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Abstract Residual stresses are the sources of the typical deformation failures of bearing rings called
“ovality”. An innovative X-ray diffractometer was used to measure the tangential residual stress
state of bearing rings after the different manufacturing steps. The measurement requires no sample
cutting, thus, the stress state of the same rings were measured. This way the evolution of the stress
states of the same rings was possible to follow through their processing steps. It was shown that the
residual stress state of the rings varied in a wide range from compressive to tensile stresses. It was
also found that surface carburisation occurred at some positions on the circumference of some of
the rings during heat treatment. The composition change resulted in a non-uniform stress
distribution.

Introduction

Almost every production process such as forging, machining, rolling, cutting and the various types
of heat treatments result a specific residual stress state (RS) [1,2,3]. The magnitude and type of the
resulting residual stress may vary after each step of the production. Thus, the residual stress state of
a final product depends on numerous factors. Furthermore, the stress state of the product may vary
within a wide range. The production line of bearing rings consists of forging, cutting, heat treatment
and machining. The most common failure of the bearing rings is a geometrical distortion called
ovality. To avoid such failures, it is essential to be aware of the evolution of the residual stress state
of the semi-products during the whole manufacturing line. [4,5,6].

In this manuscript a series of residual stress measurements using X-ray diffraction performed after
the technological steps of production of bearing rings are presented. The aim was to monitor the
evolution of the residual stress state of the bearing rings during the manufacturing line. The
measurements were performed on the same inner and outer rings after the different productions
steps. The technological processes were performed by the manufacturer.

Experimental procedures

The examined bearing rings were made of 100CrMn6 alloy according to the EN ISO 683-17
standard (C:1.0; Si:0.6; Mn:1.1; Cr:1.5 [wt.%]). The outer and the inner rings were evolved from a
common semi-product. The first step of the process was hot forging at 1190°C. After this step the
rings were cooled down to 700°C in ventilated air. The next step was the turning. This was followed
by the severing and the separation of the inner and outer rings. After severing, the rings were
hardened: austenized at 835°C for 40 minutes then cooled in a 190°C salt bath which was followed
by tempering at 200°C for 25 minutes. The rings were placed in baskets (Fig. 1) during the full
hardening process. The inner rings were just piled up in the baskets, but the outer rings were settled
next to each other. Finally the hardened rings were finish-grinded. The stress states were measured
after the hot forging (1 step), the turning of outer ring (2" step), severing (3" step) and heat
treatment (4™ step). The tangential residual stresses were measured at 12 positions (labelled from 0
to 11) on the middle perimeter of both inner and outer rings. The locations of the 12 measured
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positions were the same after each technological step. 5 parallel rings were examined after each
processing get statistical data (project samples serial No. 1-5). After the 3" step only the outer rings
were measured.

a) after forging (1% step)

(2" step)

(3% F o

e) inner rings in the heat f) outer rings in the heat
treating basket treating basket
Fig. 1 The bearing rings after the different manufacturing processes

A Stresstech Xstress 3000 G3R X-ray diffractometer developed especially for non-destructive
residual stress measurements was used for the stress measurements. The speciality of this device is
that the equipment tilted during the measurement instead of the sample [3,7,8]. This feature allows
to perform measurements without sample cutting and made it possible to perform measurements on
the same rings after the different production steps. Cr radiation was used to measure the (211)
reflections of the samples. Data were recorded in 5 tilting positions in 2 mode in the -35° to 35°
interval with 10 sec exposure time and 1 mm spot size. For the calculation the following material
constants were used: Poisson’s ratio v= 0.3, Young’s modulus E11)=211000 MPa. Residual stress
profiles along depth were also measured on some rings (individual rings) after some of the
production steps. For such examinations a Struers Movipol 5 mobile electrolytic polishing
equipment was used to remove the surface layers of the material. A Mitutoyo displacement gauge
was used for the depth measurements with one pum accuracy. Light and scanning electron
microscopy (LM and SEM) were used for microstructure examinations.

d) after heat treating (4" step).

Results and discussion

Fig. 2 shows the measured residual stress values of the rings after the 1% processing step. The
scatter of the measurements never exceeded +20 MPa, therefore they are not marked. Fig. 2a shows
a compressive stress distribution between 150 and 250 MPa for all of the 5 project outer rings. The
circumferential stress distribution of the outer ring, project sample serial No. 1, 2 and 3 are quite
similar, while the stress values of 4 and 5 show lower compressive stresses. On the latter two rings,
a massive oxide layer remained after hot forging, therefore chemical etching had to be applied.
Consequently, the material removal resulted in lower stress values. Fig. 2b shows typical stress
differences between the outer and the inner rings after hot forging (project sample No. 3). Smaller
compressive stress was measured on the surface of the inner ring compared to the outer ones. A
depth profile and the full with at half maximum (FWHM) parameters were also measured on an
individual sample (Fig. 3.).
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Fig. 4 shows the residual stress data of both outer and inner rings after the 2" processing step. In
this step only the outer rings were turned. Due to turning, the compressive stresses of the outer ring
changed to intensive tensile stresses (Fig. 4a) while the inner rings preserved their stress states of
the previous processing step (Fig. 4b).
The severing did not make any detectable changes in the stress state of the outer rings (Fig. 5a). The
heat treatment (Fig. 5b) induced a near stress-free, relaxed condition. An increased scatter of data
was observed after this step therefore an individual ring from another heat treatment series was also
examined. Fig. 6 shows these results. The single data scattering of the project sample is higher than
the individual sample. The circumferential stress state varied between zero stress and ~300 MPa in
the individual sample. Two measuring positions (No. 0 and No. 3) were selected for comparative
depth profile measurements to obtain the reason of the stress state differences. The results are
shown in Fig. 7. An unusual tensile stress value was measured at the surface at the measuring
position No. 3 of the individual sample, while the same stress distribution was measured at position
No. 0 of the heat treated individual sample and in the heat treated project ring. At position No.3 of
the individual ring, the ~ 330 MPa tensile stresses occurred only at the surface and converged to 0
MPa with increasing depth. In 50 um depth, the stress-free state was reached. Thus, the scatter of
the heat treated sample and the observed unusual tensile stress of the outer ring are a surface effect.
Microstructure investigations were performed to describe the source of this surface effect.
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Fig. 2 Circumferential residual stress distribution after hot forging (1% step): a) outer rings (1-5
serial numbers) and b) RS comparison between outer and inner ring
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Fig. 3 Depth profile of residual stress and FWHM after the hot forging (1% step).
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Fig. 4. Circumferential residual stress distribution after turning of outer ring (2" step): a) RS in
outer rings (1-5 serial numbers) and b) RS comparison in inner ring (1-2 serial numbers) after the 1%
and 2" step
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Fig. 5. Circumferential RS distribution in outer rings (1-5 serial numbers): a) after severing (3"
step) and b) after heat treating (4" step)

AR W=\
.

[uny
o
o

-100

Stress [Mpa]
o

-200
300 . ™2 outprojectsample

-o-out individual sample

-400
o 1 2 3 4 5 6 7 8 9 10 11
Measured position

Fig. 6. Compared circumferential RS distribution of the heat treated individual sample and the heat
treated project sample serial No.2, which also presented in Fig. 5, out - outer ring
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Fig. 7. Depth profile of residual stress and FWHM at the 0 and 3 surface position of the heat treated
individual sample and a project sample.

Fig. 8 shows the microstructure of the cross section of the sample where the depth profile was
taken. The top of the picture shows the outer surface of the rings. The increasing compressive stress
on the depth profile is associated with the three different layers of structure formed after the forging
being decarbonized layers, lamellar perlite and spheroidal structure (Fig. 8a). After the heat
treatment the homogeneous tempered martensite structure is present in the project sample (Fig. 8b).
The source of the different stress distribution can be seen in Fig. 8c and d. The coarse martensite
structure in the near-surface region can be associated with the high tensile stress at measuring
position No. 3. of the individual sample. The stress-free structure at measuring position No. 0 shows
isotropic grain size (black rectangles in Fig. 8c. and d). The different microstructure is usually a
consequence of the different concentration of the sample which can be resulted from the processes
occurring during the heat treatments such as oxidation, carburation or decarbonisation. These
processes can occur because of the improper atmosphere in the heat treating furnace. The values of
the full width at half maximum (FWHM) of the diffraction profiles are of the best parameters to
show the concentration inhomogeneity of the samples. If the surface layer is decarbonised (Fig. 8a)
the FWHYV is increased (Fig. 3) and the structure can maintain a smaller compressive stress. The
heat treated individual sample at measuring position No. 3 shows the opposite effect in Fig. 7. The
increased carbon concentration on the near-surface region can be associated with the coarser
martensite structure (Fig. 8c).

Summary

A series of residual stress measurements using X-ray diffraction was performed after the different
technological steps of the production of bearing rings were presented. The measurements were
performed on the same inner and outer rings after the production steps which were hot forging
turning, severing and hardening heat treatment. The tangential residual stresses were measured at 12
positions on the middle perimeter of both inner and outer rings. It was shown that the stress values
of the rings vary between 600 and -200 MPa during the processing line. Some individual samples
were also examined to demonstrate the stress distribution along depth. The significance of each
technological step was demonstrated and the effects of the heat treatment failures such as
decarburisation, carburation, and oxidation were also presented. The effect of carburisation and
decarburisation in the near surface region during the heat treatment were observed by
microstructure analysis and the change in the full width at half maximum values (FWHM) of the
diffraction peaks used for the stress calculations.
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Fig. 8. Depth profile of microstructure feature. Top of the picture presents the outer surface of the
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