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Abstract

The process of fatigue spalling in the rings of ball bearings at durability exceeding 10 8 cycles under in-service loading conditions
is analyzed on the basis of fractography and the slices prepared in radial planes of rings. The cracks are shown to originate
at subsurface from carbides inherent in the bearing steel or inclusions permissible by sizes for the material. Subsequently, the
development of cracks perpendicular to the ring raceway surface takes place similarly as in the VHCF regime with the elliptical
“fish-eye” formation. The subsequent crack growth was demonstrated step-by-step up to the ring material fragment separation.
The total crack path by alternating stops of propagation and new crack nucleation under conditions of mixed-mode I+II+III
mechanisms with the crack branching was discussed. In the final stage, the crack grows towards the ring raceway and either
appears on the raceway surface or coalesce with a similar adjacent crack followed by fatigue spalling formation.
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Abstract. The process of fatigue spalling in the rings of ball bearings at durability exceeding 108 cycles
under in-service loading conditions is analyzed on the basis of fractography and the slices prepared in radial
planes of rings. The cracks are shown to originate at subsurface from carbides inherent in the bearing steel or
inclusions permissible by sizes for the material. Subsequently, the development of cracks perpendicular to the
ring raceway surface takes place similarly as in the VHCF regime with the elliptical “fish-eye” formation. The
subsequent crack growth was demonstrated step-by-step up to the ring material fragment separation. The
total crack path by alternating stops of propagation and new crack nucleation under conditions of mixed-
mode I+II+III mechanisms with the crack branching was discussed. In the final stage, the crack grows
towards the ring raceway and either appears on the raceway surface or coalesce with a similar adjacent crack
followed by fatigue spalling formation.
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NOMENCLATURE

a 1 modification factor for reliability

a ISO life modification factor, based on a systems approach of life calculation

area inclusion area, in μm2
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C basic dynamic capacity of the bearing, in newtons

F dynamic equivalent radial load, in newtons

HV Vickers hardness, in kgf/mm2

Kz factor depending on the geometric sizes of rings and balls, the number of balls, and accounting for the
case which of the ring is rotated

L 10 basic rating life associated with 90 % reliability, in million revolutions

Lnm modified rating life, in million revolutions

N life in terms of unit cycles from the action of a single ball at any point of the raceway surface

p power in equation for predicted value of bearing life

th bearing life, in hours

V the rotational speed of bearing, in rpm

σeq equivalent uniaxial maximum tensile stress under standard experimental conditions

1. INTRODUCTION

The basic principle for bearing operation is the safe life criterion, i.e., damage of bearing as a part of a more
complex structural element is not allowed for the period specified by the designer. Unfortunately, within the
designed lifetime in-service, bearing failures occur, mainly, due to a violation of in-service conditions. Such
cases have been thoroughly investigated and classified according to the various reasons for damage: excessive
loads, misalignment, tight fits, lubricant failure, wear, corrosion, fretting, etc.1,2

The only possible reason for bearing failure at the conventional operating conditions is considered to be the
development of the fatigue process in material.2,3 The term “conventional operating conditions” is referred
to as “conditions which may be assumed to prevail for a bearing which is properly mounted and protected
from foreign matter, adequately lubricated, conventionally loaded, not exposed to extreme temperature and
not run at exceptionally low or high speed” in accordance with the Standard ISO 281:2007.4The fatigue
process is realized on the rolling contact surface by the spalling of material as a result of the action of
repetitive sign-changing normal and tangential stress. Material spalling appears due to the development of
crack initiated from the subsurface. The location of crack origin under the contact surface corresponds to
the classic results of rolling contact calculations.5 In the zone of contact with the ball, the most intensive
stress state for the rolling counterface surface is realized at a certain distance in depth.

However, fatigue spalling of the bearing elements occurs without a violation of in-service conditions, when
the lifetime in-service of the bearings exceeds 108 unit loading cycles, but within the designed life. The
considered long durability corresponds to the very-high-cycle fatigue (VHCF) regime.

In addition, when bearing is designed, selected, and to be predicted its in-service life, the curves of data
from the bench testing at various applied loads are used. Initially, test data were approximated by the
Lundberg-Palmgren equation6,7 which is expressed as follows:

L 10 = [C /F ]p , (1)

where L 10 is bearing life that corresponds to the point at which 10% of the bearings will fail; C is the basic
dynamic capacity of the bearing based on the number of rolling elements, the roller length and diameter, and
the contact angle; F is applied load; p is a power that is equal to: 3 for ball bearings, 4 for pure line contact
bearings, or 10/3 for typical roller bearings. The restrictions for the application of Eq. (1) are provided in
Standard ISO4 as the invalidity at “very light loads”.

Subsequently, due to the improvement of the bearing steel quality, modification of bearing design, an increase
in accuracy of manufacturing techniques, reduction of rolling surface roughness, the in-service bearing life

2
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became exceeding the durability predicted by Eq. (1) by more than one order. It leads to understanding
that the conception of bearing life prediction is necessary to be changed and introducing the concept about
the load level at which the plateau on the dependence of bearing life on load exists. The plateau level is
referred to as fatigue load limit being an analogue of the fatigue limit which is applied for the description
of material behavior under cyclic loading. This concept was discussed in the work8 where the necessity of
introduction of fatigue limit load for bearings is stated and the model for bearing life is provided as it is
expressed in Standard ISO4:

Lnm = a1·aISO·L10, (2)

where Lnm is modified rating life, in million revolutions; a 1 is the modification factor for reliability, which is
tabulated in Standard ISO4;a ISO is determined from the graphs provided in Standard ISO4 for various types
of bearings and possible values of viscosity ratio, contamination factor, and load. Moreover, the maximum
value of a ISO is not exceeding the value of 50.

Nowadays, the indicated approach is used in Standard ISO 281:20074 for the rolling bearing life prediction,
though, in 2010, the papers9,10 were published where controversial arguments for the validity of conception
of fatigue load limit for rolling bearings life ratings are provided. To confirm the absence of the limit, the
data on the life of 7953 bearings11 and the test results of bearing steels performed in the wide range of
durability12-14 are analyzed. The significant scatter in durability for the range of transition from VHCF to
HCF is demonstrated.12-14

The curve for bearing life prediction is similar to the Wohler curve describing the metal fatigue behavior,
where the fatigue load limit is estimated.2,4 At the load levels below this value, the bearing failure is proposed
to be impossible and its life of safe operation remains acceptable and reasonable for reliable replacement.
Moreover, it is pointed out4 that at levels of Hertzian contact stress below the value of 1500 MPa, the rolling
bearings wouldn’t fail.

Due to the tendency of increasing the rotational speeds in modern structures applied, for example, to the
gas-turbine engines, the durability exceeding the base for the determination of the so-called fatigue limit
is possible to be reached for a very short time. The considered long durability of more than 108 cycles
can be realized with operating times not exceeding 200 hours within the designed life at stresses below the
material fatigue limit and rotational speeds of more than 10,000 rpm. It is well-known, the behavior of
materials at VHCF is fundamentally different from the processes that are implemented in the HCF and LCF
regimes.15 When modeling the bearing behavior and predicting its life, the failure criteria corresponding
to the mechanisms of fracture in the HCF region are utilized. Ignoring of possibility for the appearance of
fracture mechanism, being specific for the VHCF region, results in the incorrect estimation of bearing life. In
addition, the lifetime in-service of aircraft engines reaches 100,000 hours, and the period between adjacent
overhauls is at least 2000 hours.

Moreover, the formation of fatigue spalling on the rolling surface without a violation of in-service conditions
at low values of axial and radial loads is considered to be not critical since the development of fatigue process
would be registered by the magnetic chip detector or increasing vibration, and based on these features, the
bearing is worth replacing by the new one.2 However, for complex structures and assemblies and at high
rotational speeds, the considered procedure of replacement may be impossible at the existing considerations
on the bearing behavior. In addition, the high growth rate of fatigue spalling which was estimated by the
increase in the mass of spalled material was established.16 This fact confirms the necessity of using the
safe-life criterion for bearings.

The relevance of describing the bearing failure in the VHCF regime is also reasoned by the fact that the
existing models applied to bearing damage in the VHCF regime are based on the consideration of either
the damage initiation process followed by simulating and predicting of their development, or the fracture
development of the already formed fatigue spalling, without describing the total kinetics from the moment
of damage origination up to the final fracture stage.17-24
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Based on the experimental investigations on the behavior of material of bearing rings under rolling contact fa-
tigue conditions, a variety of models describing the initiation of fatigue spalling in the ring material due to the
contact of the ball with the raceway surface and at the subsurface origin formation were proposed.17-19,25In
several models, the result of prediction was in good agreement with the observation of the spalling process.
The subsurface origin is formed around inclusion or inhomogeneity in material.20,21The microstructure of
material surrounding the inclusion at the zone of crack initiation differs from the microstructure of base
material, and after etching, it is observed as White Etching Area (WEA). The indicated region forms the
so-called “Butterfly Wings”, the shape of which characterizes the initial stage of crack propagation in two
directions out of inclusion. The orientation and inclination of cracks with regard to the raceway surface may
be different, although the direction of crack growth which is parallel to the raceway surface and coincides
with the ball movement direction is reported.20,26

At a distance from the fracture origin, the crack changes its initial propagation direction and starts growing
towards the raceway surface followed by the spalling of the formed material fragment.26 The model is based
on the considerations of possible or the most probable development of the material fragmentation process
originated from inclusions by the following stages: 1 – “butterfly” formation; 2 – initial crack growth almost
parallel to the raceway surface and in opposite directions from the origin; 3 – change of crack path towards
the raceway surface; 4 – spalling of formed material fragment.26 In the conception, a single section is only
considered, and unfortunately, the issues of crack branching and possible growth in the material volume
which is perpendicular to the direction of ball movement are not discussed.

The fatigue spalling process with the formation of subsurface WEA layer and “butterfly wings” beneath
this layer was investigated by using a ball-on-rod testing machine.27 The cylindrical specimens of AISI M50
steel are rotated and loaded with three balls resulting in a realization of maximum Hertzian contact stress
of 6.4 GPa which is approximately three times higher than the highest operational load in aircraft turbines
during take-off. The microstructural evolution during rolling contact fatigue was analyzed at the number of
overrollings from 104 to 1,9×108. At maximum durability reached in tests, the layer of the WEA was formed
with a higher microhardness value as compared with the material outside the zone. Although at the durability
of 104, no region with WEA was observed and the hardness remains constant as in the initial state. After
reaching durability of 108overrollings, the “butterfly wings” below the layer of the WEA were identified with
a cluster of carbides in the middle of the “butterfly”. Instead of the martensite structure of the material in
its initial state, the nanocrystalline microstructure inside the region of “butterfly wings” was established by
transmission electron microscopy and the rings on diffraction patterns. The described observations allowed
to make an assumption that the similar “butterflies” and cracks in the region of “butterfly wings” might be
an origin for subsurface crack resulting in the fatigue spalling.27 However, it was not emphasized that the
presented results indicate the realization of the stress state belonging to the VHCF regime.

Nevertheless, both appearance and absence of “butterfly” along with increase and decrease in microhardness
of surface layer in bearing steels AISI 52100, AISI M50, and M50NiL were noted with regard to microstruc-
tural changes in material.25,28-31

On slices prepared perpendicular to the raceway surface, it was demonstrated experimentally32 that cracks
initiated from inclusion may grow at different angles of inclination to the rolling contact surface. The process
of fatigue spalling was not considered by stages, and because of this, it does not allow to analyze the total
process of material spalling from the moment of crack origination to the separation of the material fragment.

For the case of elongated inclusions located on the rolling contact surface, the sequence of crack origination
and propagation was analyzed depending on the orientation of inclusion with regard to the ball movement
direction.22 The mechanism of fracture under rolling contact fatigue conditions in specimens with MnS
inclusions oriented along the direction of ball movement was discussed. A vertical crack initiated on the
surface propagated into material depth in a plane parallel to the ball movement direction. Then the crack
grew in a plane perpendicular to the rolling direction. After the vertical crack sizes reached a critical value, the
horizontal subsurface cracks were formed. It was noted that the ratio of vertical crack origination duration to
the durability of the flaking process was higher if the elongated inclusion is oriented along the ball movement

4
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direction as compared with two configurations of inclusion orientation perpendicular to the rolling direction.

Moreover, the inclined cracks propagated from the surface were observed which originated not from inclusions
but due to realized stress state.23 These cracks were revealed by using high frequency ultrasonic echography,
optical and scanning electron microscopy and were demonstrated on the transverse slices. The conclusion was
made that the highest stress state for the spalling process is realized on the contact surface, and the surface
crack propagates under combined mode I-II loading conditions. It was pointed out that surface roughness and
machine marks play a sufficient role in increasing the stress concentration for the surface crack origination
as inclusions located on the surface.

Analysis of the presented information has shown that these cracks are initiated at the high level of applied
load in the zone of material fragment formed before its separation from the raceway surface. And they may
be secondary regarding the primarily appeared cracks close to or at a distance as well as from inclusions. Due
to the lack of data on the fractographic analysis at the initial stage of crack formation, it is not possible to
establish unambiguously that considered cracks were formed from surface or subsurface origin in the region
of the first fragment of material fatigue spalling.

The development of the fatigue spalling process is detected in service at the various number of cycles at the
moment of its appearance depending on the level of bearing loading. Accounting for the number of shaft
revolutions and the number of balls in a bearing, the durability of 1010 cycles from the contact with balls is
possible to be achieved at the moment of spalling zone formation.24 In Eq. (1) the bearing life is determined
by the number of shaft revolutions.2,3 However, per one revolution, the number of unit cycles from the action
of single balls at any point of the raceway surface can be calculated by the formula:N = V ·th ·Kz , where
V is the rotational speed of bearing, in rpm;th is the bearing life, in hours;Kz is a factor depending on the
geometric sizes of rings and balls, the number of balls and accounting for the case which of the ring is rotated.
For example, in the case of inner ring rotation for bearing with 10 balls per one total revolution, any point
of the inner ring is affected by approximately 40% of balls.

Such long durability corresponds to the region of material fatigue fracture which is characterized by the
different mechanism of damage accumulation as compared with the mechanisms at life less than 108 cycles
realized in the HCF region.33 In this case, both realized stress state of material below the contact surface,
and the nature of metal fracture in the VHCF create the conditions for a specific fracture origin formation
and affect significantly the sequence of fracture process up to the moment of material fragment spalling.

In the zone of ball contact with the raceway surface, the material is loaded by the compression and shear
resulting in the simultaneous tension and shear in the subsurface. Moreover, the shear is realized due to the
ball pressure, i.e., perpendicular to the raceway surface, and along the ball movement direction, i.e., parallel
to the raceway surface. This stress state promotes the subsurface crack initiation by the VHCF mechanism.
Therefore, for the fatigue spalling process realized in the range exceeding 109 unit loading cycles of the
bearing raceway surface, the initial subsurface damage accumulation mechanism is possible to be similar
to the crack origination mechanism in the VHCF region for metals. However, the indicated mechanism of
origin formation at a distance from the raceway surface and the initial stage of crack propagation were
not demonstrated experimentally also due to the necessity of performing the long-time benchmark tests of
bearings.

Due to the loading conditions and life of bearing at the moment of spalling formation, the cases with both
mechanisms of crack origination (surface and subsurface) may exist. A similar possibility of fracture origin
formation was demonstrated in fatigue tests of materials with durability of 108-109 unit loading cycles.15,34-38

A new conception of metal behavior in the VHCF region and the evidence of the existence of transition from
the VHCF to the HCF allows assuming that fatigue spalling on the raceway surface is possible to be initiated
in the zones of material where for some reason or other, the limit state by the VHCF criterion is reached.
However, the initiation of fatigue spalling followed by the crack propagation up to the moment of material
fragment separation by stages was not demonstrated previously by means of metallography and fractography.

The results of a study on the rings of ball bearings used in the aircraft engines and failed in the VHCF regime

5
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from the moment of damage origination up to the formation of the final fatigue spalling of the material are
presented below.

2. MATERIALS AND METHODS

The objects of research are the radial ball bearings 76-211R и 5-126215R included in the PS-90A and TV3-
117A engines, respectively. Engine failures occurred as a result of bearing failure. Investigated bearings were
manufactured from similar steel but had different lives at the moment of fatigue spalling appearance in the
rings (Table 1). From the bearings indicated in the table, two bearings designated by the symbol “*” will
be particularly considered. The bearings differ by the in-service loading conditions, the number of balls,
rotational speed, as well as the diameters of rings and balls. The number of cycles per one revolution of the
inner ring due to the ball pressure on the outer ring amounts to 4 and 6 for bearings 76-211R и 5-126215R,
respectively.

When the fault detection of bearings was performed, cracks were found on the raceway surface of the bearing
rings (Fig. 1). The cracks were oriented perpendicular to the direction of ball movement. As well, several
zones of developed material fatigue spalling process were revealed (Fig. 1 c, d).

To estimate the material state of bearing rings, a complex metallophysical analysis was performed. The
material of the bearing ring is a heat-resistant precipitation-hardening steel grade EI347 (the closest analogue
of steel AISI M50) with the following chemical composition (in wt%): Fe – balance, Cr – 4.5, Mn – 0.3, Mo
– 0.2, Ni – 0.2, Si – 0.2, V – 1.5, W – 8.5. The structure of the material in all rings corresponds to the
declared grade of heat-treated material, recommended for the manufacturing of the bearing rings and balls,
and consists of fine-needle martensite and carbides of tungsten and vanadium (Fig. 2). In the material, there
are two types of carbides (Fig. 2c). The carbides are dispersed particles of the secondary solid phase namely,
spherical carbides (less than 3 μm in diameter) and angular carbides in the shape of polyhedra. The sizes
of angular carbides are almost an order of magnitude larger than for spherical carbides. The ring material
hardness determined by the Rockwell method is HRC62.5 and HRC61.5 for bearings 76-211R and 5-126215R,
respectively. In both cases, the hardness of the bearing ring material meets the requirements of the technical
specifications. It is worth noting that the complex analysis of ring material state had shown that a violation
of in-service conditions in bearings did not occur.

The stages of initiation and development of cracks in the rings of ball bearings up to the final formation of
the material spalling fragment were studied in several steps. One part of the identified cracks were opened
for subsequent analysis of the fracture surface relief features. The other part of cracks was subjected to
metallographic analysis by using the slices prepared perpendicular to the ring raceway surface and almost
parallel to the direction of ball movement, to study the paths of cracks and their interaction with each other
in the volume of the ring material by its layer-by-layer removal with a distance between adjacent sections of
0.1-0.3 mm. The deepest and most branched cracks observed in the slices were opened in order to discover
the nature of origin formation, as in the study of cracks opened for fractographic analysis at the first step of
the investigation.

3. RESEARCH RESULTS

The nature of origination and development of cracks observed on the raceway surface of the outer ring of
the bearing and oriented perpendicular to the direction of the ball movement was studied on the fracture
surfaces after the opening of the cracks formed in-service. The investigated cracks can be divided into two
groups depending on the location of the fracture origin.

The first group consists of cracks with a subsurface origin (Fig. 3). The shape of the initial crack development
zone is evidenced that it was formed without the crack emerging onto the raceway surface. In the focus of the
origin, a particle, being a stress concentrator, is located. The second group of cracks, oriented perpendicular
to the direction of the ball movement, consists of cracks that had not revealed a pronounced fracture origin,
although, in some regions of the fracture surface near the raceway surface, smooth semi-elliptical zones
formed into a small depth are observed (Fig. 4).

6
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The geometry of the initial crack development zone almost coincides with the already classical shape of the
origination zone formed in the VHCF regime (”fish-eye”). However, the observed zone in the bearings has
an elliptical rather than circular shape, and the major axis of the ellipse is almost parallel to the raceway
surface. The contact effect of the ball on the raceway, combined with the stress concentration generated by
the particle, has a decisive influence on the subsurface initiation of a fatigue crack.

The detected inclusions in the origins of subsurface cracks are located at a depth of 10-15 μm and 30-40
μm from the raceway surface in the ball bearings 76-211R and 5-126215R, respectively. The nature of the
inclusions was determined using local X-ray analysis. It was established that the content of such elements
as C, V, and W in the composition of the particles is significantly higher in comparison with the content
of the elements outside the particles for bearing 76-211R (Fig. 5). The content of Fe within the particles
is almost an order of magnitude lower than outside them. Therefore, the particles can be identified as
angular carbides that are inherent in the bearing material under investigation and are not defects of the
manufacturing procedure. The sizes of angular carbides in the focus of subsurface fracture origins do not
exceed the values allowed by the documentation regulating the material of bearing rings. The particles
in the origins of subsurface cracks in the bearing 5-126215R are composed of such elements as S and Al,
i.e., chemical elements that are material contamination. Thus, it was established that the subsurface crack
initiation in the bearing occurred from particles in the form of sulphide and aluminium inclusions, which,
unfortunately, cannot be eliminated in the technology of steel production.

After the crack approached the raceway surface, its development into the depth of the ring stopped, and the
subsequent growth occurred only due to an increase in crack length along the raceway surface. As a result,
a step was formed at the deepest points of the elliptical boundary of the initial crack development zone,
without in-depth crack movement. Thus, the shape of the crack front changed from initially elliptical to
semi-elliptical. After the crack size along the raceway surface became several times larger than the in-depth
crack size, the subsequent crack propagation along its total front both in-depth and along the raceway surface
occurred.

The fracture surface area near the raceway surface within 10 μm has a smoothed relief without features of the
originally formed crack growth relief. Such relief was formed as a result of the mutual relative displacement
of the crack faces perpendicular to the raceway surface with partial abrasive wear of the fracture surface and
the movement of spherical particles with the formation of grooves (Fig. 6a). Using local X-ray analysis, it
was found that spherical particles have an increased content of W and V and can be identified as particles
of the hardening phase in the form of spherical carbides inherent in the bearing steel. Since the hardness of
spherical carbides exceeds the hardness of the matrix, when the crack faces were compressed, the carbides
were pressed into the matrix. As a result, on the softer matrix, the grooves of their movement were formed.
This evidence indicates that the 3D stress state of the ring material is realized due to both the mutual
relative displacement of the crack faces under shear conditions and the ball pressing in the bearing ring
during its movement along the raceway.

The in-depth crack propagation outside the zone of the fracture origin was accompanied by the formation
of relief with numerous slip planes, regions of intergranular fracture, and a cascade of rivers-like relief. It
is worth noting that even in these regions of the fracture surface, the zones with grooves of the spherical
carbide movement due to their pressing into the matrix under shear conditions are observed (Fig. 6b).

The paths of rectilinear cracks formed initially perpendicular to the direction of ball movement, together
with the curvilinear cracks adjacent to them, were studied in several radial sections on the slices of the ring
material passing through the raceway surface. It was established by the metallographic analysis of the slices
that the initial crack growth in the depth of the material occurs in a plane almost perpendicular to both
the raceway surface and the direction of ball movement. The cracks originate from inclusions located at a
certain distance from the raceway surface (Fig. 7).

The successive crack development is accompanied by its multiple branching and a gradual transition to
propagation by one of the most developed branches along the raceway surface (Fig. 8). It is worth noting
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that during its growth, the crack intersected the carbides by fracturing them or passed by if the cohesion
between carbide and base material is insufficient (Fig. 9).

After increasing crack length up to a certain value in a direction almost parallel to the raceway surface, the
coalescence with an adjacent crack that has developed in-depth of ring occurs, or the crack turns indepen-
dently towards the raceway surface (Fig. 10). The crack coalescence does not take place along the total
length of the crack front. Part of the crack front remains independent, therefore in some sections, a fragment
of the crack path without emerging the raceway surface and without connecting to an adjacent crack can be
observed. When analyzing the sections, which are located closer to the middle of the raceway, the already
existing connection between the fragment of the adjacent crack fronts is revealed (Fig. 10).

After a large part of the front of one crack approaches another subsurface crack, the material fragment is
separated, which finally leads to the initiation of the material fatigue spalling process.

To establish the nature of origin formation for the cracks investigated in slices and to confirm the revealed
regularities of its subsurface initiation, one of the cracks was opened. It was found that in the origin of the
subsurface crack, an angular carbide is located.

Thus, based on the performed research, the kinetics of bearing ring fracture in the VHCF regime with the
formation of final fatigue spalling is described as follows. The intensive mixed-mode conditions are realized
below the raceway surface due to ball pressure. At the small distance from the raceway surface and with
the existence of inclusion in material, the fatigue crack at the boundary of inclusion started originating. At
the first stage, a subsurface crack propagated with the formation of an elliptical front in a plane oriented
perpendicular to both the raceway surface and the direction of ball movement under the mixed-mode I-II-III
loading conditions. At the next stage, after the crack approached the raceway surface, its development is
realized only by increasing the total length along the raceway surface without growing into the material.
At the third stage, only after reaching a certain critical length, the crack propagates simultaneously inside
the material and along the raceway surface of the bearing ring. After the crack has grown deeper inside
the material in a plane perpendicular to the raceway surface up to a certain length, an independent crack
origination takes place almost perpendicularly to the plane of initial development. Subsequently, the crack
propagation occurs as a cascade of repeated events. The crack growth parallel to the raceway surface is
realized under the domination of mode II loading conditions, followed by coalescence with an adjacent crack.
Thus, resulting from the branching of the cracks, a fragment of the ring material is formed (see Fig. 10),
which then is separated from the ring raceway, leading to the initial stage of the fatigue spalling process.

4. DISCUSSION

Based on the presented results it can be argued that existing fatigue curves for bearings, which are described
by Eqs. (1) or (2), do not reveal the fact that in the range of life exceeding 108 cycles, the fatigue cracks
originate by the mechanism which is different as compared with the mechanism of crack initiation at the
lower durability range. Moreover, as performed analysis had shown the part of cracks were initiated from
raceway surface, and it corresponds to the fact that in the transitional region from VHCF to HCF, two
modes of crack origination belonging to two different fracture mechanisms (surface and subsurface) may be
observed simultaneously.39,40

Therefore, it is obvious that fatigue curves for bearings with regard to the durability range up to 108 cycles
plotted on results of bench tests do not allow to predict the bearing durability greater than 109 cycles, where
material behavior at the crack initiation is different and necessary to be investigated.

The fatigue curve for bearings should have at least two branches and the range of bimodal life distribution
between them. Based on the estimated durability, the above-considered cases of bearing failures are situated
in the range of bimodal fatigue life distribution. Therefore, it can be assumed that the appearance of surface
and subsurface fatigue cracks in the same zone of raceway surface was due to two simultaneous modes of
crack initiation at the realized stress level and durability of 108-109 cycles. In addition, the initiation oа
subsurface crack is appeared to be dependent on the size of inclusion and its in-depth location with regard
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to the raceway surface.

The stress state of ring material was estimated by the size of inclusions from which the cracks were
propagated. The formula proposed by Y. Murakami34 was used where σw was replaced by σeq which is
equivalent stress under standard uniaxial tensile conditions and expressed as follows:

σeq = 1.56×[HV +120] / [(area )1/2]1/6, (3)

where HV is Vickers hardness, area is determined by the inclusion size. The equivalent stress represents
the strain energy density41,42 and accounts for the influence of the multiparametric external action. Thus,
equivalent stress is invariant which level can be reached in different ways, i.e., at various combinations of
parameters characterizing the external action. It means that the equivalent stress incorporates the influence
of the inclusion sizes, their location, effects of the environment temperature and its composition, the levels
of applied stress, multiaxiality, rotational speed, etc. The equivalent stress level is an energetic characteristic
and corresponds to the value of energy dissipated by material which was applied by the various combinations
of external action parameters.

The calculations performed by Eq. (3) had shown that for all cases of subsurface crack initiation, the
equivalent stress level was in the range of 900-955 MPa that approximately 35% lower than the value of fatigue
limit for contact stress which is indicated as 1500 MPa.4 Concerning the steel grade EI347, the established
stress range is close to the range of bimodal fatigue life distribution. Therefore, it can be considered that
discussed cases of bearing failures initiated from the inclusions of different nature were realized in the
bifurcation region, i.e., the bimodal fatigue life distribution. In addition, the tensile component of stress is
dominant in the subsurface area which is created due to the ball pressure. It is the tensile rather than shear
component of stress that governs the crack origination (Fig. 11). Consequently, the model describing the
considered bearing failures is required to account for the indicated effect.

Initially, on the raceway surface, the cracks appeared perpendicular to the ball movement direction under
combined shear and compressive loading conditions of ring material due to the ball pressure during its rolling.
The regular crack appearance along the raceway reveals the wave nature of the maximum contact load
influence during the rotation of bearing. The wave period of maximum contact load influence is manifested
in regular space among the cracks.

Subsequently, the development of the fracture process below the raceway surface from the indicated cracks
takes place with the formation of curvilinear crack cascades between the initially originated rectilinear
cracks as well in planes that are parallel to the raceway surface. The curvilinear cracks on the raceway
surface have resulted from their initial formation under mixed-mode I+II+III loading conditions inside
the material volume. The cracks appeared on the raceway surface that led to the primary separation of a
material fragment. Then the cascade of spalling process intensified that corresponded to the gradual spalling
of material by the boundary of curvilinear cracks and formation of extensive zones of material fatigue spalling
with separation of its fragment.

5. CONCLUSION

The process of fatigue spalling formation in ball bearings without violation of in-service conditions in the
VHCF regime was studied and described from the initiation moment up to the formation of the material
fragment for final separation from the ring.

It was established that the subsurface crack originates from carbides or inclusions inherent in the bearing
steel investigated. Subsequently, the initial crack growth occurs with the “fish-eye” formation in the plane
perpendicular to both the ring raceway surface and the direction of ball movement. When the crack ap-
proaches the raceway surface, its in-depth propagation stops, and the crack development along the raceway
surface dominates. The subsequent crack growth occurs along the total crack front by alternating stops of
propagation and new crack nucleation under mixed-mode I+II+III loading conditions. Then, at a certain
depth, the cracks proceed to propagate almost parallel to the surface. At the final stage, the crack moves

9
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towards the ring raceway, and either approaches the raceway surface or coalesces with a similar adjacent
crack followed by the separation of a ring material fragment.
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Tables

Table 1. Information on the life of the ball bearings investigated.

No Life, hours Life, number of engine operational cycles Rotational speed, rpm Life, cycles

ball bearings 76-211R ball bearings 76-211R ball bearings 76-211R ball bearings 76-211R ball bearings 76-211R
1 1 082 162 11 963 3.17·109

2 796 189 2.33·109

3 164 93 4.10·108

4 411 154 1.20·109

5* 175,4 – 5.13·108

ball bearings 5-126215R ball bearings 5-126215R ball bearings 5-126215R ball bearings 5-126215R ball bearings 5-126215R
1 39 – 19 000 2.77·108

2 46 – 3.26·108

3* 993 – 7.04·109

4 112 – 7.94·108

Notion. The ball bearings considered in detail below are designated by *.

Figures
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Fig. 10.
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a) b)

Fig. 11.

Figure Captions

Fig. 1. Cracks of outer ring raceway in ball bearings (a) 76-211R and (b) 5-126215R, and (c, d) small fatigue
spallings in the regions of crack coalescence at different magnifications.

Fig. 2. (a) Optical and (b, c) SEM images of bearing ring material structure at different magnification with
spherical and angular carbides indicated by arrows in (c).

Fig. 3. Subsurface crack origins in outer rings for ball bearings (a, b) 76-211R and (c, d) 5-126215R.

Fig. 4. (a, b) Surface crack origins in outer rings of ball bearings.

Fig. 5. (a) Inclusion as angular carbide in the focus of subsurface crack origin in the outer ring of bearing
76-211R and (b) the corresponding spectrum of the chemical element distribution over the rectangular area
indicated in (a).
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Fig. 6. The grooves from the spherical carbide displacements on the fracture surface (a) at the raceway
surface and (b) in the depth of ring material under mixed-mode loading conditions due to the ball pressure.
(The arrows indicate the direction of the crack face displacement.)

Fig. 7. The crack path at the initial stage of almost vertical crack growth observed in the radial section of
the outer ring of the bearing along with the initial crack propagation zone on the fracture surface obtained
from the crack previously studied on the slice. (The white arrow indicates the direction of the ball pressure.)

Fig. 8. Crack path with brunching (a, b) observed in radial sections located at different distances from the
middle line of the outer ring raceway.

Fig. 9. The intersection of (a) spherical and (b) angular carbides during crack growth.

Fig. 10. Coalescence of adjacent branching cracks with the formation of material fragments (areas 1 to 3)
for their subsequent separation at the initial stage of the fatigue spalling process. (The arrows indicate the
growth direction for the initial propagation of cracks.)

Fig. 11. Scheme of (а) initial crack formation into a depth of material at inclusion and (b) subsequent
propagation in a plane perpendicular to the raceway surface under dominant tensile loading conditions
realized in subsurface due to ball pressure.
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