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ABSTRACT

INTRODUCTION

The aim of this work is to study pure rolling contact fatigue in 32CrMoV13 quenching
and tempering steel. The study involves both experimental and numerical work. The
influence of the roughness and the residual stresses on the mechanisms and zones of
cracking were studied. The results show a rapid reduction in roughness during the first
minute of test but even so there will be specimen deterioration. The residual stress profile
after rolling contact tests have high compression values in the surface and at a depth
of approximately 240 pm, which is related with the Hertzian maximal shear stress. The
numerical simulation of the Hertzian loading was used both to determine the elastic
shakedown of the material and to apply a high-cycle multiaxial fatigue criterion. The three-
dimensional finite elementanalysis used in the numerical calculation includes elastic-linear
kinematic hardening plastic material and allows the introduction of an initial residual stress
state. Taking into account the elastoplastic load induced by the Hertz pressure, low-cycle
fatigue tests were used to characterize the mechanical properties of the material. In order
to validate the numerical simulation, the results of the calculation after elastic shakedown
were compared with the values measured by X-ray diffraction after rolling contact tests.
The results showed a reasonable agreement between calculated and measured stresses.
The Dang Van high-cycle multiaxial fatigue criterion showed a good relationship with
the experimental findings.

Keywords fatigue contact; multiaxial fatigue criterion; numerical simulation; residual
stress; roughness.

the interaction of asperities. Cheng ez 4l.,” noted that, in
pure rolling, longitudinal cracks were first initiated from

The typical deterioration mode of rolling contact fatigue
(RCF) is known as ‘spalling’ and its shape is associated
with the origin of the initiating crack.! A rectangular-
shaped spall means a deep-initiated crack while a fan-
shaped spalling means a surface-initiated crack.
Continuing improvements in steel processing have led
to fewer inclusions and an upper level of cleanness in the
subsurface. As a consequence, the mechanical properties
and condition of the surface are decisive** and rough-
ness investigations have been increased over the past few
years. Ichimaru et 4/.,° have related the fact that contact
fatigue is a process of repeated plastic deformation due to
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the finishing grooves on the specimen surface and can be
in the central part or formed towards the two sides of
the wear track, depending on elastohydrodynamic lubri-
cation condition. Soda and Yamamoto® concluded that the
roughness of the harder mating roller has a marked influ-
ence on the fatigue life: the smoother the mating roller,
the longer the life.

The residual stresses are also very important. Many
authors observed that the maximum values of induced
compressive residual stresses occurred at a depth that
corresponds to the maximum shear stress depth below the
running track surface.” 1

The numerical simulation of contact fatigue has been the
subject of recent development. Initially, Bhargava et al.!!
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Table 1 Chemical composition of the 32CrMoV13 quenching and
tempered steel

Element C Si Mn S P Ni Cr Mo V

% 0.32 0.35 0.52 <0.003 <0.013 0.14 3.0 0.83 0.28

used a two-dimensional (plane strain) elastoplastic finite
element model with an elastic-perfectly plastic idealiza-
tion of the cyclic plastic behaviour. Later on, Hahn et a/.2
and Batista et 2.1} developed an elastic-linear-kinematic
hardening-plastic behaviour model. In 1991, Kulkarni
et al.'* extended the study to three-dimensional rolling
contact with the same material behaviour. However, this
kind of approach has the inconvenience of being time-
consuming and cumbersome. To overcome this difficulty,
Dang Van and Maitournam developed an approach that
allows the elastic shakedown to be achieved within a very
short calculation time,!* by using a reference system that
moves with the loads. This means that in this reference
frame, the velocities and all the physical quantities are
time-independent. The repeated contact is simulated by
a series of recurring passes (rotation in this type of speci-
men) until the steady state is reached.

Firstly, this paper presents an experimental work related
to the study of the roughness, residual stresses and crack-
ing mechanisms and zones under pure RCF conditions in
heat-treated alloyed steel.

The second part of the work deals with the numerical
simulation of the contact fatigue loading, using the Dang
Van and Maitournam approach. To validate the numeri-
cal simulation, the calculated results were compared with
residual stresses measured by X-ray diffraction, before and
after pure RCF tests. Subsequently, the Dang Van high-
cycle multiaxial fatigue criterion was applied to identify
the most probable failure zones.!6

EXPERIMENTAL PROCEDURES

The material employed in these experiments was 32Cr-
MoV13 quenching and tempered steel. Table 1 presents
the chemical composition. Austenitizing was performed
for 30 min at 950 °C, followed by quenching in oil and
tempering for 4 h at 635 °C, with cooling in air.

To simulate pure rolling contact, a two-disc type RCF-
testing machine with lubrication was used (Fig. 1a). This
machine allows contact fatigue tests to be performed be-
tween two cylindrical specimens with control of the radial
load, the rotation speed, the relative sliding, the contact
load, the lubricant and the working temperature. These
conditions simulate those found in gears and in bearings.
An electrical motor rotates the specimens, through a tim-

ing beltdrive to the input shaft of a bevel gear box with two
output shafts. The specimens are then driven by a dou-
ble timing belt drive. An independent hydraulic system
of a sump (with thermostat and hydraulic pomp) assured
the lubrication. The return of the lubricant is by grav-
ity. Electromagnetic sensors of variable reluctance that
permanently monitor the surface of each specimen detect
spalling. The outputs to an oscilloscope that amplifies the
signal and compares them with previously defined limits,
allowing the test to be stopped at the first sign of a defect.
A simple pneumatic cylinder provides the loading contact,
through a load cell and an electronic pressure regulator.
This group of components is supported by a structure
mounted on dampers.

As illustrated in Fig. 1b, the specimens were 70 mm in
diameter, 7 mm width and had 40 mm curvature radius. An
11.7 ms™! circumferential velocity for both discs has been
used and the oil temperature was maintained at 56 °C.
Hydraulic oil with 46 mm? s~!, 40 °C kinematic viscosity
and 13.39 GPa~! of viscosity pressure coefficient were
applied as a lubricant.!”

The contact conditions and the results obtained for the
minimum oil film thickness, /i, superficial roughness,
R,, and lambda ratio, A, are showed in Table 2. The
lambda ratio, A, is the relationship between the elastohy-
drodynamic oil film thickness and the composite surface
roughness,'®

A =h/o, )

where 4 is the minimum oil film thickness and ¢ the com-
posite surface roughness. The oil film thickness was de-
termined by the formula of Hamrock and Dowson.!?

In order to identify the failure mechanisms, the speci-
mens were inspected with a magnifying glass, and optical
and scanning-electron microscopes. The influence of the
roughness was tested. The specimens have been polished
in the circumferential direction as to obtain the two dif-
ferent levels of surface finish R, = 0.1 um (A > 1.5) and
0.5 um (A < 1). A cutoff of 0.8 mm was used for measur-
ing the arithmetic average value of filtered roughness (R,)
before and after the RCF tests, following the DIN 4768
norm.

Surface and in-depth residual stress were measured, us-
ing X-ray diffraction, before and after RCF tests, in three
areas along the specimens periphery (disposed of 120°
apart, Fig. 2a and Fig. 3b) and from the centre to the lat-
eral zone of the cylindrical surface, in order to analyse the
distribution of values (Fig. 2b). The subsurface residual
stress was determined at varying depths below the surface,
using an electropolishing technique to remove material.
Latdce deformations of the {211} diffraction planes of
the a-Fe phase were measured using Cr K, X-ray radi-
ation with vanadium filter in the diffraction beam. The
X-ray diffraction peak position was determined by the
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Fig. 1 (a) RCF testing machine. (b) Roller specimens shape and dimensions.

Table 2 RCF tests. Contact conditions: load, Hertz pressure,
contact area, minimum film thickness, roughness and lambda ratio,
A

Hertz  Contact Minimum film

Load pressure area thickness, Roughness

N) (MPa) (mm) hiyin (m) (pem) A

1350 2151.0 0.524 x 0.572 0.393 R,=05 0556
R,=01 2138

3500 2954.9 0.719 x 0.786 0.367 R,=05 0519
R, =0.1 1.996

4500 3213.1 0.782 x 0.855 0.360 R, =05 0509
R, =0.1 1.958

centered-centroid method. For each of the six ¢ direc-
tions seven W angles (equally spaced in sin? W) were used,
with an acquisition time of 50-60 s by peak and =+ 2 oscil-
lations in W. The X-ray spot diameter was of about 1 mm.
The stresses were defined in the following way: o7 as the
principal circumferential stress, in the rolling direction,
tangential to the rolling track and oy for the principal ax-
ial stress, perpendicular to the rolling direction (Fig. 3a).2

For the characterization of the steel cyclic properties
low-cycle fatigue tests had been carried out on a 100 kN
Dartec servo-hydraulic machine, operating at a strain rate
& = 0.008. The individual specimen technique for each
level of strain range was used. The stable hysteresis loop
was defined at 50% fatigue life of the specimen. An Instron
resistance strain gauge type axial model 2620-601, with a
distance between supports of 12.5 mm was used. These
results allowed the elastoplastic constants characteristics
of the material behaviour law used in the finite element
model to be established. A linear kinematic hardening law
has been defined from the three following parameters:
elastic modulus, E, yield strength, oy and kinematic hard-
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ening modulus, 4. The elastoplastic constants of this law
were determined by splitting the hardening cycle curve
into two straights lines, one elastic and the other plastic,
by using the minimum deviation square method, in which
the common point was considered the yield strength. The
slope of the plastic straight line was used to establish the
tangent modulus, Et. The kinematic hardening modulus,
h, was determined from the Eq. ?!

==t @)

RESULTS AND DISCUSSION
Roughness

It is verified that after RCF tests, there are no changes
in the specimens with initial surface roughness of R, =
0.1 um. On the other hand, for the specimens with
R, = 0.5 pm the surface roughness after RCF tests was
R, =0.16 um.

The plastic deformation on the rolling track is significant
and can be confirmed by the profile analysis showed in
Fig. 4, where the largest width of the rolling track (~5 mm)
can also be seen.

The evolution of the surface roughness, or the lambda
ratio, A, along a test, was measured from a RCF test at
different running times. Figure 5 shows the evolution of
the roughness, R,, and the lambda ratio, A, according to
RCF test time. Itis observed that there is a rapid change of
the roughness (of about 30%) just after 1 min of testing.
That is to say, before the test there was a situation of
faulty elastohydrodynamic lubrication, A < 1, and after a
minute a limiting condition is attained, where the size of
the roughness was of the order of the lubricating oil film
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Area 3

Contact Surface

Centre

Measurement

zones

Fig. 2 (a) Measurements areas of the superficial residual stresses in the specimens; (b) measurements of the superficial residual stresses in
area 3, in several points of the width.

(b) Area 1

Fig. 3 (a) Reference frame of the stresses, including the principal stresses (o1 and o11); (b) measurements areas of the residual stresses.

a 1 2 3 4q 5 &

Fig. 4 Rolling track profile, after RCF test, where the plastic deformation can be seen (Pyy = 3.2 GPa, 1.5 x 10° cycles).
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Fig. 5 Roughness, R,, and parameter, A, evolution in function of RCF time test for a 3.0 GPa Hertz pressure.

Table 3 Results before and after RCF test in three areas at 120°
(Fig. 2))

Area 1 Area 2 Area 3

Before R,=0.1um o017 —3974+11 —-385+11 —385+11
RCEF tests oy =576 £11 —-562+11 —560+ 12
R,=05um o073 —297+£13 —284+13 —-2914+13

02 —533+£14 —531+13 —530+13

After R,=01um o7; —167+£15 —190+16 —205+16
RCEF tests oy —72+16 —154+16 —150+ 16
R,=05um oy; —347+15 —-337+£15 =307 +15

02 —456+16 —418 £ 16 —413 £ 16

thickness. After 5 min the roughness continued to decrease
and, consequently, A to increase. The situation stabilizes
for A values between 1.3 and 1.4 that corresponds to a
roughness of 0.18 and 0.2.

The initial roughness of the specimens with R, =
0.5 pm, evolves very quickly after the start of the test,
to a stabilized state sufficiently close to the roughness of
the specimens with R, = 0.1 pm, so that the supposition
of a no influence of this parameter on the lifetime can be
admitted. This hypothesis is corroborated, further on, by
the results of the RCF life tests.

Residual stresses

Table 3 shows the results obtained for the specimens
with R, = 0.1 um and R, = 0.5 um, before and after
RCEF tests.

It is verified that there is a good uniformity in the re-
sults obtained in the three areas, before the RCF tests.
The value of residual stresses in the axial direction (03;)
is significantly higher than in the circumferental direc-
tion. As shear stresses are extremely small, they are not
represented here. There was no significant scatter in the

© 2004 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 27, 811-823

measurements made in area 3, in several zones along the
specimen width (Table 4).

Table 3 also shows the results obtained in measure-
ments after RCF tests, in a specimens with R, = 0.1
pm. This specimen was tested with a Hertz pressure of
3 GPa and had a life of 10 million cycles. It is worth
pointing out the smaller compressive residual stresses
obtained in the centre of the rolling track. On the
contrary, (Table 4), at the extremities of the rolling
track the values remained of the same magnitude as the
untested specimen. This can be explained by the fact
that this specimen showed a very well-marked rolling
track, which is to say that it suffered strong cyclic
plastic deformation (Fig. 4) inducing residual stresses
relaxation.

The specimen with roughness R, = 0.5 pm are tested un-
der a Hertz pressure of 2.2 GPa for a duration of 10 mil-
lion cycles. The residual stresses measured in the three
zones (Table 3) reveal a relative persistence of values, as
much in the circumferential direction (o 11), as in the ax-
ial direction, although in this direction they are higher.
In the results obtained in the measurements across to the
specimen width (Table 4) the elevated compressive resid-
ual stresses values that appear in the centre of the rolling
track are highlighted, contrasting with what happened in
the specimen with R, = 0.1 um, tested with a larger Hertz
pressure of Py = 3 GPa.

Measurements were made to obtain the residual stresses
profile in the depth, before and after RCF test. The re-
sults can be seen in Fig. 6. This specimen was tested with
a Hertz pressure of 2.2 GPa and had a life of 10 millions
cycles. It is verified, through this residual stresses profile
analysis, made before RCF test, that the residual stresses
fall quickly to zero at about 20 um depth. On the other
hand, after RCF test, it is verified that there is a field of
compressive residual stresses, induced by the Hertz load-
ing, that extends to about 500 pm. Itis observed that there
is a peak of compressive stresses at about 240 um depth
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Table 4 Results before and after RCF test in area 3, in several points of the width (Fig. 2b)

1 2 Centre 3 4
o —378 + 12 —392+12 —385 + 11 —428 + 12 —403 + 12
Before RCF tests R, =0.1 pm o0 —570 £ 13 —578 + 12 —560 + 12 —588+ 12 —584 + 13
R, =0.5 um o1 —233 +£13 —260 £ 13 —291 +£13 —285+13 —-238+14
o2 —505 + 14 =511 413 —530+ 13 —533+13 —499 + 14
o1 —413 £ 16 —167 £ 15 —421 + 16
After RCF tests Ra=0.1 um on —735+18 -72+£16 —854+ 17
R, = 0.5 um o011 -231+17 —347+ 15 —183 +17
o0 —487 £ 17 —456 £ 16 —448 + 17
= ) . ‘ ‘ Depth [um]
&
= 500
g
7
=
=
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&
= -40 ——q Fig. 6 Residual stress profile before and
£ Aoy Before RCF test after RCF tests for the specimen with R, =
é =500 g gil After RCF test 0.5 mm; Py = 2.2 GPa; N = 107 cycles.
A T The deviation, 20, of the residual stress is of
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that is not significantly different from the calculated by
the Hertz theory: 262 um.

That is to say, the initial near-surface compressive
stresses due to machining are overwhelmed by cyclic plas-
tic deformation; this phenomenon is more accentuated
for more severe loadings and the elastoplastic and cyclic
Hertzian loading, introduces the maximum compressive
residual stresses at a depth corresponding to the maximum
shear stress.

Mechanisms and zones of cracking

The results of the RCF tests can be seen in Fig. 7 in a
Hertz pressure-life curve. It is not possible to observe any
influence on the results of the initial surface roughness.

tests.

This is maybe because the initial roughness reduction in
the first cycles of the test, as shown in Fig. 5.

On the other hand, observing the life of specimens as a
function of the loading level (Fig. 7), a great dispersion
of results is seen, so that there seems to be no inverse re-
lationship between the load level and the life. It should,
however, be noticed that no surface failures of the speci-
mens were verified for Hertz pressures less than 2.2 GPa,
even after more than 107 cycles.

It was observed that the specimen life is mainly affected
by the cracking morphology. Those that have a short life
present a deep spall (Fig. 8a) while the others, which have
alonger life, present a microspalling (Fig. 8b). This seems
to indicate that if there are no superficial defects that pro-
mote spalling, the life of these specimens can be very long.
Conversely, the appearance of superficial defects leads to

© 2004 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 217, 811-823
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Fig. 8 Deterioration types in the specimens with R, = 0.5 mm, after RCF tests: (a) Spalling Py = 2.2 GPa, N = 1.8 x 10° cycles; and (b)

Microspalling Py = 2.2 GPa, N = 107 cycles.

Rolling direction:

Fig. 9 Spalling in the specimens with R, = 0.5 mm, after RCF tests: (a) Pr; = 2.2 GPa, N = 3.78 x 10° cycles; and (b) Piy = 3 GPa, N =3

x 109 cycles.

premature failure. The crack nucleation zone that prop-
agates in the rolling direction, from the left to the right,
can be seen in Fig. 8a, on the left of spall. As we can see in
Figs 8 and 9, the spalling can have different forms depend-
ing on the position of the superficial defects in the rolling
track. In fact, it seems that, if the defect is on the cen-
tre zone of the track (Fig. 8), where the Hertz pressure is
maximum, the crack rapidly reaches the critical depth and
becomes uprooting. If the defects are far from the centre
track (Fig. 9), the stresses are smaller, and the propaga-
tion time of the crack increases, and consequently it needs
more time to reach the critical depth. That spall shows a
ductile rough zone, substantially greater than in the other
case.

NUMERICAL SIMULATION
Description of the model

Dang Van and Maitournam developed a systematic and
efficient process for the computational analysis problems
that involved loads in motion with constant velocity. This

© 2004 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 27, 811-823

procedure avoid slow and repetitive calculations because
the incremental treatment of the loading history. The al-
gorithm used here permits one to go directly to the steady-
state. This hypothesis is supported by the fact that the
reference frame moves with the loading. This means that,
in this reference frame, the velocity and all the physical
quantities are time-independent; so, if we make a variable
change, the mechanical fields are only dependent on vari-
able x (Fig. 10). That is to say, the numerical simulation
is similar to an instantaneous picture of the structure that
‘passes under’ the load. The plastic strain state when x
tends towards +00 is the initial state of the structure (rep-
resented in this discretization by the most distant points
located ahead of the loads); the plastic strain state at —0o
(represented in this discretization by the points located
far behind the loads) corresponds to the permanent resid-
ual strain after load pass (Fig. 10). Being so, in order to
obtain the residual stresses and strains in the whole struc-
ture, after the loading pass, it is only necessary to make
an elastoplastic calculaton with the plastic deformations
obtained at x = —oc0.
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Fig. 10 Integration points of the internal
variables of the steady-state method.??
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Fig. 11 (a) Surface from which the mesh is
generated; (b) Partial volume generated by
rotating the left surface and Hertzian load;

() (b)

To obtain the stabilized state after a finite number of
passes, it is only necessary to simulate the successive
passes. Each pass is made having as the initial state the
residual state of the preceding passage (this is at x = +00).
The stabilized state is attained when, at x = oo, the same
plastic strain is attained at x = 4o00. Elastic shakedown
occurs if all the plastic deformation tensor components
are constant, in any flow line (horizontal, in the case of
Fig. 10). A plastic shakedown occurs, if at least one of
these components varies between —oco and 400, and has
the same value at x = —oco and at x = +o00. Ratchetting
occurs, if from an iteration to another, an increase in the
absolute value at x = —o0 arises.

The three-dimensional finite element mesh used had the
real dimensions of the specimen (Fig. 11c¢). In order to de-
crease the number of elements and nodes, the mesh was
symmetric in circumferential plane, i.e., half the width of
the specimen. Three-dimensional rolling was achieved by
rotating the model, while the semielliptical Hertzian con-
tact distribution was maintained fixed. Figure 11a shows
the surface from which the volume is generated (Fig. 11b).
In this figure we can also see the Hertzian loading. This
loading does not take into account the effect of the lubri-
cation nor the effect of the surface roughness. The mesh is
made up of 5400 cubic elements and 6258 nodes. On the
internal diameter, the boundary conditions are restricted
in the three directions of mesh displacement and symmet-
rical conditions in the circumferential plane are verified
on the entire model.

(c) Total volume generated by rotating the
partial volume on the left.

©

The main file is organized as presented in the flow chart

of Fig. 12.

Contact conditions

Cyclic behaviour

Low-cycle fatigue and monotonic tests gave the results
shown in Fig. 13a. Throughout the strain ranges con-
sidered the material undergoes cyclic softening. The
elastoplastic material behaviour (yield strength, oy, and
linear kinematic hardening modulus, 4) is shown in
Fig. 13b. The calculations are made using data shown in
Table 5. The initial residual stresses profile is shown in
Table 6.

Fatigue calculation

The fatigue calculations are made using Dang Van high-
cycle multiaxial fatigue criterion. Taking into account the
obtained results, the stresses generate, firstly, an elasto-
plastic loading, followed by elastic shakedown of the
material.

The visualization of these results includes the identi-
fication of the elements with higher failure probability
in the critical zone of the model or the direct analysis
through the Dang Van diagram identifying, during the
loading trajectory, the elements at risk (Fig. 14). Solving

© 2004 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 217, 811-823
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Fig. 12 Numerical model flow chart.

the equation of the Dang Van high-cycle multiaxial fatigue
criterion

vVt e T, |T@)| + a.p() < B) (3)

itis possible to represent Dang Van’s isocriteria in each el-
ementary volume. That is to say, in all the elements where
this equation is greater than zero they have a strong prob-
ability to suffer deterioration and they are, consequently,
identified. Here, 7(¢) is the microscopic shear stress, p(z)
is the microscopic hydrostatic pressure, ¢ is the time and
T the loading cycle time. @ and B are material properties.

© 2004 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 27, 811-823

Two symmetrical straight lines in relation to the abscissa
or the hydrostatic pressure axis limit the safe domain of
the multiaxial fatigue criterion. These straight lines are
defined by starting from two points that are obtained
from classic fatigue tests: alternating torsion and alter-
nating tension or alternating or rotating bending. For the
32CrMoV13 quenched and tempered steel, the classic fa-
tigue tests values were obtained from the work of Barralis
and Castex:?? oy = 660 MPa and 7y = 380 MPa, where
orand T, are respectively, the endurance limit in rotating
bending and the endurance limit in alternating torsion.
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Fig. 13 (a) Monotonic and cyclic curves and hardening exponents and coefficients of each other. (b) Low-cycle fatigue tests results and

linear kinematic hardening law.

Table 5 Calculation data

Hertz Elastic Yield Kinematic
Load pressure modulus Poisson’s strength hardening
N) (GPa) (GPa) ratio (MPa) modulus (MPa)
1350 2.2 210 0.3 780 15500

Table 6 Initial residual stresses profile insert in the calculation file

Depth o circumferential o axial
(mm) (MPa) (MPa)
0 -300 —553
0.005 -256 —421
0.01 —111 -170
0.02 22 —38
0.045 -3 -31

RESULTS AND DISCUSSION

In Fig. 15a we can compare the results for the initial resid-
ual stresses obtained by X-ray diffraction with those cal-
culated with the numerical model.

Since the material was only polished, the initial resid-
ual stresses introduced have a small penetration (50 pm),
changing quickly from —400/-500 MPa, to almost zero.
They are more important in the axial direction (o). In
the finite element calculation we verify that the stresses
have the same values in both directions. On the surface
in the axial direction, the difference is significant, and the
stresses have the same values after 10 um depth. The dif-
ferences found in the axial direction may be related with
the boundary conditions chosen for the calculation of the
initial residual stress. In the circumferential direction we
verify a good relationship between the stresses measured
by X -ray diffraction and the calculated ones.

Shear stress, T

—

Damage
&
L) <
Non-damaging/' Damaging
loading path loading path
Hidrostatic pressure,'p

Fig. 14 Dang Van high-cycle multiaxial fatigue criterion: safety
domain and damaging and non-damaging loading path.

Figure 15b shows the comparison between the results
of the residual stresses obtained by X-ray diffraction and
those calculated after Hertzian loading. We can find a
good relationship between the two profiles, especially af-
ter a depth of 100 pm. There is also a difference between
measured and calculated stresses in the axial direction,
which may be due to the dimensions of the model in
that direction and with the form of the loading contact
area which is considered elastic and is in fact elastoplastic.
Figure 16a shows the plastic deformation (including a
zoom) in x. Vertical lines, below the rolling track, with the
same values in this case, both ahead and behind the con-
tact at a given depth, which means that elastic shakedown
occurs—all the components of the plastic tensor are con-
stants. Figure 16b shows the total deformation (including
a zoom) in y (with the greatest value in the depth).

All the elements that constitute the elementary volume,
where the loading path exceeds the limiting line of the

© 2004 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 217, 811-823
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Fig. 15 (a) Initial residual stresses obtained by X-ray diffraction (before RCF test) and by finite element calculation. (b) Residual stresses
obtained by X-ray diffraction (after RCF test) and by finite element calculation after Hertzian loading application.

Fig. 16 (a) Plastic deformation, epyy. (b) Total deformation, ey,
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Fig. 17 Dang Van high-cycle multiaxial fatigue criterion
application. Loading path in most severely loaded element.

Dang Van criterion, are identified. Figure 17 shows the
loading path in the most severely loaded element.

The critical elementary volume is the one closest to
the centre of the loading application. The closest cen-

© 2004 Blackwell Publishing Ltd. Fatigue Fract Engng Mater Struct 27, 811-823
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tre elementary volume is taken from the initial volume
of Fig. 11b, which has the surface shape of Fig. 11a and
has a very small thickness. From the calculations of the
Dang Van high-cycle multiaxial fatigue criterion it is pos-
sible to determine the most probable failure zones that
correspond to the elements where the loading path ex-
ceeds the limiting line of the criterion. The elementary
volume with the identification at the risk zones is shown
in detail in Fig. 18a. It is possible to isolate and extract
from the elementary volume mesh the rupture risk ele-
ments. Figure 18c shows these elements taken from the
Fig. 18a. It is verified that the damaged zone is quite big,
as much in the axial direction (width) as in the radial direc-
tion (depth). The thickness of these elements corresponds
to the circumferential direction. It should be noticed that
due to the chosen symmetry plan, the model only rep-
resents half of the deteriorated elements. It is predicted
that choosing other elementary volume close to the first
one (in the circumferential direction) a similar group of
damaged elements appears, although in smaller numbers
since it is away from the loading centre. Making the same
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Fig. 18 Elements with the highest probability of failure by the Dang Van high-cycle multiaxial fatigue criterion.

reasoning for all the elementary volumes that constitute
the initial volume it would be expected that the identified
risk zone would have a close configuration of the typical
spalling found in this material Fig. 18b.

CONCLUSIONS

Pure RCF experiments were conducted in 32CrMoV13
quenched and tempered steel. The influence of rough-
ness and residual stresses on the mechanisms and zones
of cracking were studied. The following conclusions are
made.

The results show a rapid decrease in roughness during
the first minute of test but even so there will be deteri-
oration of the specimens; consequently, there are no dif-
ferences in terms of Hertz pressure-life curve for the two
levels of roughness.

The compressive residual stress state induced by the
Hertz loading, to a considerable depth, stands out from
the analysis of the in-depth residual stresses profile. After
RCEF tests the largest value appears at a depth correspond-
ing to that where the maximum shear stress occurs. On the
other hand, a change in the residual stresses is verified in
the surface, due to elastoplastic cyclic loading.

A three-dimensional finite elements model to describe
the elastoplastic behaviour of this material using a lin-
ear kinematic hardening law was developed. This model
allows the introduction of an initial residual stress state

and is able to simulate the frictionless and no lubrication
rolling contact. We can point out: The initial residual
stresses profile calculated is closed to the one measured
experimentally.

The circumferential residual stresses profile calculated
after Hertzian loading is similar to the one measured by
X-ray diffraction, starting at 100 pm depth, beyond the
influence of roughness, which is notincluded in the model.

The axial residual stresses profile calculated has a differ-
ence of [100] MPa from the one measured experimentally
because of the specimen width dimension and the form of
the loading contact area.

The application of the Dang Van high-cycle multiaxial
fatigue criterion revealed the most probable locations for
the failure zones.
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