3-2013 TRIBOLOGIA 177

Bogdan WARDA'

ROLLING CONTACT FATIGUE LIFE
FOR ELASTIC LINEAR KINEMATIC-HARDENING
PLASTIC MATERIAL

TRWALO SC ZMECZENIOWA STYKU TOCZNEGO
DLA MATERIALU SPR EZYSTO-PLASTYCZNEGO
Z KINEMATYCZNYM WZMOCNIENIEM LINIOWYM

Key-words:

fatigue life, rolling contact, kinematic hardening

Stowa kluczowe:

styk toczny, trwatoé&meczeniowa, wzmocnienie kinematyczne

Summary

To predict the fatigue life of rolling bearings, it is necessary to know the
pressure distribution in the contacts of mating elements. The assumption of an
appropriate material model in the calculation of the pressure distribution has
a significant effect on the value of predicted fatigue life. This paper presents the
results of the predicted fatigue life calculations for a radial cylindrical roller
bearing, obtained using an algorithm which allows one to perform calculations
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for materials with different stress-strain curves, as well as to take into account
the roller chamfers. It has been shown that the assumption of elastic linear
kinematic-hardening plastic (ELKP) behaviour of the bearing material, and
taking into account the shape of roller chamfers allows one to obtain a fatigue
life calculation results, which are consistent with the results of experiments.

INTRODUCTION

The determination of the predicted fatigue life of rolling bearings requires
knowledge of the subsurface stress distribution in the contacts of mating
elements. Subsurface stress depends mainly on the pressure on the contact
surface. The roller bearing pressure distributions differ significantly from the
idealised Hertzian contact pressure distribution, among other things, due to the
commonly used correction of generators of rolling elements. In such cases,
accurate information about a pressure distribution may be achieved using, for
example, the finite element method. This method allows one to take into
account in the calculation the shape of generators of solids in contact and their
finite length. FEM calculations of pressure distributions and corresponding
subsurface stress distributions require very high computing power. This is
particularly required in cases where it is necessary to examine the phenomena
occurring in a single contact and if it is necessary to repeat the calculations for
multiple contacts in a complex rolling couple. Determination of the pressure
distribution on the contact surface is only one of the stages of a complex
iteration process, which is often repeated many times during the numerical
solution of thesquilibriumequations of one or more rolling couples included in

the machine. In such cases, for the determination of pressures and subsurface
stresses in the contacts, it is more convenient to use the simplified algorithms.

In the mid-90-ies of the last century, at the Technical University of Lodz, an
algorithm that uses a Boussinesq solution for elastic half-space was developed. It
was used to analyse the quality and capacity of the rolling contact and fatigue life
prediction of rolling couplegL. 1-5]. In this algorithm, the contact area was
divided inton bands, of variable width, perpendicular to the major axis of contact
field, and each band was divided intotriangles. The pressure acting on each
triangle was approximated by the second-degree suRapel).

Theoretically, as a cylinder of a finite length is pressed against the elastic
half-space, the pressure at its ends approaches infinity. In the discrete solution,
the more concentrated the discrete division net, the greater are the finite values
of the peak pressure. For the calculation of the predicted fatigue life, it is
assumed that the contact pressure cannot exceed the shakedown limit. The
shakedown limit is the Hertzian pressie which complies with the relation
pp/ k=4 for a line contact. In this rati&,= g,/ \3 is the shear yield strength
and g, is cyclic tensile yield strength. In the algorithm used[ln1-5],
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Fig. 1. Contact field discrete division for the contact stress determination
Rys. 1. Podziat pola styku na elementy dyskretne przy wyznaczaniu rozktadu naciskéw

the shakedown limit value was set tp=p4.5 GPa, according to Yhlaifld. 6].
Despite this assumption, the predicted fatigue life for cylindrical roller bearings
with rollers and raceways with rectilinear generators have taken unrealistically
low values, that are not confirmed by experimdhts/]. The results far more
accurately reflect the reality when they are obtained by taking into account the
shape of roller chamfeft. 5]. Nevertheless, the predicted fatigue life of roller
bearings, with rollers with rectilinear generators, was different than fatigue life
measured during experiments.

The value of the shakedown limip, given by Yhland applies to
elastic-perfectly plastic materials. Meanwhile, experimental studies which have
been carried out by Hahn, Bhargava €iL.alB] have shown that bearing steels
have properties typical for elastic linear kinematic-hardening plastic (ELKP)
material. In this case, the relationship between strain and stress can be presented
in the form of a three-parameter, bilinear representation. The parameters
describing the ELKP model and the hysteresis Id€ig. ) are the Young's
modulus E the plastic modulus! and the kinematic yield strength.

’ =7k
o /”l,
7 rd
& ’M ,,/
5 E - L,
K| dg L 20,
QUK l,
20, 7
/, €
/ ,’AQD
ya
.| ”"
i y e 0, (be P—=0)= 0, (he P—=0) =0,

Fig. 2. The cyclic stress-strain hysteresis loops for elastic linear kinematic-hardening
plastic material

Rys. 2. Rtle histerezy dla materiatu sgysto-plastycznego z kinematycznym wzmocnieniem
liniowym
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The subject of study by the authorqlof8] were specimens of AlSI 52100
steel (equivalent of bearing steel £H15) with a hardness of HRC 62. Specimens
were subjected to cyclic torsion. The results allowed the authors to determine
the parameters necessary to plot the hysteresis loop typical for ELKP materials.
The studies have shown that the shape of hysteresis loops is typical for the
kinematic hardening, as is indicated by approximately the same value of
kinematic yield strengtloy. The plastic moduluM, which for an ideal ELKP
material should be constant and independent of the plastic g8inn fact,
decreases with increasing strain. The authors also noted that the dependence of
stress amplitude, on straing is nonlinear for a range of plastic deformation
(o> a). A small increase in stress is accompanied by a large increase in strain
(dash dot line irrig. 2).

Based on the results presentedLing], for the purpose of determining the
distribution of pressure, a three-parameter, bilinear representation was applied
in this study. The model was described by Young's modtila08 GPa, the
plastic modulusM = 140 GPand the kinematic yield strength, which according
to [L. 8] for rolling bearings isg = 880 MPa. The last value corresponds to the
shakedown pressum = 2040 MPa. At the same time the previous assumption,
that the contact pressure cannot exceed the shakedown limit for the elastic-
perfectly plastic material pf=4.5 GPa), was assumed valid. With these
assumptions, the stress-strain curve has the form shokig. i (solid line). The
curve describing the dependence of contact pressure on strain, plofigd3n
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Fig. 3. Stress-strain and contact pressure-strain curves for elastic-perfectly plastic material
(A) and for ELKP material (B)

Rys. 3. Charakterystyki opisitie nap¢zenie oraz naciski kontaktowe w funkcji odksztatcenia
dla materialu sprysto-idealnie plastycznego (A) i materialu spysto-plastycznego
z kinematycznym wzmocnieniem liniowym (B)
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dashed lines has a similar shape. It should be noted that the shape of the two curves
is more appropriate for non-linear elastic kinematic-hardening plastic materials
[L. 9]; although, their initial shape is typical for the ELKP materials.

This paper presents a comparison of calculation results of rolling contact
fatigue life obtained for the two material models used in the determination of
pressure distribution for the elastic linear kinematic-hardening plastic material
(curve marked irFig. 3 with the letter B) and for the elastic-perfectly plastic
material (curve marked with the letter A).

OBJECT OF RESEARCH

Comparisons of the effects of the assumed material model on calculation results

of predicted fatigue life were made using the example of radial-cylindrical roller

bearings NJ 312. Calculations of the predicted fatigue_lifavere carried out

for radial bearing loadr, = 38500 N, with the radial clearance in the bearing

g = 0.07 mm, and the following cases of roller generators pré&iide 4):

a) Rollers with rectilinear generators;

b) Rollers with chord-arch (ZB) correctioi®, = 1320 mm,2x. = 10 mm, the
maximum correction co-ordinatg = 0.018 mm; and,

¢) Rollers with modified logarithmic correctioh.[10]: the relative correction
co-ordinateh,,/ h. = 3, the exponent of logarithmic correction equation
& = 3, the maximum correction co-ordindkg= 0.036 mm.
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Fig. 4. Analysed roller-generator profiles
Rys. 4. Analizowane profile twogezych wateczkéw

The calculation of the fatigue life was carried out taking into account roller
chamfer faces (cases a) and b)), and without taking them into consideration
(cases a), b) and c)). In the computation, a discrete division mesh with the
following parameters:n from the range 20-40m=7 was used. The
computations were carried out using the methodology describ&d4#, using
computer programs ROLL1, ROLL2, ROLL3 and ROLL4. ROLL4 was used to
determine pressure and subsurface stress distributions, and allows one to
perform computations for different material models. The methodology takes
into account the effect of radial clearance in the bearing on the number of
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rollers, which participate in the transfer of radial load. In contrast to the method
described inI[. 11, 12], the methodology assumes always an odd number of
loaded rollers.

The basic parameters of the bearing that was the object of the analysis are
presented in Table 1.

Table 1.Parameters of the examined roller bearing NJ 312 [L. 13]
Tabela 1. Parametry badaneggyieka walcowego NJ 312. 13]

Bearing bore diameter d=60 mm

Bearing outside diameter D =130 mm
Bearing width B =31 mm

Diameter of the inner ring raceway Oy =77 mm
Roller diameter D,, =18 mm
Roller length L, =18 mm
Roller chamfer r.=0.5mm
Number of rollers in the bearing Z,=12

Data used in the fatigue life calculations are the same as in the experiment
conducted by Waligéra [ 7]. This makes it possible to compare the results of
calculations with experimental results.

RESULTS OF FATIGUE LIFE CALCULATIONS

Fig. 5 shows the results of the calculations of the predicted fatigue life of the
test bearings obtained for the two material models and for different mesh
densities used in the computations, including various types of corrections.

As shown inFigure 5, the assumption in the calculation of the pressure
distribution curve of the material, corresponding to the elastic linear kinematic-
hardening plastic material, results in obtaining a greater bearing fatigue life than
for elastic-perfectly plastic material. The difference is smallest in the case of
bearings with a logarithmic correction of roller generators. The maximum
correction co-ordinate for logarithmic correction is so large that, even with
a significant load length of the contact field, it is usually less than the length of
the roller generator, which makes contact at the ends without pressure peaks.
This correction type also ensures the highest fatigue life of the bearing.

The greater difference between the results of fatigue life calculations for A
and B material models can be seen in the case of the chord-arch (ZB)
correction. The ZB correction, although it best approximates the logarithmic
shape of roller generators, does not prevent the occurrence of pressure peaks.
Pressure values determined in accordance with the material model B are smaller
than for the material model A{g. 6). This results in a greater predicted fatigue
life.
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The biggest difference occurs for the roller bearings without correction. For
rectilinear generators, the pressure distributions are always characterised by the
presence of pressure peaks at the ends of the contact, regardless of whether or
not the computations of pressure distributions include roller chamfers.
However, in this second case peak pressure values are so large that the
calculated fatigue life becomes unrealistically small compared to the life of the
bearing in which the ZB correction was applied.

30 T T i e e e e R
- IS A m S N T }
——— ¢ |
——
— o |
— o
= 20 7 & o
J] & O
S 15 *
— | B e
= L
i o — 4 =
10 \'g
ui|
5 5} 11 —— s ]
0 & & —& l A | A |
18 20 22 24 26 28 30 32 34 36 38 40 42
n
A A - rectilinear generators A B - rectilinear generators
O A - rectilinear generators, chamfers B B - rectilinear generators, chamfers
© A - ZBcorrection ¢ B - ZB correction
O A - ZB correction, chamfers ® B - ZB correction, chamfers
+ A - logarithmic correction X B - logarithmic correction

Fig. 5. The fatigue life of NJ 312 bearing for elastic-perfectly plastic material (A) and for
ELKP material (B)

Rys. 5. Trwaté¢ zmeczeniowa tayska NJ 312 dla materiatu gpysto-idealnie plastycznego
(A) i materiatu spgzysto-plastycznego z kinematycznym wzmocnieniem liniowym (B)

Fatigue test results described in 7] indicate that the bearing with chord-
arch correction of roller generators reaches the fatigue life approximately two
times greater than the bearing with rollers with rectilinear generd&as7).

A similar relationship between fatigue life for bearings with ZB correction and
bearings without correction can be obtained, if the pressure distribution
computations are established material parameters appropriate for the ELKP
material. In the case of elastic-perfectly plastic material, the predicted fatigue
life of roller bearings without correction is more than 3 times smaller than the
bearing life with ZB correction.
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In all analysed cases, the predicted fatigue life decreases slightly with an
increase in the mesh density. It can be concluded that the effect of mesh density
on the results of fatigue-life calculations is negligibly small.
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Fig. 6. Pressure distributions in the most heavily loaded roller-inner ring contacty = 40,
roller load Q, = 16061 N

Rys. 6. Rozklady naciskbw w styku najbardziej ebmnego waleczka z bimia piercienia
wewretrznego,n = 40, obcizenie wateczk®), = 16061 N
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Fig. 7. Lso fatigue life of cylindrical roller bearing NJ 312 [L. 7]
Rys. 7. Trwaléci zmgczeniowal s tozyska walcowego NJ 312 wedtjig 7]
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CONCLUSIONS

When calculating the predicted fatigue life of rolling bearings, it is preferable to
assume that the bearing elements are made of the elastic linear
kinematic-hardening plastic material. This allows one to achieve results
consistent with the experimental results. Such an assumption is particularly
important for the calculation of the fatigue life of rolling elements with
rectilinear generators, where the application of elastic-perfectly plastic material
model results in obtaining undervalued, predicted fatigue life.

In the case of rectilinear generators of rolling elements or rolling elements
in which the correction of small maximum correction co-ordinate is used which
does not fully eliminate pressure peaks, accurate fatigue life calculation results
can be achieved provided that the roller chamfers are included. The omission of
chamfers results in a unrealistically low values of fatigue life, which are not
supported by experimental studies. In the case of the logarithmic correction of
roller generators, the shape of roller chamfers can be omitted in the calculation
of the pressure distribution, since the surface of the chamfers is not in contact
with the surface of the bearing race.
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Streszczenie

Do prognozowania trwato<i zmeczeniowej toksk tocznych konieczna jest
znajomos¢ rozkladow naciskow w stykach wspétpracujcych elementow.
Przyjecie wiaciwego modelu materiatowego podczas oblickerozktadow
naciskéw ma istotny wplyw na wart@&¢ prognozowanej trwatosci. W arty-
kule przedstawiono wyniki obliczed prognozowanej trwatasci zmeczenio-
wej promieniowego tokska walcowego, otrzymane za pomacalgorytmu
pozwalajacego na wykonanie obliczge dla r6znych krzywych materiato-
wych, a takze na uwzgédnienie sfazowanczoét wateczkéw. Obliczenia trwa-
tosci zmeczeniowej przeprowadzono dla wateczkéw o tworzych prostoli-
niowych oraz waleczkéw, dla ktérych zastosowano dwa rodzaje korekcji
tworzacych: korekcje cieciwowo-tukowg (ZB) i korekcje logarytmiczng
modyfikowang. Rozpatrzono dwa modele materiatowe: spzysto-idealnie
plastyczny model materiatu oraz model spgzysto-plastyczny z kinema-
tycznym wzmocnieniem liniowym. Wyniki obliczer prognozowanej trwato-
§ci zmeczeniowej dla obydwu modeli materiatowych i réaych rodzajow
korekcji przedstawiono w funkcji parametru gestosci siatki przedziatow
dyskretnych przyjetej podczas obliczé rozkiadéw naciskow w stykach
wateczkow z bigniami tozyska. Prognozowamg trwatosé¢ tozyska walcowego
z waleczkami bez korekcji i z korekcj ZB poréwnano z wynikami badan
eksperymentalnych przeprowadzonych przez Waligar. Wykazano, ze za-
stosowanie modelu spyzysto-plastycznego z kinematycznym wzmochie-
niem liniowym przy jednoczesnym uwzgjdnieniu ksztaltu sfazowanwa-
teczkow umotiwia otrzymanie wynikow obliczen trwatosci zmeczeniowej,
ktore sa zgodne z wynikami dosviadczei. Przyjecie takiego zatoznia ma
szczegOlne znaczenie w przypadku oblicaetrwatosci zmeczeniowej ele-
mentow tocznych o prostoliniowych tworacych.



