elements are preferably manufactured with an allowance at least in
the region of the rolling bearing raceways. The allowance preferably corresponds to the max-
imum expected changes in surface structure. In this way, the outlay for the subsequent ma-

chining can be reduced.

In a preferred embodiment, the rolling bearing rings of a roller bearing are provided as rolling
bearing ring elements, the roller bearing is assembled for hard rolling with the introduction of
at least one roller row between the rolling bearing rings, the roller row comprising at least one
oversize roller with a radial oversize as the roll, and the surface pressure is introduced into
the roller bearing by an axially acting load. This has the advantage that no separate rolling
apparatus is required for the hard rolling. Hard rolling is performed by rotating the rolling

bearing rings of a loaded bearing provided with at least one oversize roller. To this end, it is
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for example possible for a lower rolling bearing ring to be fixed and an upper rolling bearing
ring to be correspondingly loaded, for example by means of a hydraulic cylinder or a weight,
and rotated in relation to the lower rolling bearing ring. After a single revolution or multiple
revolutions of the upper rolling bearing ring, the rolling bearing raceways have been hard-

rolled.

If the roller bearing contains at least two roller rows and at least one of the rolling bearing
rings has at least two partial rings which can be braced axially against one another for en-
closing the roller rows between the rolling bearing rings in a positively locking manner, the
axially acting load may also be applied by axial bracing of the partial rings against one an-
other. As a result, there is also no longer any need for a device for the external application of
force onto the bearing. It is for example possible for the partial rings to be braced axially

against one another by screwing.

In a preferred embodiment of the method according to the invention, at least three oversize
rollers are inserted as rolls into the roller bearing so as to be distributed over the circumfer-
ence of a rolling bearing raceway. As a result, the load transfer between the rolling bearing
rings can be homogenized and the deformation of the rings during the hard rolling can be re-
duced. Particularly preferably, the oversize rollers have the radial oversize on different, over-

lapping partial regions of the raceway width.

In order to improve the dimensional accuracy of the rolling bearing rings during the hard roll-

ing, it is also preferred that the at least one roller row is fully occupied with rollers.

The method according to the invention is preferably employed in the production of large roll-
ing bearings having a diameter of more than 1000 mm. The method is particularly suitable for
the production of rotor bearings for wind turbines. The invention therefore also relates to a
rotor bearing for a wind turbine, comprising at least one row of tapered or cylinder rollers, the
rolling bearing raceways of the rotor bearing being produced by carrying out the method de-

scribed above.

In terms of apparatus, the object is achieved by means of a rolling apparatus for hard rolling
a surface-hardened rolling bearing raceway of a rolling bearing ring element, comprising a
support apparatus with at least one supporting roll for supporting the rolling bearing ring ele-
ment and a yoke which is held by means of at least two tension rods which are articulated on
the support apparatus. In this case, the yoke forms, together with the tension rods and the

support apparatus, a closed frame through which the rolling bearing ring element can be
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guided during the hard rolling. The rolling apparatus also comprises a roll stand which is hy-
draulically supported on the yoke, which is mounted so as to be displaceable in a longitudinal
direction of the yoke by means of a positioning device and in which at least one roll provided

for processing the rolling bearing raceway is mounted.

The closed frame allows a surface pressure of the roll to build up in relation to a rolling bear-
ing raceway of the rolling bearing element in a simple and controlled manner. The roll can in
this case be positioned in relation to the rolling bearing raceway by displacing the roll stand.
For further positioning, one or more of the tension rods may be of length-adjustable form. In
particular when using rolls with a smaller width than the rolling bearing raceway, provision
may be made for the roll stand to be displaced during the hard rolling, but preferably without
load, along the yoke when changing paths. As a result, the entire rolling bearing raceway can
be hard-rolled successively in overlapping paths. The roll stand can preferably be displaced

in the longitudinal direction of the yoke by means of a screw drive.

For the hard rolling of rolling bearing raceways of closed rolling bearing rings as rolling bear-
ing ring elements, it is advantageous if the closed frame is configured to be openable for re-

ceiving and removing the rolling bearing ring element.

In a preferred embodiment of the rolling apparatus, the roll stand is supported on the yoke by

way of at least one pressurizable hydraulic cylinder.

Furthermore, the roll is preferably in the form of a primary roll which is mounted by way of
guide bearings which are arranged so as to be displaceable in the load direction in the roll
stand, and at least one secondary roll with a larger diameter than the primary roll is mounted
in the roll stand and circumferentially supports the primary roll for load dissipation. The
mounting of the primary roll by means of displaceable guide bearings has the effect that the
smaller primary roll is kept in position without its bearing arrangement having to be designed
to absorb the entire rolling load. The rolling load is dissipated via the larger-sized bearings of

the at least one secondary roll.

Further advantageous embodiments can be gathered from the following description and the

dependent claims.

The invention is explained in more detail below with reference to the exemplary embodi-

ments illustrated in the accompanying figures.
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Brief description of the drawings

Fig. 1

Fig. 2

Fig. 3

Figs. 4a-c

Fig. 5a

Fig. 5b

Fig. 6

Fig. 7

Fig. 8

Fig. 9a

Fig. 9b

schematically shows the profile of load stresses (without residual stresses)
brought about in a surface-hardened rolling bearing ring element by rolls of
different diameter in relation to tensile strength, yield strength and residual
stress profile in the rolling bearing ring element,

schematically shows the profile of load stresses brought about in a surface-
hardened rolling bearing ring element by rolls using different surface pres-
sures in relation to tensile strength, yield strength and residual stress profile
in the rolling bearing ring element,

schematically shows the total equivalent stress in the rolling bearing ring
element brought about during the hard rolling by load and residual stress,
and also the residual stress profile before and after the hard rolling,
schematically show the sequence of the method according to the invention
in cross-sectional illustrations of the rolling bearing ring element,
schematically shows the step of hard rolling rolling bearing raceways in a
double-row tapered roller bearing with oversize rollers,

shows a detail illustration of the detail X of Fig. 5a,

schematically shows a set of oversize rollers which can be inserted into a
rolling bearing for the purpose of hard rolling rolling bearing raceways on
overlapping paths,

schematically shows an exemplary embodiment of the rolling apparatus ac-
cording to the invention during the processing of an outer raceway of a roll-
ing bearing ring element,

schematically shows the rolling apparatus of Fig. 7 during the processing of
an inner raceway of a rolling bearing ring element with an open frame,
schematically shows an illustration of the rolling apparatus according to Fig.
8 in cross section, and

schematically shows a detail illustration of the roll stand of the rolling appa-

ratus according to Fig. 8 in cross section.

Embodiments of the invention

In the various figures, identical parts are always denoted by the same reference designations

and will therefore generally also each be named or mentioned only once.
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In Fig. 1, material properties of a surface-hardened rolling bearing ring element and the load

stress profile brought about by rolls or rolling bodies of different diameter D are shown.

The distance R from the surface of the rolling bearing ring element is plotted on the abscissa,
and the stress 0 (equivalent stress, residual stress, permissible stresses such as tensile
strength and yield strength) is plotted on the ordinate. The material of the rolling bearing ring,
preferably steel, has three qualitatively differing regions: a hardened outer layer Ra which ex-
tends from the surface down to a surface hardening depth Rht and which is distinguished by
an increased tensile strength Z and yield strength S, an unhardened core region K which has
a lower tensile strength Z and yield strength S than the outer layer Ra beginning at a surface
distance RK, and a transition region T which lies between these regions and in which tensile
strength Z and yield strength S fall to the values of the core region K. The transition region T

usually has a depth of approx. 0.1 Ra, such that usually RK = approx. 1.1 x Rht.

Due to the surface hardening of the rolling bearing ring element, residual stresses ES have
been introduced into the material, the qualitative profile of which is also illustrated in Fig. 1.
There are residual compressive stresses (c < 0) in the hardened outer layer Ra. Due to the
residual compressive stresses in the outer layer Ra, the strength of the rolling bearing ring
element at the raceway surface is increased. In the transition region T, the residual compres-
sive stresses turn into residual tensile stresses (¢ > 0), which reach their maximum in the

core region K at a surface distance Rmax.

In the case of rolling bearing raceways of surface-hardened rolling bearing rings, permanent
changes in shape occur when the total equivalent stresses introduced into the material from
load stresses introduced by rolls or rolling bodies and residual stresses present in the mate-
rial exceed the yield strength S of the material. While the yield strength S in the hardened
outer layer Ra is increased and the residual compressive stresses ES in the outer layer Ra
counteract the load stresses LS, the residual tensile stresses ES and load stresses LS pre-
sent in the core region K with a lower yield strength S add up to a larger total equivalent

stress.

Fig. 1 illustrates various load stress curves LS for various diameters D of rolls or rolling bod-
ies. The line made up of single dots and dashes corresponds to the largest diameter, and the
line made up of continuous dots corresponds to the smallest. As can be seen from Fig. 1, the
load stress curve has a maximum in the region of the hardened outer layer Ra and then falls
toward the core region K. The maximum load stress remains essentially the same for differ-

ent diameters D, but the maximum shifts to larger surface distances R. As a result, the load
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stresses brought about in the core region K increase. In the case of an unchanged surface
hardening depth Ra and unchanged surface pressures P in the rolling contact, an increase in
the rolling body diameter D can therefore lead to the yield strength S being exceeded in the

unhardened core region K.

In many technical areas of application of large rolling bearings, increases in efficiency can be
achieved in the course of technical progress by scaling of the plants. For this reason, there is
for example also a demand for rolling bearings with surface-hardened raceways in ever
larger dimensions for the bearing arrangement of main rotors of wind turbines. In this case,
the diameters of the rolling bodies (essentially tapered and cylinder rollers) used in the bear-
ings also increase. The use of larger rolling bodies makes it possible for higher forces to be

supported via the bearing with unchanged surface pressures in the rolling contact.

The design of the rolling bearings requires the consideration of permanent operating loads
and extreme loads. These must not lead to bearing damage. The permanently permissible
operating loads are limited by the load stresses occurring at the depth RK = approx. 1.1 x

Rht in relation to the yield strength S.

By contrast, the permissible extreme loads are determined inter alia from the permanent de-
formation of the raceway surface brought about by the extreme load. In practice, pivot bear-
ings are usually designed using the Zwirlein method (Zwirlein et al. (1983), Case Depth for
Induction Hardened Slewing Bearing Rings, SAE Technical Paper Series 831371). In order
to achieve the static load capacity specified therein, exceedance of the yield strength S in the
core region K must be avoided. To this end, it is customary to increase the surface hardening
depth Ra with increasing diameter D of the rolling body, as a result of which the core region
K is exposed to lower load stresses. In practice, a 10% rule for the ratio of surface hardening

depth Ra to rolling body diameter D has become established.

In a deviation therefrom, the static load capacity of main rotor bearings for wind turbines
should be assessed on the basis of standard ISO 76. This standard contains a more strin-
gent requirement for the permissible plastic deformation of the rolling body raceways in rela-
tion to the rolling body diameter, which reduces the static load capacity during the transition

from pivot bearings to rotor bearings.

This more stringent requirement pushes the known procedure of increasing the surface hard-
ening depth Rht to its limits. The surface hardening depth Rht that can be achieved by induc-

tion hardening is limited by the material to be hardened, its heat treatment state and the plant
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engineering/method used. In the case of inductively full-surface-hardened raceways, the
"10% rule" is already limited for large rolling body diameters D of 65-120 mm due to the plant

and method.

Alternatively, it is conceivable to increase the core strength by a different selection of the
grade of steel used as base material. However, due to the increased need for alloying ele-

ments and the increased machining costs, this would also result in significant cost increases.

To increase the static load capacity of surface-hardened rolling bearing raceways, the
method according to the invention therefore follows a different approach. The rolling bearing
ring elements are usually surface-hardened in an inductive manner. However, an application
of the method according to the invention to rolling bearing ring elements that have been sur-
face-hardened in some other way, for example case-hardened, is also covered by the inven-
tion. As already explained with reference to Fig. 1, the permissible deformations of the rolling
bearing raceway that limit the static load capacity are promoted by the residual tensile
stresses present in the core region K, since they increase the total equivalent stress LES
from load and residual stresses in the core region K. The method according to the invention
therefore aims to reduce the residual tensile stresses in the core region K, as a result of
which the same load stresses LS lead to smaller deformations of the rolling bearing raceway
2. The reduction of the residual tensile stress maximum and the associated hardening effect
of the rolling bearing raceway in relation to static loads can be achieved by a rolling opera-

tion, which can therefore be referred to as hard rolling.

The load stresses LS introduced into the core region K are crucial for the reduction of the re-
sidual tensile stress maximum. These load stresses LS can be set substantially by the pa-
rameters roll diameter D (see Fig. 1) and surface pressure P (see Fig. 2). Fig. 2 illustrates
the load stresses resulting from various surface pressures with the same roll diameter. The

line made up of single dots and dashes corresponds to the highest surface pressure.

Fig. 3 shows the reduction of the residual tensile stress maximum by the method according
to the invention and the resulting greater static load capacity of the rolling bearing raceway.
The curve ES shows the profile of the residual stresses before the hard rolling, and the curve
ES' shows the residual stresses after the hard rolling. While the residual compressive
stresses in the hardened outer layer Ra are slightly reduced, the residual tensile stresses in
the core region K decrease significantly. The combined total equivalent stress LES from load

and residual stresses exceeds the yield strength S in the core region K during the hard rolling
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operation and, as a result, leads to the reduction of the residual tensile stresses by rear-
rangements. Renewed loading of the rolling bearing raceway by the same load stress after
the hard rolling results in a lower combined total equivalent stress LES' in the core region K,
the entire profile of said total equivalent stress remaining below the yield strength S. The
static load capacity of the rolling bearing raceway is thus increased by the hard rolling opera-

tion.

Figs. 4a to 4c schematically illustrate the performance of the method according to the inven-
tion for increasing the load capacity of a surface-hardened rolling bearing raceway 2 of a roll-
ing bearing ring element 1. In Fig. 4a, a rolling bearing ring element 1 is firstly provided which
has an unhardened core region K and, at least in certain portions, an outer layer Ra hard-
ened to a surface hardening depth, a rolling bearing raceway 2 being formed in the region of
the hardened outer layer Ra. Subsequently, the rolling bearing raceway 2 is hard-rolled with
a roll 3, the diameter D of which is in the range of 8 to 25 times the surface hardening depth.
In the rolling contact 4 between the roll 3 and the rolling bearing raceway 2, a surface pres-
sure prevailing during the hard rolling is set in the range between 2000 MPa and 3300 MPa.
To this end, the roll 3 is preferably loaded in a load direction L which is substantially perpen-

dicular to the rolling bearing raceway.

Due to the surface pressure exerted on the raceway with a roll of sufficiently large diameter
during the hard rolling, the plastic deformation in the base material begins directly at the
boundary to the hardened outer layer, where the material is, in addition to the load stresses,
stressed by the originally effective residual stresses above the yield strength S. After the load
has been removed from the raceway surface, a measurable shape deviation (indent/running

track) remains in the rolled rolling bearing raceway 8 (see Fig. 4b).

During the hard rolling with the specified parameters, changes in surface structure 7 occur
which amount to a few ten-thousandths of the rolling body diameter D. These changes in sur-
face structure are removed by machining of the rolling bearing raceway 2 after the hard roll-
ing, such that a planar, machined rolling bearing raceway 9 is produced (see Fig. 4c). The
raceway treated in this way can withstand renewed stresses of the same type and magnitude
with much less deviation in shape and thus has an increased static load capacity. Machining

may be performed with a defined or undefined cutting edge.
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In order to achieve the desired effect of reducing the residual tensile stresses in the core re-
gion without negatively influencing the dynamic continuous load capacity of the rolling bear-
ing raceway, the claimed combination of surface pressures P and roll diameters D is essen-

tial for the teaching according to the invention.

Selecting the roll diameter D in the range of 8 to 25 times the surface hardening depth Rht
ensures that the load stresses LS act at the required material depth. In contrast to other
known methods for deep rolling hardened bearing rings, no further build-up of residual com-
pressive stresses or large-volume material consolidation (formation of dislocations) is sought
by the hard rolling according to the invention. On the contrary, the method according to the
invention reduces high residual stress peaks, such as those that occur at inclusions, for ex-
ample, such that there are lower stress fluctuations in these regions during operation of the
bearing and thus higher dynamic load capacities/service lives. Thermal relaxation can prefer-
ably be carried out, for example at 160-180°C, before or after the deep rolling in order to fur-
ther increase the dimensional stability and load capacity. The rolling roller used preferably

has approximately the same diameter D as the rolling body used at a later stage in the bear-

ing.

What can simultaneously be achieved when hard rolling with the parameter ranges for roll
diameter D and surface pressure P provided as claimed in claim 1 is that

- the material below the hardened outer layer Ra plastifies in the core region K and the
residual tensile stresses in this region are removed,

- the material in the hardened outer layer Ra (above the surface hardening depth Rht)
is substantially elastically stressed in the region without geometrical disturbances (e.g. inclu-
sions) and at most experiences a low degree of plastification, such that, in contrast to known
deep rolling methods, residual compressive stresses from the hardening and quenching heat
treatment remain unchanged or are reduced, and

- the material in the hardened outer layer Ra (above the surface hardening depth Rht)

is plastically stressed in the region with geometrical disturbances (e.g. inclusions).

The residual stress rearrangements generated by the method according to the invention - in
a large-volume manner in the core region K and also locally limited to discontinuities and in-
clusions in the hardened outer layer - lead to an increased static and dynamic load capacity

and dimensional stability of the treated bearings.

According to an advantageous refinement of the invention, the surface pressures used dur-

ing the hard rolling should not exceed the maximum static load in the core region K that is
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expected during operation of the bearing. Although a larger surface pressure essentially
leads to a more rapid and more effective reduction of the residual tensile stress maximum, it
at the same time reduces the deformation capacity and thus the expected service life of the

rolling bearing ring under continuous loading.

Based on this consideration, the surface pressure in the rolling contact 4 is preferably se-
lected in such a way that load stresses LS brought about in the unhardened core region K
are at most 0.9 to 2 times, preferably 1.2 to 1.5 times, the yield strength S of the unhardened
core region K. As already mentioned above, the dynamic continuous load capacity of a roll-
ing bearing is given, for example, by an equivalent stress of approx. 0.6 times the yield
strength S at the beginning RK = approx. 1.1 x Rht of the core region K (that is to say, for ex-
ample, according to Zwirlein et al. (1983), SAE Technical Paper Series 831371). When de-
signing rolling bearings, customary factors between dynamic continuous load capacity and
extreme static load are in the range from 1.5 to 3.3, in particular between 2 and 2.5, which

results in the specified ranges for the load stress LS during the hard rolling.

In addition, selecting the roll diameter D and the surface pressure in dependence on the ex-
isting surface hardening depth Rht or the residual stresses ES and the associated material
parameters (tensile strength Z and yield strength S of the outer layer material and of the core

material) preferably satisfies the following criteria:

Criteria relating to the material in the core region K:

a) Preferably, the surface pressure P in the rolling contact 4 is selected in such a way
that the hard rolling at most gives rise to plastic strain of up to 5% in the core region K. The
plastic deformation in the core region K due to the loading from the total equivalent stress
LES from resulting load stresses LS and effective original residual stresses ES can be deter-
mined in advance, for example in an FEM simulation, taking into account yield strength S

and/or tensile strength Z.

b) Preferably, the loadings from the total equivalent stress LES from load stresses LS
and effective original residual stresses ES in the core region K are, at least in certain por-
tions, in particular in the portion from the beginning of the core region RK (= approx. 1.1 x
Rht) as far as the surface distance of maximum residual tensile stresses Rmax, above the

yield strength S of the core region K.

Criteria relating to the material in the hardened outer layer Ra:
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C) Preferably, the surface pressure P in the rolling contact 4 is selected in such a way
that the hard rolling at most gives rise to plastic strain of up to 2% in the outer layer Ra. The
plastic deformation in the peripheral region due to the loading from the total equivalent stress
LES from resulting load stresses LS and effective original residual stresses ES can be deter-
mined in advance in a computer simulation, for example in an FEM simulation, taking into ac-

count the aforementioned material parameters.

d) Preferably, the loading from the total equivalent stress LES from load stresses LS and
effective original residual stresses ES at inclusions and discontinuities in the hardened outer
layer Ra is above the yield strength. This has the advantage that the maximum rolling stress
also occurs in the hardened outer layer beforehand. This reduces stress peaks at the periph-
eries of any inclusions that may be present. During operation, these counteract crack growth

at the peripheries of the inclusions.

Particularly preferably, a computer simulation is used as a basis to select the parameters
surface pressure P and rolling body diameter D so as to match the material properties of the
rolling bearing ring element. This makes it possible to optimize the number of the aforemen-

tioned criteria that can be satisfied.

According to the invention, the number of overrollings during the hard rolling should be be-

tween 1 and 100. 2 to 10 overrollings are preferably carried out.

In principle, it is also conceivable to carry out the hard rolling such that the roll presses onto
the raceway surface in small, spaced-apart steps, instead of hard rolling such that a roll rolls
on the raceway surface. Such "hard pressing" should be understood as being covered by the

term hard rolling.

If there is sufficient rolling force, hard rolling can be carried out simultaneously over the entire
raceway width B. Alternatively, however, the rolling contact 4 has a width b of, for example, at
most 2/3 of the width B of the rolling bearing raceway 2 and the rolling bearing raceway 2 is
hard-rolled in multiple overlapping paths. In this case, only a relatively low rolling force has to
be provided. A minimum width b of the rolling contact 4 of 10% of the rolling body diameter D

is advantageous.
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In order to reduce stress peaks at the peripheries of the rolling contact, the roll 3 preferably
has a lateral surface 5 which is convexly curved in longitudinal section at least in peripheral

regions 6 of the rolling contact 4.

Figs. 5a and b schematically show the step of hard rolling rolling bearing raceways in a double-

row tapered roller bearing with oversize rollers.

In this case, the rolling bearing rings 20, 30 of a roller bearing 10 are provided as rolling
bearing ring elements, the roller bearing 10 is assembled for hard rolling with the introduction
of two roller rows 40 between the rolling bearing rings 20, 30, the roller rows 40 comprising at
least one oversize roller 50 with a radial oversize 51 as a roll, and the surface pressure is in-

troduced into the roller bearing 10 by an axially acting load.

The roller bearing 10 shown in Fig. 5a is a double-row tapered roller bearing which contains
two roller rows 40, at least one of the rolling bearing rings 20, 30 has two partial rings 21, 22
which can be braced axially against one another for enclosing the roller rows 40 between the
rolling bearing rings 20, 30 in a positively locking manner, and the axially acting load is ap-
plied by axial bracing of the partial rings 21, 22 against one another. To this end, the two par-
tial rings 21, 22 are screwed to a connection structure by way of common fastening screws
23. The connection structure is formed here by way of example from a first plate 65 arranged

on a turntable 60.

The magnitude of the rolling force results from the oversize of the oversize rollers 50, the
prestress VS applied by the fastening screws 23 and the elastic properties of the structure.
The prestress VS and the oversize of the rolling rollers represent the crucial, settable varia-

ble for the resulting rolling force.

The other rolling bearing ring 30 is fixed to a stationary connection structure by way of fas-
tening screws 24. In Fig. 5a, the stationary connection structure is formed from a stationary
bracket 70 and a second plate 75. The rolling can be effected by driving the turntable 60. The
fixing of the stationary ring 30 in relation to the driven turntable 60 has the effect that one of
the rolling bearing rings 20, 30 is set in rotation, with the raceways 2 of the rolling bearing
rings 20, 30 being overrolled by the oversize rollers 50. Hard rolling of the entire rolling bear-

ing raceway 2 is thus effected over one or more revolutions.
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Fig. 5b shows the detail X of Fig. 5a. Due to the screwing, a prestress VS is introduced into
the bearing and impresses the required rolling force on the raceway surface at the oversize

rollers. The resulting force flow KF is illustrated by way of example in Fig. 5b.

The rolling bearing rings 20, 30 are preferably manufactured with an allowance at least in the

region of the rolling bearing raceway.

The roller bearing 10 is preferably equipped with the full number of rollers in the roller rows
40. This has the advantage that the roller bearing 10 remains dimensionally accurate even
during the rolling operation, that is to say displacement of the rolling bearing rings 20, 30 rel-
ative to one another is limited and the shape deviation of each rolling bearing ring 20, 30 is
minimized. This ensures that the rolling bearing raceway is plastified uniformly over the cir-
cumference and width of the raceway. Rollers in the circumferential vicinity of an oversize
roller 50 have load removed due to the radial oversize of the oversize roller 50 and accord-
ingly contribute less or nothing at all to the dimensional accuracy and can also be omitted.
The number of oversize rollers 50 determines the necessary drive torque, which is necessary

for turning the turntable 60 and thus for hard rolling.

The length of all rollers (including the oversize rollers 50) preferably corresponds to the race-
way width B (or the width of the region to be hard-rolled). The profiling (contour) and the
oversize of the rolling rollers are to be selected in such a way that the desired surface pres-
sures occur in all regions of the raceway during the rolling and high edge pressures are

avoided.

At least one, preferably at least three oversize rollers 50 are inserted as rolls into the roller
bearing 10 so as to be distributed over the circumference of a rolling bearing raceway. For
the uniform distribution of the rolling force, the oversize rollers are preferably distributed in a

rotationally symmetrical manner in the respective raceway.

The preferably at least three oversize rollers 50 can be of the same form. However, it is pre-
ferred if the oversize rollers 50 have the radial oversize 51 on different, overlapping partial
regions 52, 53, 54 of the raceway width B (see Fig. 6). As a result, the rolling forces required
to achieve the required surface pressures P and depth loads can be reduced. All oversize
rollers 50 in a roller row 40 are matched to one another in such a way that the entire raceway
width B of each roller row 40 is overrolled on a track-by-track basis and there is an overlap

between the regions with local oversize.
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For example, the oversize rollers may have an oversize of approx. 1-2% of the rolling body
diameter. After the hard rolling, the roller bearing 10 has to be dismantled and the raceway

has to be finished by machining.

Computer analysis of the contact pressure, taking into account the profiling of the oversize
rollers (e.g. logarithmic profiling), identifies high edge pressures or asymmetries. These can
be reduced or avoided, for example, through changes to the roll profile, the stiffnesses of the

connection structure or the profiling of the raceway.

Symmetrical implementation of the stiffnesses associated with the bearing is advantageous
for the design. If this cannot be complied with, it is still possible to achieve the same resultant
pressure on the rolling body raceways by selection of different radial oversizes in the two

roller rows 40 of the roller bearing 10.

In Figs. 7 to 9, an exemplary embodiment of a rolling apparatus 100 according to the inven-

tion is illustrated.

The rolling apparatus 100 for hard rolling a surface-hardened rolling bearing raceway 2 of a
rolling bearing ring element 1 comprises a support apparatus 110 with supporting rolls 111,
112 for supporting the rolling bearing ring element 1, a yoke 120 which is held by means of at
least two tension rods 121, 122 which are articulated on the support apparatus 110, and a
roll stand 130 which is hydraulically supported on the yoke 120 and which is mounted so as
to be displaceable in the longitudinal direction of the yoke 120 by means of a positioning de-
vice 124. In this case, the yoke 120 forms, together with the tension rods 121, 122 and the
support apparatus 110, a closed frame 130 through which the rolling bearing ring element 1
can be guided during the hard rolling. At least one roll 3 provided for processing the rolling

bearing raceway 2 is mounted in the roll stand 130.

The tension rods are articulatedly mounted in order to keep the rolling bearing ring element 1
and the roll 3 free of forces parallel to the raceway surface. The two tension rods 121, 122
carry the yoke 120 with the positioning device 124 (for example a screw drive) for the roll
stand 130. The positioning device 124 preferably additionally has a guide for mounting the
roll stand 130.

The positioning device 124 allows the roll stand 130 to be positioned above the rolling bear-

ing raceway 2. In the exemplary embodiment illustrated, the positioning device 124 consists
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of a parallel guide, which covers at least the raceway width B of the rolling bearing ring ele-
ment 1, and a driven spindle or rack with which the roll stand 130 can be displaced in a

transverse direction parallel to the raceway surface.

The roll stand 130 is preferably supported on the yoke 120 by way of at least one pressuriza-
ble hydraulic cylinder 125, which is used to apply the required rolling force. By way of the hy-
draulic cylinder 125, the roll stand 130 may also be displaceable by a few millimeters perpen-
dicularly with respect to the rolling bearing raceway 2 to be processed. The hydraulic cylinder
125 arranged between the yoke 120 and the roll stand 130 braces the roll stand 130 between

the yoke 120 and the rolling bearing raceway 2 in the loaded state.

During the hard rolling, the rolling bearing ring element 1 is preferably supported, on the one
hand, in the rolling apparatus 100 and, on the other hand, on support brackets 160 having

carrier rollers distributed over the extent of the rolling bearing ring element 1.

Preferably, the tension rods 121, 122 are length-adjustable, for example via a thread. This
makes it possible to simplify hard rolling of different ring cross sections with different raceway

support angles.

Provision is preferably made for the closed frame 130 to be configured to be openable for re-
ceiving and removing the rolling bearing ring element 1. To this end, it is for example possi-
ble to provide a bolt connection 126 on at least one of the two tension rods 121, 122. The
closed frame 123 can be opened and pivoted into a loading position by unplugging of a bolt
or by way of another easily releasable connection. The rolling bearing ring element 1 to be

rolled can then be placed on.

As illustrated in Fig. 7, the rolling apparatus 100 further preferably comprises a drive 140 for
driving the supporting rolls 111, 112. As a result, the force flow of the rolling force is advanta-
geously utilized in order to exert a propulsive force on the rolling bearing ring element 1. The
drive 140 and the rolling apparatus 100 are preferably arranged on a common base plate
150.

In Fig. 8, the rolling apparatus 100 from Fig. 7 is shown in the open loading position. In this
example, the bolt connection 126 for opening the closed frame 123 is configured between
the tension rod 121 and the yoke 120. However, a bolt connection at another point on the
frame 123 is also conceivable, for example between the support apparatus 110 and the ten-

sionrod 121.
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Fig. 8 also shows that the rolling apparatus 100 of Fig. 7 is suitable both for hard rolling an

inner and an outer rolling body raceway of the same roller bearing 10.

Fig. 9a shows the rolling apparatus 100 of Fig. 8 in cross section. As can be seen from Fig.
9a, for the hard rolling of rolling bearing raceways 2 which run inclined with respect to the
axis of the roller bearing, the support apparatus 110 is preferably configured with an L-
shaped bearing surface, in which at least one, preferably two, radial supporting rolls 111 and
at least one, preferably two, axial supporting rolls 112 are arranged in each case. For the
hard rolling of radial or axial rolling bearing raceways, the bearing surface of the support ap-
paratus can also be configured to be flat with lateral guides for the rolling bearing ring ele-

ment 1.

A cross section through the roll stand 130 is shown in Fig. 9b. The roll stand 130 comprises a
primary roll 131 and at least one secondary roll 132 in order to apply the rolling forces via
rolling bearings 135 of the secondary roll 132. The rolling bearings 135 (e.g. double-row cyl-
inder roller bearings) of the secondary roll 132 are used to transmit the rolling force from the
roll stand 130 to the secondary roll 132. The primary roll 131 is mounted by way of guide
bearings 133, 134 so as to be displaceable in the load direction L in the roll stand 130. The
guide bearings 133, 134 may for example be in the form of rolling and/or plain bearings and
be used to guide the primary roll 131 with regard to displacements in the load direction L and

during rolling in the direction of the rolling bearing raceway 2.

Preferably, the primary roll 131 and the secondary roll 132 are hardened. The primary roll
131 has a diameter in the range of 8 to 25 times the surface hardening depth Rht. The sec-
ondary roll 132 preferably has a diameter that is at least twice as large as that of the primary
roll 131.

For example, with the rolling apparatus 100 illustrated in Figs. 7 to 9 and a primary roll 131
with a diameter of 100 mm and a width of 30 mm, at a rolling force of approx. 255 kN, a sur-

face pressure of 2530 MPa is achieved and the aforementioned criteria a) to d) are satisfied.

With the aid of the method described above and by means of the rolling apparatus 100, it is
preferably possible to process the rolling bearing raceways of rotor bearings for wind tur-

bines, comprising at least one row of tapered or cylinder rollers.
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List of reference designations
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51
52, 53, 54
60
65
70
75

100
110
111, 112
120
121, 122
123
124
125
126
130
131
132

Rolling bearing ring element
Rolling bearing raceway
Roll

Rolling contact

Lateral surface

Peripheral region

Change in surface structure
Rolled rolling bearing raceway
Rolled and machined rolling bearing raceway
Roller bearing

Rolling bearing ring

Partial rings

Fastening screws

Rolling bearing ring

Roller row

Oversize roller

Radial oversize

Partial regions

Turntable

First plate

Bracket

Second plate

Rolling apparatus
Support apparatus
Supporting rolls
Yoke

Tension rods
Closed frame
Screw drive
Hydraulic cylinder
Bolt connection
Roll stand
Primary roll

Secondary roll
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Guide bearings
Rolling bearing
Drive

Base plate

Support bracket

Width of rolling contact

Width of rolling bearing raceway
Diameter

Residual stresses before the hard rolling
Residual stresses after the hard rolling
Unhardened core region

Force flow

Load direction

Load stresses

Combined load and residual stresses
Surface pressure

Depth / surface distance

Quter layer

Surface hardening depth

Depth of the beginning of the core region
Depth of maximum residual stresses
Yield strength

Transition region

Tensile strength

Equivalent stress
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Patentkrav

1. Fremgangsmade til at @ge beereevnen for en overfladehaerdet rullelejebane
(2) i et rullelejeringelement (1), som omfatter

- tilvejebringelse af et rullelejeringelement (1), som har et uhzerdet kerneom-
rade (K) og, i det mindste i visse dele, et ydre lag (Ra), der er heerdet til en
overfladehaerdningsdybde (Rht), hvor en rullelejelebebane (2) dannes i omra-
det af det haerdede ydre lag (Ra),

- hard rulning af rullelejelebebanen (2) med mindst en valse (3),
kendetegnet ved, at

- diameteren (D) af rullen (3) er valgt i omradet fra 8 til 25 gange overflade-
heerdningsdybden (Rht),

- et overfladetryk, der hersker i rullekontakten (4) mellem rullen (3) og rullele-
jelebebanen (2) under hard valsning, indstilles i omradet mellem 2000 MPa og
3300 MPa, og

- rullelejelebebanen (2) bearbejdes efter hard rulning.

2. Fremgangsmaden ifglge krav 1, kendetegnet ved, at overfladetrykket i rul-
lekontakten (4) er valgt pa en sadan made, at belastningsspaendinger (LS) i
det uheerdede kerneomrade (K) hgjst er 0,9 til 2 gange, fortrinsvis 1,2 til 1,5

gange, flydespaendingen (S) af det uhaerdede kerneomrade (K).

3. Fremgangsmade ifglge krav 1 eller 2, kendetegnet ved, at overfladetrykket
i rullekontakten (4) er valgt pa en sadan made, at den harde valsning i kerne-

omradet (K) resulterer i plastiske forlaengelser pa op til hajst 5%.

4. Fremgangsmade ifglge et af kravene 1 til 3, kendetegnet ved, at rullekon-
takten (4) har en bredde (b) pa hejst 2/3 af bredden (B) af rullelejelzbebanen

(2), og rullelejelabebanen (2) er hardrullet i flere overlappende baner.
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5. Fremgangsmade ifalge et af kravene 1 til 4, kendetegnet ved, at rullen (3)
har en sideflade (5), som er konveks buet i leengdesnit | det mindste i kantom-

rader (6) af valsekontakten (4).

6. Fremgangsmade ifglge et af kravene 1 til 5, kendetegnet ved, at rulleleje-
ringelementet (1) er fremstillet med overstarrelse i det mindste i omradet af

rullelejelgzbebanen (2).

7. Fremgangsmade ifglge et af kravene 1 til 6, kendetegnet ved, at rulleleje-
ringene (20, 30) i et rulleleje (10) er tilvejebragt som rullelejeringelementer (1),
at rullelejet (10) er samlet til hard rulning med indferelse af mindst én rulle-
reekke (40) mellem rullelejerringene (20, 30), hvor rullereekken (40) omfatter
mindst en overdimensioneret rulle (50) med en radial overstarrelse (51) som
rulle (3), og overfladetrykket indfares i rullelejet (10) ved en aksialt eller radialt

virkende belastning.

8. Fremgangsmaden ifglge krav 7, kendetegnet ved, at den mindst ene rulle-
reekke (40) er fuldt optaget af ruller for at forbedre dimensionsngjagtigheden

af rullelejerringene (20, 30) under den harde rulning.

9. Fremgangsmade ifelge krav 7 eller 8, kendetegnet ved, at rullelejet (10)
indeholder mindst to rulleraekker (40), at mindst en af rullelejeringene (20, 30)
har mindst to delringe (21, 22), som kan afstives aksialt mod hinanden til form-
fastlasning af rullereekkerne (40) mellem rullelejeringene (20, 30), og at over-
fladetrykket indferes ved en aksialt virkende belastning, som paferes ved ak-

sial afstivning af delringene (21, 22) mod hinanden.

10. Fremgangsmade ifelge et af kravene 7 til 9, kendetegnet ved, at mindst
tre overdimensionerede ruller (50), der er fordelt over omkredsen af en rulle-

lejebane (2), indsaettes som ruller (3) i rullelejet (10).
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11. Fremgangsmade ifalge krav 10, kendetegnet ved, at de overdimensione-
rede ruller (50) har den radiale oversterrelse (51) pa forskellige, overlappende
delomrader (52, 53, 54) af lebebanens bredde (B).

12. Rotorleje til en vindmeglle, der omfatter mindst en raekke koniske eller cy-
lindriske ruller, kendetegnet ved, at rotorlejets rullelejelabebaner fremstilles

ved at udfere fremgangsmaden ifalge et af kravene 1 til 11.

13. Rulleindretning til hard rulning af en overfladehaerdet rullelejelzbebane (2)
af et rullelejeringelement (1), omfattende et statteindretning (110) med mindst
én stetterulle (111, 112) til at understatte rullelejeringelementet (1), et ag (120),
som holdes ved hjeelp af mindst to treeksteenger (121, 122), som er leddelt pa
stetteindretningen (110), hvor aget (120) sammen med treekstaengerne (121,
122) og stetteindretningen (110) danner en lukket ramme (130), hvorigennem
rullelejeringelementet (1) kan feres under den harde rulning, og et rullestativ
(130), som er hydraulisk understettet pa aget (120) og monteret forskydeligt i
agets (120) leengderetning ved hjeelp af en positioneringsindretning (124), og
hvori mindst én tilvejebragt rulle (3) til bearbejdning af rullelejelabebanen (2)

er monteret.

14. Rulleindretning ifelge krav 13, kendetegnet ved, at den lukkede ramme
(123) er konfigureret til at kunne abnes til modtagelse og fiernelse af rulleleje-

ringelementet (1).

15. Rulleindretning ifelge krav 13 eller 14, kendetegnet ved, at positione-

ringsindretningen (124) er i form af et skruetraek.

16. Rulleindretning ifalge et af kravene 13 til 15, kendetegnet ved, at rullesta-
tivet (130) er understattet pa aget (120) ved hjeelp af mindst én hydraulisk cy-

linder (125), der kan saettes under tryk.
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17. Rulleindretning ifelge et af kravene 13 til 16, kendetegnet ved, at rullen
(3) er udformet som en primeerrulle (131), der er monteret via styrelejer (133,
134), der er anbragt forskydeligt i rullestativet (130) i belastningsretningen (L),
0g mindst en sekundeaervalse (132) med en starre diameter sammenlignet med
primeervalsen (131) er monteret i rullestativet (130), pa hvilken primeervalsen

(131) er understettet pa omkredssiden til belastningsafledning.
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