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Solid and hollow cylindrical rollers in pure rolling contact have been mod-
elled. The two rollers are subjected to a combined normal and tangential
loading. The tangential loading is one-third of the normal loading value. The
finite element package, ABAQUS, is used to study the stress distribution and
the resulting deformations in the bodies of the rollers. Then the Ioannides—
Harris fatigue life model for rolling bearings is applied on the ABAQUS
numerical results to investigate the fatigue life of the solid and hollow rollers.
Using the fatigue life of the solid rollers as the reference fatigue life, the
relative fatigue lives of hollow rollers are determined. Four main different
hollowness percentages are been studied: 20, 40, 60 and 80%. The hollowness
percentage is the ratio of the diameter of the hole to the outer diameter of
the cylinder. For each of those hollowness percentages, two cases are studied
— when the two rollers in contact are hollow and when one hollow roller is
in contact with a solid roller. This study includes two main models: Model 1,
where the two cylindrical rollers in contact are of the same size, and Model
2, where the two rollers in contact are not of the same size. The estimated
relative fatigue lives of hollow rollers showed a great improvement of the
fatigue life compared with solid rollers under the same loading conditions.
This was a result of the redistribution of stresses in the contact zone in the
case of hollow rollers. Redistribution of stresses over a larger volume of the
roller body decreased the peak stress and reduced the volume under risk.
Increasing the hollowness percentage from 20 to 60% increased the flexibil-
ity of the roller, and better stress distribution was achieved, which resulted in
improving the fatigue life. Although 80% of hollowness rollers have more
fexibility than 60% of hollowness rollers, the bending stresses (G,) on the
inner surface of the rollers tend to decrease the fatigue life. Copyright © 2007
John Wiley & Sons, Ltd.
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INTRODUCTION

repeated stressing of the machine elements causes irreversible changes in them, which results

in the formation of cracks. These cracks occur after a number of load cycles based on the
stress distribution inside the machine element. A sign of crack propagation is the formation of damage
in the contact surface known as pitting or spalling.' As the stress distribution within the machine
element is a main factor in determining fatigue life, design changes should be made to redistribute
the contact stresses of the rolling elements.

Using hollow rollers in the roller bearings has the interest of many designers because of their
advantages over solid rollers. Hollow roller bearings are single or double row radial bearings with
an inner ring, outer ring and hollow or thin wall rollers. The thin wall in the rollers allows these
bearings to be preloaded, as opposed to cylindrical roller bearings with solid rollers. This increases
radial stiffness and reduces radial vibration and radial run out. For these reasons, hollow rollers are
used in these roller bearings, but not yet in friction drives. In traction drives, two or more sets of
rollers are used in contact between the inner race and the outer ring. A good example of the traction
drives using cylindrical roller bearings is the self-actuating traction drive designed by Flugrad and
Qamhiyah.” This traction drive is used as a basis for this work. Even so, the results can be generalised
for cylindrical rollers used in roller bearings and other traction drives.

In spite of the many advantages of using traction drives over gears, such as less noise, ease of
manufacture, and easy and cheap maintenance, there are some disadvantages. One of the main dis-
advantages is weight. For the same load application, the required traction drive is heavier than the
required gear system. Thus, the main objective of this research is to resolve the limitations of using
the cylindrical rollers, their fatigue life and their heavy weight. A solution to both these problems
can be found by using hollow rollers instead of solid rollers. Using the hollow rollers means less
weight, so the problems are partially solved. On the other hand, the fatigue life should be investigated.
This paper presents results from a numerical simulation of two rollers in contact under pure rolling
to study the fatigue life of hollow rollers and compare it with that of solid rollers.

To date, there is no perfect investigation of the damage in rolling contacts. It is just known that

LITERATURE REVIEW

For more than a century, the contact problem between two elastic bodies has had the attention of
many researchers. Hertz® first investigated the problem of two elastic bodies subjected to pure normal
loading. He used the Newtonian potential function to study the distribution of the stresses in the
contact body and to study the distribution of the load over the contact area. He verified his solution
by experimental results. Good results for the stresses in the contact region, called Hertzian stresses,
were obtained. Smith and Liu* assumed the Hertzian distribution of the normal and tangential loads
over the area of contact. The resulting stresses of applying the normal and tangential loads were
represented in a closed form. The tangential loading effect on contact stresses was not taken into
consideration until 1939. A general theory of two semi-infinite elastic bodies in contact was developed
by Lundberg.’ In his theory, each component of the load in each direction of the Cartesian coordinates
is represented by a potential function. The tangential loading components were considered as fric-
tional forces between the two bodies in contact, but he did not consider the stresses caused by those
tangential components.

The interest in using hollow rollers in bearings started in the 20th century when researchers started
to discuss the advantages and disadvantages of hollow rollers. Hanau® described the advantages of
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roller bearings with over 50% hollowness in high-speed applications. Given’ pointed out the advan-
tages of hollow roller bearings in driving turbine shafts at the required speed. Harris® utilised this
advantage in his patent with 60-80% hollowness. In his design, he increased the hollowness to be
able to increase the preloading and so reduce the roller skidding. Some experimental investigations
were carried out on hollow roller bearings such as the one carried out in 1976 by Bamberger et al.’
The experimental results were not sufficient to prove the advantage of using hollow rollers over solid
ones. Bowen utilised the advantages of preloading the hollow rollers and their superior characteristics
in his patents in 1976'° and 1977."

Many unique characteristics of the hollow roller were discussed by Bowen and Bhateja.'* These
authors experimentally investigated the 50-80% hollowness. They found that rollers with 50% hol-
lowness are stiffer and have less deflection than rollers with 70% hollowness. Therefore, the 50%
hollow roller behaves like a solid roller, and most of the deformations occur at the contact surface.
Bowen and Bhateja believed the 50% hollow roller is not practically usable for most applications.
They also found that the 80% hollow roller is so flexible that the load carrying capacity is severely
limited. Their conclusion was that a hollowness range from 60 to 70% is the best to use for most
applications.

The standard methods of calculating the fatigue life of bearings are based on the work of Lundberg
and Palmgren,'*'* who modified the original Lundberg—Palmgren (LP) theory for reliability, material
and lubrication factors. One of the main shortcomings of the LP theory was the lack of a precise
knowledge of the mechanics of lubrication for concentrated contacts. Life adjustment factors were
used to improve the original standards of the Lundberg and Palmgren work. The LP theory risk
volume extends from the surface to the point of maximum orthogonal shear stress. In 1985, a new
model for the fatigue life prediction of bearings was described by Ioannides and Harris,"” who tried
to fix all the shortcomings found in the LP theory. A main difference between the loannides—Harris
(IH) theory and the LP theory is that the IH theory defines a fatigue limit. If the stress is less than
that limit, the bearing can have infinite life. Therefore, the definition of stressed volume, known as
volume under risk, is the volume of the material that has a stress value greater than the fatigue limit.
The IH theory was applied to beams in torsion, rotating beams and rolling bearings using the expo-
nent parameter values of LP theory with some modifications. They had good agreement with the
experimental results.

Harris and McCool® compared the fatigue life predictions by LP theory and IH theory for 62
applications. They found that the IH theory is more accurate in predicting the bearing fatigue life.
Harris and Yu'” demonstrated the risk volume used by the LP theory and found that their fatigue life
prediction was not accurate.

The fatigue life of the hollow roller bearings compared with solid roller bearings has been studied
by many researchers. The general trend has been to agree that the fatigue life is improved in the case
of hollow roller bearings. However, researchers used different methods to prove that. Murthy and
Rao'® studied the contact of hollow cylindrical elements. The analytical method they used was not
rigorous, but their experimental findings were still valuable. Using hollow rollers improves the wear
characteristics of the contact surfaces of the rollers as presented by Somasundar and Krishnamurthy
in 1984,"” who investigated the surface durability of tufftrided hollow rolling elements. In 1996,
Elsharkawy” developed a numerical model for two viscoelastic cylinders in contact. His analysis
was to solve for the contact pressure and contact area. However, his analysis was restricted to normal
contact only. The contact problem of hollow cylinders was analysed by Hong and Jianjun,”' who used
three hollowness percentages in their analysis: 50, 60 and 70%. In their experimental results, they
found that when hollowness is less than 70%, fatigue life of contacting bearings can be improved.
Another analysis aimed at comparing the stress distribution in solid rollers and hollow rollers was
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carried out by Zhao.”? He simplified the bearing contact problem to a planar contact problem and
used the virtual contact loading method to study the stress distribution within the roller bearing. His
numerical solution agreed with the analytical solution in having a better load distribution for hollow
roller bearings than the solid roller bearings.

According to the literature, the IH theory is one of the best recent theories for predicting the fatigue
life of roller bearings. Therefore, it will be applied to the models developed in this work. Moreover,
the approach and assumptions that Nikas* used in applying the IH theory on his numerical results
will also be used.

PROBLEM STATEMENT AND SOLUTION TECHNIQUE

Problem statement

Although researchers have indicated that hollow rollers have longer fatigue life than solid rollers, no
reliable mathematical model to estimate the hollow rollers fatigue life when subjected to a combined
normal and tangential loading has been developed. On the other hand, the contact problem between
two solid cylinders has been discussed by researchers. Smith and Liu* developed a mathematical
model for solid cylinders. Trying to improve this model to work for hollow rollers resulted in unre-
liable assumptions. To study the fatigue life of hollow rollers, the stress distribution in the rollers’
bodies needs to be determined, and then a fatigue life theory can be used to determine the fatigue
life of those rollers. In pure rolling contact problems, the loading has two components, normal and
tangential, which should be taken into consideration in the stress analysis. Sufficient coefficient of
friction should be applied to make sure no slipping occurs.

In the self-actuating traction drive developed by Flugrad and Qamhiyah,” the cylindrical rollers
are subjected to both normal and tangential loading. To replace those solid rollers by hollow rollers,
the fatigue life of hollow rollers should be investigated. To determine the fatigue life of the hollow
rollers, the stress and strain distribution should be studied and analysed. However, no reliable math-
ematical model has been found to estimate those stresses and the resulting deformations in the hollow
roller body.

The solution to this problem consists of two stages. In the first stage, the finite element package
ABAQUS is used to determine the values of stresses and the volumes under risk in the rollers in
contact. ABAQUS has the ability to determine all stress components at certain grid nodes of the finite
element mesh. Based on the endurance limit of the material used (680 MPa for CVD 52100), the
volumes under risk can be determined by the regions where the stress value exceeds or is equal to
the endurance limit. Then a fatigue life prediction theory can be applied on those numerical results
to determine the fatigue life of those rollers in contact as the second and final stage of the solution.
The fatigue life theory used in the paper is the IH theory. Two main models are studied. When the
two rollers have identical size, called Model 1, and when the two rollers have different sizes, called
Model 2. The two rollers have been assumed to run dry, with no lubricant. In each model of the two,
two cases are studied: when the hollow roller is in contact with another hollow one with the same
percentage of hollowness, and when that hollow roller is in contact with a solid roller.

Numerical simulation

One of the best advanced finite element software packages of those extensively used for structure
analysis of contact problems and dynamic analysis is ABAQUS.
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Figure 1. Two identically sized rollers in contact (M 1-00)

Using ABAQUS, two cylindrical rollers in contact were modelled. Those rollers were subjected
to a combined loading of normal and tangential components. They were subjected to normal loading
through two analytically rigid zero thickness sheet plates, as shown in Figure 1, in which two solid
identically sized rollers are in contact (Model 1). The load was applied through those rigid bodies to
ensure uniform distribution of loading on the roller surface and chosen to be analytically rigid so that
they do not affect the results in the contact region between the two rollers. A tangential loading
component was also applied to the two cylindrical rollers. The value of that tangential loading was
one-third of the normal loading.

A sufficient coefficient of friction of 0.35 was assumed between the two rollers’ surfaces to be
more than one-third so that no slipping may occur. Analytically rigid bodies have been used to be
able to run the analysis on ABAQUS. The stresses that have been used in the fatigue life analysis
are the ones in the contact cylinders’ halves, away from the rigid body effect. Two main models have
been built. The first model, Model 1, was with rollers of the same size. The other model was with
two rollers of different size such that one of the cylinders is twice as large as the other. This model
is called Model 2. The analysis was started with both rollers solid. The results of both models have
been verified by the solution of Smith and Liu* in the case of parallel rollers in combined rolling and
sliding. Their results are shown in Norton.** This is a good check of the validity of the models and
the boundary conditions applied on the model. After the validity of the ABAQUS results was checked,
the two solid rollers were replaced by hollow rollers. The case of having one hollow roller with one
solid roller has also been studied. Different hollowness percentages have been tested: 20, 40, 60 and
80%. The same procedure was applied to Models 1 and 2.

ABAQUS enabled us to describe all the stress components’ values and distributions through the
rollers’ bodies. Highly stressed regions with Von Mises stresses have been determined. Those regions
with stresses higher than the endurance limit of the material used for the two rollers are referred to
as risk volumes. The endurance limit or the fatigue life of the material was defined by Shigley and
Mischke® as the strength beyond which failure will not occur no matter how great the number of
cycles. Both rollers are assumed to be made of CVD 52100 steel, with an endurance limit of
680 MPa.” For the identically sized model (Model 1), the outer diameter and the length of the roller
were both 20 mm. In the non-identically sized rollers (Model 2), the diameter of the secondary roller
is doubled with the same length of 20mm. The secondary roller is the roller that was kept solid in
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Figure 2. Two identically sized hollow rollers in contact (M 1-60 Two)

the second stage while the main roller is the one that was hollow in that stage. The behaviour of the
main roller has been investigated when it is in contact with another identically sized roller, as is
the case in Model 1, and when it is in contact with the inner race or the outer race, as is the case in
the non-identically sized rollers model (Model 2).

A consistent convention is used for naming the models based on whether the rollers are of the
same size or not, the percentage of hollowness, and whether one roller is hollow or both rollers are
hollow. The name of each model starts with M, which refers to Model. As mentioned earlier, identi-
cally sized models are called Model 1, while non-identically sized roller models are called Model 2.
Figure 2 shows a model of two identically sized rollers, with 60% of hollowness. Thus, it is called
M 1-60. Then the name is followed by the word (One) or (Two) to refer to the number of hollow
rollers in the model. In the case of a solid model, there is no need to use any of these two words.
The letter T was added to the name of the models to indicate that those models are subjected to a
combined normal and tangential loading.

IH theory

A new model for fatigue life prediction of roller bearings was suggested by Ioannides and Harris'
in 1985. It was a modification of the LP life theory. It is based on the statistical relationship between
the probability of survival, the fatigue life and the stress level above the endurance limit in a certain
region of the roller, called the risk volume. In this theory, the fatigue life of a rolling bearing is cal-
culated using the Weibull weakest link theory similar to the LP theory."” The basic equation of the
IH theory is

In(1/AS;)=F(N,c; —0,)AV, (D
Therefore, integrating Equation (1) over the risk volume expresses the fatigue life using the follow-

ing equation:

In(1/8) = AN* [ (6 -0,)°<"")dV )

VR
The IH theory assumes the two exponents e and ¢ to be properties of the material that remain
constant throughout the material’s load history. Initially, the same values of ¢, e, and & were used as
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those used by LP. Then they were modified based on experimental results and on the material used.
The IH theory assumes that the major part of the fatigue life is consumed during the initiation phase,
which begins with the cyclic stressing that results in a macroscopic, self-propagating crack. Therefore,
the fatigue life can be approximated by this initiation period, ignoring the time required for the crack
growth phase. The IH theory modified the LP theory and eliminated some of its shortcomings.
Although it was built on the same principles as the LP theory, the definition of the risk volume in
the IH theory is different. Whereas the LP theory uses the risk volume that includes a predefined
stress volume no matter how small the applied load is, the IH theory risk volume includes all the
volume of the material with a stress value greater than the endurance limit of the material. This dif-
ference can be clearly seen in Equation (2), where G, was introduced as the lower limit of the fatigue
limit. No failure can occur in the volume if the stresses are less than this fatigue limit. The IH theory
predicts an infinite fatigue life for the bearing if the stresses do not exceed the endurance limit of the
material used. Thus, it predicts a longer fatigue life than the LP theory. Recent research shows that
bearings manufactured from clean steel, lubricated and kept free of contaminants may have infinite
fatigue life.'® This agrees with the IH theory of having infinite life of bearings with stresses less than
the fatigue limit.

Using the IH theory to calculate the relative fatigue life of hollow rollers The first stage of the
solution of investigating the fatigue life of hollow rollers was carried out using the ABAQUS simu-
lation of two cylindrical rollers in contact. Then a fatigue life model was applied to those numerical
values of stress distribution of the loaded rollers. Based on the previous discussion, the IH theory
was to be the best predictor for the roller bearing fatigue life. Thus, for the stress results obtained
from the simulation, the IH fatigue life model was applied with the depth weighting removed as
discussed by Lubrecht et al.*” and Tripp and Ioannides®™ and applied by Nikas.*® Therefore, the 7/,
which is the stress weighted average depth, is removed from Equation (2). However, this equation
requires obtaining an experimental value for the constant A. This constant is assumed to be of the
same value for the same material under the same loading conditions for both solid and hollow rollers,
which generally have the same geometry. The accuracy of the results obtained in this paper is mainly
dependent on this assumption. This assumption was considered before by Nikas.”* As we are only
interested in seeing whether the fatigue life of the hollow rollers is improved or not with respect to
the solid roller fatigue life, and not in the absolute fatigue life of the hollow rollers, the relative fatigue
life of any hollow roller can be calculated from the following equation:

Lret(ref){ [ (o.41-0.) ~dV/f(IGI—0u)” -dV] 3)

Vref

The solid roller fatigue life is the reference life for the hollow rollers. Thus, it gives what is called
the relative fatigue life (L,.;). As long as the value of the relative fatigue life is greater than 1.0, that
means there is an improvement in the fatigue life by using hollow rollers. Therefore, the relative
fatigue life estimated by Equation (3) is simply the summation of the stresses above the endurance
limit in the solid roller (throughout the risk volume of the solid roller) divided by the summation of
the stresses above the endurance limit in the hollow roller (risk volume of the hollow roller), raised
to the power 1/(e). Based on the IH theory and the findings of Harris and McCool'® for cylindrical
roller bearings, the Weibull slope (e) was taken as 1.59 and the exponent ¢ as 8.

As every point in the stress computational grid of the finite element simulation of the rollers in
contact represents an elemental volume of the material with a constant fatigue limit, Equation (3)
can be applied to the FE numerical results by replacing the integral with a summation of stresses at
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all grid points having a certain value of stress there greater than the fatigue limit of the material. The
same density of grid points was used for all solid and hollow roller models. The relative fatigue lives
of hollow rollers were calculated from the following equation:

Lur(ref) =(E (o] -0.)"-aV., )/ 3 (o]0, -aV)) " @

To apply this equation to the numerical simulation results, a fatigue-initiating stress criterion was
needed. The ABAQUS results give all stress components on each point in the grid. In this research,
the Deformation Energy (Von Mises) criterion was used for the stress. It is more accurate than other
criteria because it uses the six components of the stress and it is more appropriate for rough contacts
with high local stress concentrations.” According to this Von Mises criterion, the stress ¢ (or Oef)
can be calculated from the following equation:

= \/((GX -0, +(0,-0.)+(0.-0,) +6* (15, +15. +1%.))/2 ®)

However, the ABAQUS results of the stresses included the Von Mises stress value given by Equation
(5) and all the six stress components at each point in the finite element mesh.

DISCUSSION OF THE RESULTS

Investigations have been carried out for both Model 1 and Model 2. Thus, results for each model are
discussed separately. Then a comparison between results of both models is made. Graphical repre-
sentation of the results is used to show the general trends and compare the results of hollow and solid
rollers and hollow rollers with different hollowness percentages. Tabulated results are used to show
the numerical representation of the results and the calculated values of the relative fatigue lives. To
prove the validity of the results obtained by ABAQUS, the results from the solid models are compared
with the analytical solution of Smith and Liu.*

Results of models with identically sized rollers (Model 1)

The results obtained by ABAQUS were verified by the solution of Smith and Liu for two cylinders
in pure rolling and sliding contact. When the two cylinders were subjected to a combination of normal
and tangential loading, the comparison is shown in Figure 3. The x-axis represents the depth nor-
malised by the half patch width a. There is good agreement between the ABAQUS solution and the
Smith and Liu* solution. The ABAQUS solution gave higher values of stress near the contact region
than the Smith and Liu solution. This is likely related to the nature of the Smith and Liu solutions
that are not valid for the surface contact region. The Hertz approach is used to obtain stresses
there.

As the results from ABAQUS are verified for the solid model, we can be confident of the results
from ABAQUS for the hollow models. Figure 4(a) represents all the identically sized roller models
when subjected to a combination of both normal and tangential loading. Figure 4(a) is just for full
scale, while Figure 4(b) is only for the region of the figure that represents the risk volume, where the
stresses are higher than 680 MPa, the endurance limit for the material used. It can be clearly seen
from the figure that the area under the curves of the hollow roller models is less that that of the solid
roller model. That means the volume under risk is smaller in the case of the hollow roller models.
Also, the figure gives an indication about the location of that volume that starts at the contact point
and extends under the surface to the point where the curve intersects the x-axis. Figure 4(b) shows
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Figure 3. Smith proof for identical solid roller model under combined loading

the size of the volume under risk and that the values of stress in that volume are less for the hollow
rollers than the solid one. Furthermore, the risk volume decreases as the hollowness percentage
increases from 20 to 60%, where the smallest risk volume is found with lower stress values. In the
case of 80% of hollowness, it is apparent that the risk volume is smaller than the 20% hollowness
case, but the values of the stress there are much greater than other hollowness percentage cases. Even
so, the volume under risk and the values of stress there in the 80% hollowness are less than for the
case of the solid roller.

Small differences were found between models when only one roller is hollow and models with
both rollers hollow. In general, rollers with both rollers hollow have a smaller risk volume with lower
stress values there and so longer fatigue lives. Unlike the curve for the solid roller model, other curves
start to go up again as shown in Figure 4(a). That is related to G, occurring on the inner surface of
the hollow roller. 6, increase with increasing hollowness percentage, but their values are less than
the contact stresses on the surface in all cases.

The value of the tangential load was one-third of the normal load value. Sufficient coefficient of
friction is used (0.35) to make sure no sliding occurs between the two rollers. The 60% hollowness
percentage roller obtained the lowest stress values and the smallest risk volume, followed by the 40%
hollowness roller. It can be seen from Figure 4(b) that the 20% hollowness roller has a larger risk
volume than the solid roller, but the stresses there are much smaller than the case solid roller case.
That is an indication of how stresses are distributed over a larger volume when the roller is hollow.
The stresses are distributed over a larger volume and the peak value of the stress is less compared
with the solid rollers. It should be noted that the risk volume of all rollers extends from the surface
of contact when the rollers are subjected to normal and tangential loading. The maximum stress now
is also on the contact surface for normal plus tangential loading. G, on the inner surfaces are less
than the endurance limit of the roller. Therefore, they have no effect on the fatigue life as indicated
by the IH theory.

The IH theory was applied on the stress values obtained by ABAQUS. The results of the fatigue
life estimation are summarised in Table 1, which shows the values of the relative life of the hollow
rollers compared with solid rollers as calculated from Equation (4). These numbers show how many
times the solid roller bearing fatigue life can be increased using hollow rollers instead of solid
rollers.
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Figure 4. (a) Identically sized roller models under combined loading,
(b) identically sized roller models under combined loading

Table 1. Fatigue life estimation of Model 1 using IH theory

Model 1 Relative fatigue life
M 1-20 One 4.1
M 1-20 Two 6.4
M 1-40 One 9.9
M 1-40 Two 35.6
M 1-60 One 23.9
M 1-60 Two 70.6
M 1-80 One 1.9
M 1-80 Two 2.5
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Under combined normal and tangential loading, the 60% of hollowness of both rollers will survive
more than 70 times two solid rollers under the same loading conditions. The least improvement of
the fatigue life is the case of using two rollers; only one of them hollow with 80% hollowness. The
fatigue life in this case is almost twice as much as the case of using solid rollers. So, numerical results
in the table show that using hollow rollers instead of solid rollers will improve the fatigue life. Even
s0, 60% hollowness with both rollers hollow gives the longest fatigue life. When the hollow roller
is subjected to tangential and normal loading, the fatigue life improvement increases as the hollow-
ness percentages increases, up to 60% hollowness. In the case of 80% hollowness, the improvement
significantly decreases. Those results agree with experimental results reported by Bowen and Bhateja,'
who found that the hollowness range of 60-70% is the best to use for most roller bearing
applications.

Results of models with non-identically sized rollers (Model 2)

When Model 2 was subjected to a combination of tangential and normal loading, the results were as
shown in Figure 5. Figure 5(a) explains what is happening when the roller is hollow. It is just a matter
of redistribution of stresses. Instead of being concentrated near the contact area, it is distributed
throughout the whole body of the roller. The 20% hollowness model is a good example of that. It
can be seen in Figure 5(b) how it has lower stresses than the solid roller model under the contact
area but higher stresses than the solid roller model when going down away from the contact region.
That is the main issue with hollow rollers. Although the risk volume is larger in the case of 20%
hollowness, the stress values there are much smaller than the solid model. That gives the hollow
roller longer fatigue life. The advantage of having both rollers hollow is emphasised when the rollers
are subjected to a combination of tangential and normal loading. For the 40% hollowness model the
two hollow roller model responds much better than the model with one hollow roller as can be seen
in Figure 5(b).

However, no significant difference can be seen between the 60% hollowness models with one
hollow roller and with two hollow rollers. That indicates that the advantages that were there for one
hollow roller are balanced by another factor when the rollers are subjected to tangential loading. The
results of applying the IH theory on Model 2 are summarised in Table 2. The numerical numbers in
this table show the relative fatigue life of hollow rollers compared with the solid rollers under the
same loading condition. These values are calculated using Equation (5). The table shows that in the
case of two hollow rollers in contact, with both rollers having 80% hollowness, subjected to a com-
bination of tangential and normal loading, the fatigue life of the roller bearing will decrease to less
than 50% of the life of the solid rollers. That is the only case found where hollow rollers have a
shorter fatigue life than solid rollers. On the other hand, rollers with 60% hollowness will improve
the fatigue life to more than 87 times in the case of combined normal and tangential loading.

Comparison between Model 1 and Model 2 results

When comparing the response of the hollow rollers in contact, with an identically sized roller, with
a hollow roller in contact, with a roller of twice size, we can see many differences in their response
to a combination of normal and tangential loading. Under the same loading, rollers in Model 2 have
longer fatigue lives than rollers in Model 1. That can clearly be seen when comparing corresponding
values in Table 1 to those in Table 2.

This result applies for all hollowness percentages except when both rollers have 80% hollowness.
That might be related to increasing the flexibility and increasing the contact area and so decreasing
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Figure 5. (a) Non-identically sized roller models under combined loading,
(b) non-identically sized roller models under combined loading

Table 2. Fatigue life estimation of Model 2 using IH theory

Model 2 Relative fatigue life
M 2-20 One 5.2
M 2-20 Two 18.0
M 2-40 One 15.0
M 2-40 Two 47.6
M 2-60 One 85.5
M 2-60 Two 87.5
M 2-80 One 7.4
M 2-80 Two 0.5
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the contact stresses of a roller in contact with a bigger sized roller. Increasing the contact width
decreases the contact stress but has nothing to do with the shearing stress. The Von Mises stress
contains all the stress components. Thus, decreasing the contact stress will decrease one of the com-
ponents and decreases the Von Mises stress value. On the other hand, when the hollowness exceeds
60%, o, from the sides and the inner surfaces tend to increase the shearing stresses in the contact
region and the risk volume, resulting in greater Von Mises stress values and decreased fatigue life.

Using ABAQUS figures to show the redistribution of contact stresses in hollow rollers

To show how stresses are redistributed in the larger volume of the roller body, two of the ABAQUS
figures are included (Figures 6 and 7). Those figures show models of identically sized rollers. Two
main cases were chosen to show how contact stresses are redistributed when making rollers with a
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Figure 6. (a) ABAQUS figure of one of two identically sized solid rollers in pure rolling contact,
(b) ABAQUS figure of one of two identically sized solid rollers in pure rolling contact
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Figure 7. (a) ABAQUS figure of one of two identically sized 60% hollowness rollers in pure rolling contact,
(b) ABAQUS figure of one of two identically sized 60% hollowness rollers in pure rolling

certain hollowness. The first case is of two solid rollers in pure rolling contact, and the second case
is when those rollers are hollow with 60% hollowness. The 60% hollowness was chosen because it
showed the best fatigue life results. Each case is represented by two figures. The first figure of each
pair shows how stresses in the roller body are redistributed throughout a larger volume as the per-
centage of hollowness increases. The second figure shows the location and the size of the risk volume.
Under combined loading, the maximum stress is shifted in the direction of the tangential loading for
all solid and hollow rollers. The shift distance increases as the percentage of hollowness increases,
and it is very apparent for the 80% hollowness case.
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Comparing Figure 6 with Figure 7, one can explain how the fatigue life is improved for 60% hol-
lowness as the risk volume is much smaller than the case of a solid roller. In the case of the 60%
hollowness roller, a typical distribution of the stresses made the risk volume very small and so
improved the fatigue life of the roller. It has been found that although the stresses are redistributed
in most of the roller body in the case of the 80% hollowness roller, it started to behave like a tube
or ring, with a significant effect of 6, on the inner surfaces.

CONCLUSIONS AND RECOMMENDATIONS

In general, hollow rollers have longer fatigue life than solid rollers when subjected to a combination
of normal and tangential loading. The fatigue life is improved as the hollowness percentage increases
up to 60%, where the longest fatigue life was obtained. That is related to a decrease in the contact
stresses because of the flexibility of the hollow roller and increase of the contact width. Those two
reasons result in redistribution of the stresses. The fatigue life improvements were decreased when
the percentage of hollowness was 80%. The bending stress started to affect the stresses in the contact
zone significantly, by increasing the shearing stress values there.

It was found that the risk volume is under the loading region, not in the bending stress regions.
Therefore, the failure of the hollow rollers within the applied loading range of this work, and for the
material used, is a result of contact stresses, not the (G,). The effect of (G,) is not significant for
hollowness percentages less than 60%.

In the case of a roller in contact with two other rollers, one of identical size and the other larger,
as is the case for the traction drive developed by Flugrad and Qambhiyah,’ the fatigue life resulting
from contact with the same size roller is shorter than the fatigue life resulting from contact with a
bigger size roller. By using Miner’s” rule, the fatigue life of that roller is determined by contact with
both rollers, and the resulting fatigue life is shorter than that fatigue life determined by contact with
the identically sized roller.

The maximum stress value and so the crack initiation point may be under the surface for solid and
hollow rollers under pure normal loading. However, for rollers subjected to a combination of
tangential and normal loading, the highest risk point shifts towards the contact surface.

Nomenclature

A constant
a  half patch width and equals to 0.139mm for Model 1 and 0.161 mm for Model 2

c stress criterion exponent.

e  Weibull slope

h  depth exponent

i volume element number

N  fatigue life

V., volume of material where G, 1s greater than G,

Z stress weighted average depth

AS; probability of survival

AV; volume element in which stresses are higher than the fatigue limit

o; value of stress-related fatigue criterion in the volume element i

o, fatigue limit

o, denotes the stress used for the reference life computation, which is the stress in the solid roller
o, bending stresses
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