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ABSTRACT

This paper aims to study the effect of shot peening on the Rolling Contact Fatigue (RCF) life of EN 31 Steel sub-
jected to a pure rolling condition. Tests were carried out under lubricated contact conditions using a two-disc on-
cylinder test rig. The orthogonal stress distributions and depth of deformation zones under static loading condi-
tions were calculated using an elastic model by Finite Element Analysis (FEA) method. Shot peening increased the
surface hardness by 20 % and imparted residual stress, which resulted in a 2-fold improvement of life. The depth
of origin of the crack from the sub-surface was found to be in good agreement with the depth of maximum shear

region obtained from the finite element model.
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Introduction

Rolling contact fatigue (RCF) failure is evidenced as a
material flaking type of failure majorly observed in
bearings, gears, and rail wheels. This type of failure arose
due to the high intensity of localized stress results when
two curved surfaces or non-conformal surfaces which are
in contact, acted upon a normal load. This state of stress is
generally called the Hertzian state of stress and forms a
small volume of elliptical contact stress region within the
material [1-5]. There are two predominant mechanisms
observed in the case of RCF failures, they are, surface
originated spalling and subsurface originated pitting. These
modes of failures are depending on a number of factors
such as surface quality, lubricant properties and material
cleanliness [6].

Bearings are the major components experiencing sub
surface-initiated failures due to repeated contact load
during the operation. Most subsurface cracks originate
from the sub surface inclusions, which act as the dislocation
accumulation point and induce microplastic strain in it [7].
Different hardening techniques are used to improve the
rolling contact fatigue performance of the bearing steels.
Shot peening is one among the mechanical surface
treatment processes widely used in aerospace industries to
improve fatigue performance [8]. Shot peening is a high
strain rate method that produces high plastic deformation
on a target surface by bombarding small hard particles at
high velocity on it [9]. Compressive residual stress,
increased surface hardness and surface roughness are the
major outcomes of this process [10,11]. Dynamic and static
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strain ageing resulting from the shot peening will decrease
the dislocation mobility. Further deformation during the
process causes dislocation multiplication and induces a
compressive residual stress [10]. The enhancement of
fatigue life and reliability of the machine components are
the major focus of this treatment [12,13][14]. Since the EN-
31 steel is frequently used for bearing surfaces, it is
sometimes referred to as bearing steel. This study
investigates the effect of shot peening on the rolling contact
fatigue life of EN 31 alloy steel by using a twin disc-on-
cylinder test rig. FEA analysis for the same contact is
performed and analysed the surface and subsurface shear
stress distribution.

EXPERIMENTAL AND COMPUTATIONAL
DETAILS

Materials and methods

Forged steel of EN 31 grade is subjected to rough
machining followed by thermal treatment and finally a
superfinishing process is performed to achieve the desired
surface finish and hardness is used for the test. The
elemental composition of the material is tabulated below in
Table 1. The steel sample is hardened by homogenisation at
870°C for 20 minutes, followed by quenching and ageing
for 120 minutes to get the required structure and hardness.
The heat-treated sample is taken for a fine turning and then
lapping process for 15 minutes by using 0.5 - 1 pum
diamond paste and velvet cloth. This process is done
manually by fixing the sample in a lathe at a lower speed
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Table 1: Chemical composition (in wt.%) of EN31 grade steel

Element C Si Mn

Cr Ni Cu Fe

Weight (%) 118 030 0.34

1.52 0.03 0.007 balance

(a)

(b)

Fig. 1. (a) 3D contact model and (b) Meshing details of the model

range of 700 - 1000 rpm. Soon after the lapping, a set of
specimens is taken for a shot peening process by using S17
cast steel balls of 0.4 mm diameter. Different duration of
shot peening is considered for comparison.

Material characterisation

The specimens are taken for surface analysis to evaluate
the surface roughness and profile changes. This analysis is
performed under an optical non-contact profilometer
(NanoMap 1000WLI). The cross section of the specimen is
taken for surface and subsurface hardness analysis by
using micro hardness tester (AFFRI model 251 VRSA) with
a load of 10 kg and 10 sec dwell time. After RCF testing,
the samples were cut in a plane parallel to the contact wear
track and polished with a diamond paste of 0.4 um to see
the subsurface morphology. The subsurface crack analysis
is performed with scanning electron microscopy (Zeiss
Gemini SEM-300).

Finite Element Modelling

FE modelling is done to understand the surface and
subsurface stress distribution in the contact. The model
consists of a deformable disc of diameter 180 mm and
cylindrical rod of 10 mm diameter. The present model
developed takes the advantages from symmetries and
ignores the regions far from the contact with very less to no
stress. This model consists of two parts: one is the top half
of the disc and the other one is a cylindrical rod. A
symmetry boundary condition is applied on the top half of
the roller. The other half of the model was ignored in the
model because of negligible stress. The rod was radially
loaded by a single disc for reducing computation time,
whereas a two-disc test rig was used in the actual
experimental setup. Modern bearings are well lubricated
with low friction coefficient between rolling elements.
Considering this as an assumption a frictionless contact
was defined at the contact interfaces between the disc and
cylindrical rod. The cylindrical rod is loaded by a single
roller with the radial load of 1.3 kN. Using the interaction
module in Abaqus, the contact interaction between the
bottom surface of the disc and the top surface of the

TRIBOLOGIA - Finnish Journal of Tribology 1-2 vol 40/2023

cylindrical specimen are defined. General contact
algorithm is used for this study. This is defined for a
surface pair viz., the top surface of the specimen and the
bottom surface of the disc based on the user guidelines
from Abaqus[15]. Under the ‘normal behavior’ property
selection, a “Hard” contact condition is adapted from the
given options in Abaqus. Usually, this contact condition is
used to minimize the penetration of the slave surface into
the master surface at the contact locations and does not
allow the transfer of tensile stress across the interface. The
cylindrical rod is meshed with a total of 827680 elements.
To accurately capture the contact stress, a fine mesh has
been adopted in the vicinity of Hertzian contact shown in
Fig. 1. Quadratic hexahedral elements of type C3D20 (20
node brick element) were used at the region of contact to
predict the stress accurately. The region other than that of
the contact was meshed with a linear hexahedral element
C3D8 (8 node brick element). On the other hand, roller was
modelled as an isotropic material with elastic response
material using E = 210 GPa and disc was also meshed with
both C3D20 as well as C3D8 elements.

Analytical studies of contact stress

Formulas for principal stresses at the contact and the
variation of stresses at the sub-surfaces of the contacting
surfaces are taken from the K L Johnson model [16]. When
two non-conforming convex elastic bodies are brought into
contact and applied with the normal load will deform the
surfaces to form an elliptical contact region, with major
and minor axes being ‘a” and ‘b’ respectively.

Contact pressure calculation:
Maximum contact pressure at the elliptical contact
region is given by,
S
3

Pras = & (2) 1)

T REZ

Where,
W = Applied load in kN
E* = Compound modulus (kN/mm?)
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Shear stress calculation

The stresses along the z-axis can be calculated by using
the relation given in [16].
Shear stress is given by.

~aen (=) (9} (2+5)
(1+5)"

Specific lubrication film thickness calculation

-1
o

Prax

]
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The thickness of the lubricant film that separates two
surfaces plays an important role that depends on a few
factors, notably the oil's viscosity, which varies with both
temperature and pressure and surface roughness. The
specific lubricant film thickness (Aratio) is the parameter
which is used to identify the lubricant working regimes
such as boundary lubrication, mixed lubrication, elasto-
hydrodynamic and hydrodynamic lubrication. It is defined
as the ratio of the film thickness (ho) divided by the
composite surface roughness of the two surfaces that are

separated by the fluid film defined in equation 5 [17].

R; and Roare the surface roughness of the contacting
bodies. The minimum film thickness hqcan be found out by
the Dowson- Higginson relation defined in [18].

feg

(3)

ratic — | -
un',‘-r By

Rolling contact fatigue testing

Rolling contact fatigue test is performed in a two roller-
single cylinder standard test rig. The schematic of the rig is
shown in Fig. 2(a). The test rig comprises two larger rollers
of outer diameter 180 mm and a nose radius of 6.35 mm.
The arrangement for holding the specimen is made by
using a collect in the range of 10- 15 mm and is connected
to a high-speed motor having a maximum speed capacity
of 24000 rpm. Both the rollers are connected with a load
cell, and the pneumatic actuator aids to control the load
applied to the specimen. A speed sensor is placed near the
specimen and a vibration sensor placed near one of the
roller discs to measure the vibration level. A small
lubricant tank with a lock and nut control system situated
above the specimen so that the proper amount of lubricant
can reach the contact point of the roller and specimen. The
two discs along with the cylindrical specimen constitutes

an elliptical hertzian contact schematically depicted in Fig.
2(b)

| Lubrication

| Loading discs

Specimen

U

| Speed sensor

| Vibration sensor |

I Pneumatic cylinder

| Elliptical contact

Fig.2: Disc on cylinder test rig (b)

Table 2: Testing parameters

(b)

Schematic of the Hertzian elliptical contact

Parameter value
Load 1.3 kN
Speed 12500 rpm
Contact pressure 4.47 GPa
Aratio 0.3-1

Slip 0 %
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Fig. 3. (a) variation of shear stress on z-axis with contact pressure (b) variation of shear stress and depth of maximum shear

stress with different contact pressures.

Testing conditions

Rolling contact fatigue tests were carried out on a two-
disc single motor test rig under a mixed lubrication
condition. The experimental parameters used for the test
are listed below in Table 2.

Auto termination of the experiment is according to the
vibration value of 10g (g- acceleration due to gravity) set
on the machine. Most of the tests terminated by the
formation of a pit on the contacting surface.

RESULTS AND DISCUSSION

Subsurface stress analysis

The normal and shear stress distribution at the contact
is analyzed by FEM and the results are compared with the
values obtained analytically. The analytical equations used
to compute all contact parameters taken from [16]. For all
the applied loads, the maximum shear region is always
formed at the subsurface and the area of the stress region
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Fig. 4. Variation of elliptical axes with contact pressure.
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increases with increase in applied load shown in Fig. 3a.
The maximum value of shear stress is formed below the
contact surface. The magnitude of shear stress and the
depth at which maximum shear stress acting will be
increased with an increase in applied load depicted in Fig.
3b.

The variation of major and minor axis of the elliptical
contact (3D) is seen to be increased with increasing
pressure seen in Fig. 4. It is interesting to note that the
values of the major and minor axis are seen close by at
lower contact stress. As the contact pressure increases, the
variation is found to increase significantly.

Fig .5 shows that the contact pressure generated at the
surface due to static load of 1.3 kN. The maximum pressure
reached is 4.475 GPa at 1.3 kN, which relatively matches
with the analytically calculated value of 4.42 GPa. The
obtained profile of the contact pressure distribution is
elliptical in shape and confirmed with Hertzian contact
theory for non-conformal contact [19].

The values of semi major and semi minor axes are 0.3
mm and 0.4 mm shown in Fig. 5, as well as matches with
analytical values of 0.3 mm and 0.36 mm respectively. The
subsurface stresses for the Hertzian point contact were

CPRESS
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Fig. 5. Distribution of contact pressure on the surface of contact.
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Fig. 6. Distribution of maximum subsurface shear stress due to applied static load of 1.3 kN.
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Fig. 7. (a and b) orthogonal shear stress distribution and its variation during static load.

determined for material properties listed in Table 1. Fig. 6
illustrates the subsurface shear stress contours for the point
contact pressure distribution.

Fig .7 depicts that the shear stress reaches its maximum
value at a distance of 0.15 mm below the contact surface as
per the Hertzian contact theory.

The orthogonal shear stress developed at normal and
parallel to contact surface region. These shear stresses
appear at three different planes such as Ty, T« and 1y, in all
of which maximum value is observed below the surface.
However, the contact geometry will be the important factor
in deciding a significant Tmax value and their respective
plane. In this case the maximum tmaxvalue lies in the xz
plane since the long-half width is perpendicular to the
rolling direction and short-half width of the contact is
oriented along the rolling direction. The maximum value of
Tmax 1S located at 0.154 mm below the surface of contact.
During the full load condition, the material undergoes
completely reversed cyclic stress from Tmax of 1045 MPa
and Tmin of -1045 MPa.

Effect of shot peening on the surface

As seen in Fig.8, the optical profilometry of the
specimen surface before and after shot peening
demonstrates a significant change in their topography.
The surface with no shot peening contains only shallow
channels and tiny pits that are formed during the
machining process depicted in Fig. 8a. The surface
roughness value for the same surface obtained was 84.12
nm. Shot Peening for 15 minutes raises the average surface
roughness to 94.21 nm. More lands and microcavities are
built upon increasing the shot peening duration to 30
minutes and the average surface roughness value increased
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by 514.81 nm depicted in Fig. 8(b). Even though the surface
irregularities detrimental to fatigue performance [20] it has
been reported that the surface irregularity like lands and
microcavities formed during shot peening process can act
as lubricant reservoirs and, the lubricant emitted from such
reservoirs increases the film thickness between the contacts
[21]. It has been reported that the surface topographical
changes (surface irregularities) show negative effects
predominantly during “elastic hydrodynamic” lubrication
due to larger pressure fluctuations at the contact surface.
However, topographical changes have a favourable impact
on RCF performance when asperity interactions occur, as
in the mixed and boundary lubrication regimes. At these
regimes, lubricant produced by micro-dents can
successfully lift off the real roughness characteristics,
reducing asperities interactions [22].

Hardness analysis

The cross section of the specimen is collected for the
examination of the surface and subsurface hardness to
identify the variation in hardness according to the shot
peening time. The data in Fig.9 show that a progressive rise
in surface hardness is observed as shot peening duration is
increased. The material exhibits an average surface
hardness value of 600 HV without shot peening. The
highest surface hardness was obtained for 30 minutes of
shot peening (710 HV) as compared to the 10-minute shot
peened specimen (652 HV).

RCF Life

The boxplot in Fig. 10 shows the average RCF life
calculated from three sets of experiments. It can be seen
that when shot peening duration increases, the cycle to
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No shotpeening

Fig. 8. Surface profiles of the specimen (a) before and (b) after
shot peening

—=— No shotpeening
—&— 15 mins shotpeening
—&— 30 mins shotpeening
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Fig. 9. Hardness profile of the shot peened specimens for
different duration of time

failure also increases. An average RCF life of 1.15 million
cycles is shown by the sample without shot peening. When
the specimen was shot for 15 minutes, the RCF life was not
found to significantly increase. However, almost 2-fold
improvement in life is observed when the shot peening
duration is increased to 30 minutes.

Taken together, these results suggest that the duration
of the shot peening process and its impact on RCF life are
considerable. Although the RCF life of the shot peened
samples (30 minutes) is better than the non-shot peened
specimen, the extent of the improvement varies depending
on how long the shot peened specimen has been exposed
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Fig. 10. Variation cycles to failure for shot-peened samples

with time

to the shot. This might be as a result of the hardness
increment variance depending on how long the shot
peening process takes. Another explanation for this
improvement in RCF life is the generation of compressive
residual stress on the surface and in the vicinity of the
surface during the shot peening process [8]. These
induced compressive residual stresses tend to close the
fatigue cracks formed and delays its propagation [22,23].
The additional microcavities created during the 30-minutes
shot peening process is also one of the possible reasons to
enhance the RCF performance in such a way that it can act
as the lubrication reservoirs and delays lubricant film
breakage. Previous studies reported that the lubricant
released by shallow micro cavities can contribute to a
temporary increase in film thickness, and consequently
lowers the possibility of asperity interaction. The same
study also revealed that the lapping process after shot
peening process, eliminates the asperity peaks which in
turn reduces the chances of asperity interaction as well as
the internal stresses induced by the asperity contacts [21].

Subsurface crack analysis

A detailed subsurface crack analysis was performed in
order to comprehend the crack origin and its propagation
in line with stress distribution over surface and subsurface.
Since the FEA analysis does not account for the hardness
change caused by the shot peening process, a non-shot
peened specimen is chosen for the subsurface crack
investigation. Fig. 11a depicts the schematic of the failed
specimen and the cross-section of it via the centre of the pit
used for the subsurface examination. SEM images of a
surface pit are shown in Fig. 11b, the pit's typical size
ranges from 600 to 750 um, and its depth ranges from 20 to
60 um. The major surface and subsurface cracks propagate
and connect before they spall at the subsurface at a depth
of 165.5 microns as seen in Fig. 11c. Minor subsurface
cracks origin then seen branching out and spreading
further were observed.

From the plot (Fig. 7), it is clearly observed that the
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Fig. 11: (a) Schematic of the failed specimen by pit formation (b) cross section of the pit taken for microscopy (c) SEM im-

age of the subsurface crack.

maximum value of shear stress is observed at the
subsurface at a depth of 154 microns below the surface.
The maximum shear stress region from the Fig.7 shows a
good agreement with the subsurface crack network region
obtained from the experimental studies (Fig.11). This
maximum value of subsurface shear stress may be the
reason for the origin or branching of the subsurface crack.

CONCLUSION

Experimental studies were conducted to study the
effect of shot peening treatment on the RCF life of the EN3
31 steel. The shot peening process and its duration
significantly impact rolling contact fatigue life. Shot
Peening process increases the hardness of the material,
leading to significant RCF life improvement. The period of
30 minutes shot peening increased hardness by 20.33%-
and 10-minutes shot peening increased by 10.16% and also
showed better fatigue life than no-shot peened specimens.
shot peening for a shorter duration (10 minutes) doesn’t
give a significant improvement in RCF life, and that of
longer shot peened specimen (30 minutes) shows a
significant life improvement. The subsurface crack network
region obtained from the experiential result significantly
matches the maximum shear region obtained from the
analytical and simulation calculation

Future work:

eEffect of contact pressure and rotational speeds on the
rolling contact fatigue performance of a shot peened
ENB31 steel

eEffect of shot peening intensity on rolling contact fatigue
life of EN 31 steel
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