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0. Executive Summary
In this task, the experimental work related to the analysis of the effect of microstructure and
residual stresses generated in the induction hardening manufacturing process on the RCF life
of large pitch bearings is carried out. Although all the tests are performed in small cylindrical
samples, the approach of the task is focused on CS1 of the project, in such a way that the
samples were obtained from a real pitch-bearing ring provided by LAULAGUN (i.e., the same
material and the same previous manufacturing). The induction hardening process for the
samples was also performed in an equivalent and proportional mode than in a real pitchbearing ring.
The main milestones reached in this task are:
•
•

•
•
•

Design and commissioning of a RCF test bench for cylindrical samples.
Sample preparation:
o Manufacturing from a real pitch-bearing ring to reduce uncertainties.
o Induction hardening with controlled process input parameters.
Experimental characterisation of samples: microstructure, hardness and residual
stresses.
RCF tests to quantify the effect of the different residual stress profiles generated by
induction hardening in fatigue life.
Postmortem analysis of the tested samples.

The main conclusion of this task is the experimental demonstration that residual stresses affect
fatigue life performance. Compression residual stresses generated by manufacturing
processes, such as induction hardening, improve the RCF life of the components.
This task is linked to Task 2.3 in WP2, where an induction hardening simulation tool was
developed to predict the microstructure, hardness and residual stresses on the components.
With the results obtained in the RCF simplified tests, the simulation results of Task 2.3 are
validated. Then, the developed simulation methodology could be employed by component
manufacturers in order to optimise the induction hardening process by means of increasing
product quality and energy efficiency, but also to manufacture better bearing designs with
tailored residual stress profiles to improve fatigue performance in service.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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1. Introduction
Rolling contact fatigue (RCF) is a well-known failure mode in pitch-bearing raceways
(deliverable D1.2 summarised the expected failure modes in pitch bearings), where the crack
is initiated on the subsurface and propagated until a spall appears at the surface. Because of
the contact between the rolling element and the bearing ring, a cyclic multiaxial stress state
appears on the bearing, which generates RCF failure. The microstructure and residual
stresses of the bearing raceway may be relevant in the fatigue performance of the raceway.
These properties are a result of the manufacturing processes. In the case of pitch-bearing
raceways, the induction hardening process is crucial because of its high impact on
microstructure and residual stress profiles and because it is one of the final processes in the
entire manufacturing chain.
In this task, an experimental characterisation of the RCF behaviour of cylindrical samples is
performed by means of a simplified fatigue test bench. Different residual stress profiles and
microstructures were generated on the samples, varying the input parameters of the induction
hardening process. Samples with different residual stresses were tested in the RCF test bench
to evaluate the effect of the manufacturing process on fatigue life.
This task is related to Task 2.3, where a simulation methodology of the induction hardening
process is developed focused on CS1. The experimental characterization performed in this
task (microstructure, hardness and residual stresses) was used to validate the simulation
models of Task 2.3.
The task was developed in collaboration between IKERLAN and LAULAGUN. The main
activity was carried out by IKERLAN, while LAULAGUN provided the material for the
specimens and the specifications for the induction hardening process. The induction process
was also supported by LAULAGUN in order to reproduce similar hardening values on the
surface of the cylindrical samples.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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2. Objectives and Expected Impact
The main objective is to perform an experimental evaluation of the relation between the
microstructure and residual stresses generated with the induction hardening process and
fatigue life.

2.1. Objectives
The task has these specific objectives:
1.
2.
3.
4.
5.

To design and commission a simplified RCF test bench.
To manufacture cylindrical samples with different microstructures and residual
stresses with the induction hardening process.
To conduct an experimental characterization of microstructure, hardness and
residual stresses on the samples.
To evaluate the influence of the induction hardening residual stresses on the
RCF life.
To carry out post-mortem characterization after fatigue test.

2.2. Expected Impact
The results of the research performed in this task and in Task 2.3 will generate more
knowledge in relation to the effect of manufacturing processes of components on their fatigue
behaviour in service. It is expected that this new knowledge will impact the design of new
components, in which the effect of manufacturing processes will be taken into account to
produce optimized and more reliable products. The experimentally validated simulation models
of induction hardening will also lead to an optimization of the processes, mostly in the heating
phase, to reduce energy consumption, increase efficiency, and potentially increase production
rates. Finally, this knowledge relates the service life of the component with its manufacturing,
allowing in this way to design tailored processes (e.g. tailored residual stresses) to improve
the final component fatigue behaviour in service.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.

8

D3.1 – Simplified fatigue test bench results for microstructural characterisation

3. RCF Test Bench
This section details the steps followed during the design, construction, and commissioning of
the developed test bench to perform simplified RCF tests on cylindrical samples.
Based on an initial analysis of the state-of-the-art equipment and on the equipment already
available in IKERLAN, the first conceptual ideas were developed in this task. The most
interesting design was selected, and the test bench was manufactured and assembled. Some
incidents were found during the first validation tests, so design modifications were made on
the test bench. The redesigned simplified test bench fulfilled all the RCF test requirements and
was finally validated for completing the RCF test plan of Task 3.1.

3.1. State of the art
The three-ball-on-rod test was used by several researchers, including Shen et al.2, Guetard et
al.3 and Nygaard4, to study rolling contact fatigue behaviour. Glover proposed the test rig in
1981, and it is still used in academia and the industry because of its simple set-up for
determining RCF in cylindrical components. See Figure 1 for a graphical representation of the
test rig, where the rotating mechanism is coupled to the cylindrical test specimen, which is
placed in the centre of the set-up. Two conventional tapered bearing cups push the three balls
radially onto the surface of the test specimen, and the load is controlled by springs.

Figure 1. Schematic representation of the three-ball-on-rod test.

To develop the RCF test bed, we have considered the design defined by Federal-Mogul5 as
reference. This work specifies two ways to develop the test bench depending on the rotating
elements. In addition, there are two related patents by Martin6 and Nelson7 that further detail
some of the factors to be considered in the development of the test bench.

2

Y. Shen, S. M. Moghadam, F. Sadeghi, K. Paulson, R. W. Trice, Effect of retained austenite - Compressive residual stresses
on rolling contact fatigue life of carburized AISI 8620 steel, International Journal of Fatigue 75 (2015) 135–144.
3
G. Guetard, I. Toda-Caraballo, P. E. Rivera-D´ıaz-Del-Castillo, Damage evolution around primary carbides under rolling contact
fatigue in VIMVAR M50, International Journal of Fatigue 91 (2016) 59–67.
4
J. R. Nygaard, Understanding the Behaviour of Aircraft Bearing Steels under Rolling Contact Loading, Thesis (2015).
5 Zatetsky, E. V., Parker, R. J., and Anderson, W. J., "NASA Five-BaU Fatigue Tester—Over 20 Years of Research," Rolling
Contact Fatigue Testing of Bearing Steels. ASTM STP 771. J. J. C. Hoo, Ed., American Society for Testing and Materials, 1982,
pp. 5-45.
6 Marvin J.Minter. (1984). Rolling Contact Fatigue Test Assembly (U.S. Patent No. 4,452,065). U.S. Patent and Trademark Office.
7 Nelson Bacigalupo, Ann Arbor; Douglas Glover, Mary-Jo Liston, Robert W. Frayer, Jr., James Tish, Leontios Res, James Fidler.
(1998). Stationary Element Rolling Contact Fatigue tester. (U.S. Patent No. 5,837,882). U.S. Patent and Trademark Office.
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3.2. Available RCF test bench
The test bench developed in this task is an adaptation of a previously existing RCF test bench
at IKERLAN. The original bench was designed to perform RCF tests on flat bearing raceways
(described in Deliverable 3.2, Task 3.2). Figure 2 shows the available bench, where the bearing
to be tested is shown with two red rectangles; the orange rectangles represent the oversized
bearing used to support the loads transmitted by the piston to the structure.

4

3

2

1

Figure 2. Available RCF test bench.

The system is composed of the following parts:
1. A motor that offers rotation speeds from 40 to 400 rpm.
2. A rotating base to support the loads transmitted to the specimen under study (piece in
red in the previous image).
3. A plate, which is placed on the specimen under analysis and whose rotation is blocked.
4. A piston with a 200 kN capacity.

3.3. Initial conceptual designs
The selected concept for the new RCF test bench was the three-ball-on-rod test described in
Section 0. First, the design adaptation for the available RCF test bench was performed, for
which two options were considered:
•
•

Use a static specimen and rotate the outer rings that support the balls, based on the
patented design by Nelson Bacigalupo7.
Apply the rotation to the specimen and avoid the rotation of the outer rings that support
the balls, based on the patented design by Marvin J. Minter6.

The implications of each of the above design options are shown below.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.

10

D3.1 – Simplified fatigue test bench results for microstructural characterisation

Static specimen:
•
•

•

•

•

This implies the use of a similar concept to that proposed in patent US58378826.
Theoretical changes necessary to perform in the existing bench: Four minimum lathemade parts plus one extra bearing that supports greater loads than the bearing or
system under study.
The piston can be used to apply the compressive load on the rings that push the balls
against the specimen. However, it requires the introduction of a smaller load cell to
ensure the accuracy of the applied load.
The test specimen is completely confined between other parts; thus, it is inaccessible
once the system is completely mounted. The holding system for the test specimen
should be analysed.
This model would imply the substitution of the entire system above the red line shown
in Figure 3.

Figure 3. Available space and where the system would have to be housed if a static specimen
is used.

Rotating specimen:
•
•
•

•

•
•

It implies the use of a concept like the one proposed in patent US4452065.
Changes needed on the bench: Three lathe-made parts (one large) plus a coupling
between the specimen and the motor output shaft.
The piston can be used to apply the compressive load on the rings that push the balls
against the specimen. However, it requires the introduction of a smaller load cell to
ensure the accuracy of the applied load.
The specimen is also completely confined between parts and is tied to the motor
located in the lower part, requiring the disassembly of the entire setup to exchange the
specimen.
It requires major modifications to the bench and would not allow its use to perform the
other tests in parallel.
The use of this configuration would imply important downtime due to the complications
that they contribute to the assembly process, dismantling of specimens… In Figure 4,
the red line indicates the components that would be substituted.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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Figure 4. Available space and where the system would have to be housed if a rotating
specimen is used.

Considering all the above, it was established that the best option for the three-ball-on-rod RCF
bench was the static specimen configuration. In Figure 5, the initial conceptual design is
shown.

Force
Ensure fixation

Ensure turning joint
Fixation with turning table

Centrage with turning table
Figure 5. Initial conceptual design of the RCF test bench.

3.4. First test bench design
Figure 6 shows a sectional view of the first detailed design of the RCF test bench. Out of the
image, there is a rotary table at the bottom and a piston that allows a compression load to be
applied towards the rotary table at the upper part.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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Figure 6. Section view of the developed test bench.

Description of the different components:
1. Plate used to block the rotation of the upper part (specimen holding part).
2. Structural block to which the different sensors and the specimen under study are
attached.
3. Bearing that is responsible for transmitting the higher force to the rings of the conical
bearings (7) so that they apply a load to specimen (5) through the balls (6).
4. Rigid commercial coupling used to tie the specimen (5).
5. Specimen to be analysed.
6. Ball bearings that are responsible for converting the compression force into radial force.
7. Outer tapered bearing ring.
8. Top conical hoop support.
9. Support tied to the rotary table. There are some pins that are responsible for
transmitting the rotary movement between the upper and lower support.
10. Inductive sensor used to count the number of stress cycles caused by the balls.
11. Load cell used to measure the compression force applied to the system.
After the manufacturing and assembly of the bench, set-up tests were carried out to validate
the system. The results of these tests were not successful; an oscillating movement of the
parts joined to the upper support was observed. In the design phase, it was considered that
the upper support had a well-defined in-plane position because it was supported on three
points (i.e. three balls), but the first validation tests showed that this consideration was
incorrect.
Taking this into account, a CAD geometric analysis was made to evaluate and solve this
problem (Figure 7). These analyses showed that the developed system enables ball joint
behaviour, which generates a non-uniform load between balls and specimens.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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Figure 7. Basculation of the upper part.

Considering this, different solutions were proposed and evaluated. Among others, the selected
design modification was to place loading springs on the periphery of the initial system in such
a way that they applied a compression force between the upper and lower rings. A multi-body
dynamics analysis showed that this design modification would provide the stability that the
system requires to apply the load properly. Therefore, the design modification was developed
following this solution.

3.5. Final design of the test bench
In Figure 8, a section view is presented to observe the final configuration of the designed and
manufactured test bench for the RCF tests of the specimen in greater detail.

Figure 8. Design of the final RCF bench

The great difference with respect to the previous design is in the two subsets shown in Figure
9. The supplement on the right is tied to the rotating table on which the rest of the structure
rests, while the supplement on the left rests on the support of the upper conical ring (8) (Figure
6). The six springs placed between both supplements are responsible for transmitting a
compression load between the two supports, ensuring that the system does not tilt. On the

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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other hand, due to the limited space available, it is very difficult to measure the exact force that
transmitted to the balls, for which the springs have been characterized before mounting them.
Due to their reduced rigidity, sufficient precision for the load applied is known (5% error). Given
the possibility that there is a slip between the balls and the bearing rings, an inductive detector
has been placed that is in charge of counting the number of cycles carried out.

Figure 9. Supplements applied to initial bank setup.

Figure 10 shows a picture of the final version of the test bench used in the task.

Figure 10. RCF test bench employed in the task.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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4. RCF Samples
In this section, all the work related to the preparation of the RCF specimens is described, from
the manufacturing steps to the sample characterization before the RCF testing. The
experimental correlation with the induction hardening process simulation is also summarized
(in relation to task T2.3).

4.1. Manufacturing of the specimens
The 42CrMo4 cylindrical samples were obtained from a real pitch-bearing section. In
collaboration with LAULAGUN, the first machining operations were made to get material blocks
with dimensions of 280x200x200 mm from sections cut from a real bearing ring. In this way,
the material employed in the samples is the same as that of the bearing rings. Further
machining was performed to obtain 20 mm diameter and 75 mm length specimens from the
blocks. Note that the samples were obtained in the tangential direction of the bearing ring. In
Figure 10, the sample manufacturing process can be seen, from the bearing ring to the 20x75
mm cylindrical samples.

Bearing ring

Figure 10. Schematic representation of sample manufacturing.

The next step in the sample manufacturing was to perform the induction hardening process.
The objective was to generate samples with different microstructures and residual stresses,
so scanning induction hardening with different process parameters was performed. In Table 1,
the four different sample types (A, B, C and D) are shown. The frequency was set to 17 kHz
with a power of 38-45 kW in all of the samples, and the inductor was an internally cooled singleturn coil with a 27 mm internal diameter. Hardened cases with a depth of 2 mm and 4 mm were
achieved at different scanning speeds, using 11 mm/s for the 2 mm case depth and 9 mm/s
for the 4 mm case depth. The quenching media had two different polymer concentrations (12%
and 4%) in order to obtain two different cooling rates in the specimens. The polymer used was
the commercially available AQUACOOL VSL-FF. For quenching applications, the bigger the
polymer concentration, the lower the cooling rate; this theoretically generates residual stresses
of lower magnitude.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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Specimen

Case depth [mm]

A
B
C
D

2
2
4
4

Polymer concentration [%]
4
12
4
12

Table 1. Induction hardened sample types

The induction hardening process was performed in an external company. Figure 11 shows a
picture and a schematic representation of the scanning process.

Figure 11. Schematic representation of the induction hardening process (left) and photograph
of the process during scanning.

Finally, after induction hardening, a fine surface grinding operation (0.2 mm) was required to
adjust the final diameter of the sample and to ensure proper fixation in the RCF test bench.

4.2. Experimental characterization
Axial and hoop residual stresses were measured with the incremental hole drilling technique.
Following the non-uniform stress procedure in ASTM Standard E837-13a, the stresses were
measured in 1 mm depth using type-B rosettes.
Measurements were performed at three different stages of the sample manufacturing:
1. Before induction hardening (base material).
2. After induction hardening and before grinding.
3. After grinding and before the RCF test.
Figure 12 shows the residual stresses measured in two samples before the induction
hardening process. A compression residual stress peak (150–300 MPa) can be seen very
close to the surface (0.05 mm depth). It is assumed that this residual stress is due to previous
machining operations. After the mentioned compression peak, residual stresses are 0 from 0.1
mm to 1 mm depth.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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Figure 12. Residual stresses before induction hardening.

Figure 13 shows residual stress measurements after induction hardening and before grinding
in the axial direction of the cylindrical sample. The graph shows curves for each type of
induction hardened sample (A, B, C and D), where each curve is the mean value of four-hole
drilling measurements. The measurements are done in different samples. Two sample groups
are observed:
1. Low compression residual stress profile in samples B and D.
2. High compression residual stress profile in samples A and C.
Low compression residual stresses (B and D, Table 1) are generated due to a lower cooling
rate (12% polymer solution). Considering the residual stress value at 0.3 mm depth as a
reference value, a -525 MPa mean residual stress value is observed in these samples. On the
contrary, high compression residual stresses with a mean value of -775 MPa are observed in
samples (A and C) with higher cooling rates (4% polymer solution).

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.

18

D3.1 – Simplified fatigue test bench results for microstructural characterisation

-525 MPa

-775 MPa

Figure 13. Residual stresses after induction hardening.

The last residual stress measurement was done after induction hardening and grinding of the
samples. This is the tensional state in which the samples are tested in the RCF test bench. In
Figure 14, three residual stress measurements for A type samples before grinding and one
more measurement of another A sample after grinding are shown. On the one hand, a high
repeatability between samples A1 to A3 before grinding is observed. On the other hand, it can
be concluded that the grinding operation does not affect the tensional state of the samples. It
should be remarked that only 0.1 mm (in radius) is removed from the sample.

Figure 14. Residual stresses after grinding.

Although the main characterisation was for residual stresses, microscopic observations and
hardness measurements were also performed on the hardened case. Figure 15 shows an

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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optical microscopic image where the martensitic phase in the hardened case was confirmed.
A Vickers hardness profile measurement is also shown in Figure 15 for samples C and D. Both
microstructure and hardness characterisation showed a good quality hardened case.

Figure 15. Hardened microstructure (with a magnification of x500) and hardness measurement.

4.3. Induction hardening simulation model validation
In WP2 Task 2.3 of the project, a new advanced method for the simulation of the induction
hardening process was developed. Figure 16 shows the multiphysic approach and the coupling
interactions of the simulation model developed in Task 2.3. In this task, the microstructural,
hardness and residual stresses experimental characterizations were employed for an
experimental validation of induction hardening simulation models.

Figure 16. Multiphysic approach of the induction hardening simulation model.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.
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Simulation model validations were performed in a static induction hardening process. Both
experimental tests and numerical simulations were carried out using a six-turn copper tubing
inductor surrounding the workpiece, obtaining an approximate hardened depth of 2.5 mm. The
voltage and the current were measured by means of a differential voltage probe and a
Rogowski current transducer, respectively. The mean value of the current during the
experiments was 450 A (RMS) with a frequency of 31 kHz. K-type thermocouples were spotwelded to the surface of the specimens, and the temperature during the process (heating and
quenching) was registered. The quenched specimens were cut and microhardness Vickers
measurements were carried out according to the International Standard ISO 6507-1:2018 after
hot mounting, grinding (abrasive grit size of 220, 320 and 1200), polishing (9 μm and 1 μm
diamond suspension and final polishing with colloidal silica suspension) and 2% Nital etching.
Vickers (0.5 HV) indentations were carried out with 0.25 mm spacing in the hardened layer
and transition zone and 0.5 mm spacing in the core. The final microstructures in the hardened
and non-hardened areas were studied by optical microscopy.
In Figure 17, a summary of the simulation model and its results can be observed. Temperature,
microstructure and residual stress results are shown.

Figure 17. (a) Schematic representation of the geometry and mesh used for the induction
hardening model, (b) peak temperatures achieved after induction heating, (c) final martensitic
phase fraction and (d) axial residual stresses in MPa.

In Figure 18, a micrograph of the sample can be seen, and the microstructures can be
observed from the hardened surface to the untreated core. The area of study is marked in
Figure 17 (c). In (a), the transition between the hardened and non-hardened zones can be
seen with a magnification of 50x, shown in detail with higher magnification (500x) in (b) for the
final martensitic microstructure in the surface area, the transition zone in (c), and the nonhardened core composed of a ferrite/pearlite mixed structure in (d). The banding of the initial
pearlitic and ferritic microstructure can be observed, especially in the transition zone and
untreated core. This is probably caused by the rolling process prior to the initial quench and
tempering processes in the as-received specimens.
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Figure 18. Obtained microstructure: (a) cut sample showing transition between hardened and
non-hardened areas; (b) martensite near the surface; (c) transition between hardened and nonhardened zones; and (d) non-hardened core with initial ferritic and pearlitic microstructure.

The computed hardness profile along the radius of the specimen is shown in Figure 19 and
compared to the experimentally measured hardness values. Two reference points can be
observed: one located at the centre of the coil, where the hardened depth is maximum
(approximately 3.5 mm), and another point located 15 mm below, where the case depth is
approximately 1.5 mm. These paths can be observed in Figure 17 (c). The numerical values
are obtained by a linear interpolation between nodes. An acceptable hardness limit of 550 HV
was considered. In the figure, it is possible to observe that the hardness corresponding to the
non-hardened core is lower than the measured values. The hardened case is properly
predicted, but the transition between hardened and non-hardened zones is larger for the
experimentally measured hardness.

Figure 19. Experimentally measured and simulated hardness distribution.

Figure 20 shows the measured axial residual stress profiles, compared to the numerically
computed residual stresses with and without considering the effect of the TRIP strain, one of
the strain contributions to the final residual stresses. Its implementation is under the discussion
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in Section 3.1. The position of the measurement point can be seen in Figure 17 (d). In the
figure, it is observed that the numerical model including TRIP strains gives more accurate
results when compared to experimental data in the subsurface region (starting at
approximately 0.2 mm). The highest magnitude (750 MPa) can be observed between 0.2 and
0.3 mm in the experimentally determined stresses, which are correctly predicted using the
developed numerical model including TRIP.

Figure 20. Experimental and simulated residual stress distribution.

All the experimental work carried out in Task 3.1 shows a high numerical-experimental
correlation with the simulation models developed in Task 2.3.
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5. RCF Simplified Tests
In this section, the RCF tests carried out in the induction hardened samples described in
Section 4 are explained. The test bench used to perform these tests is shown in Section 3.
The main objective of the tests is to determine the effect of residual stresses generated
during induction hardening on the RCF life. The following sections detail all the phases of the
experimental approach.

5.1. RCF load
All the RCF tests were performed under a single load. This load should be high enough to
generate fatigue in the samples, but not excessively high as to generate failure modes other
than fatigue due to plastification phenomena in the contact between the balls and the sample.
A FE elasto-plastic contact model was developed and employed to determine the most
appropriate fatigue load for the tests. In Figure 21, the simulation model to determine the
external fatigue load is shown; it is possible to observe the mesh used and the von Mises and
shear stress distributions under the contact loading for contact pressure measured at 4.3 GPa.
The total spring load required for the machine to generate this contact pressure is 2560 N. All
the fatigue tests were carried out under this loading condition.

Figure 21. Mesh used for the elasto-plastic FE model (left) and von Mises (upper) and
octahedral shear (lower) stress distributions in Pa.

5.2. Test plan and procedure
The main objective of the RCF test is to analyse the effect of the induction hardening residual
stresses on fatigue performance. To this end, samples with high and low compression residual
stresses were tested in the RCF test bench with a single applied fatigue load. Three repetitions
for each type of sample were performed. The elevated test time did not make it possible to
carry out more tests.
The monitoring devices set on the test bench acquired two important parameters for the tests:
•

The number of cycles was measured with an inductive sensor placed on the bench.
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•

The vibration of the system was measured with an accelerometer. The main objective
of this measurement is to determine the correct operation of the bench and when the
RCF failure appears on the sample.

RCF is a complex fatigue failure in which multiaxial stress must be considered. The
predominant stress quantity that generates the failure is the shear stress. It is not possible to
measure the shear stress with a sensor, so the determination of the stress cycles generated
between the ball and the sample is performed via FE modelling. Three different shear stress
approaches are considered in FEM models: Tresca, octahedral, and orthogonal shear
stresses. The Dang Van multiaxial fatigue criterion was applied for these shear stress
approaches, which accounts for the hydrostatic pressure present on the test specimen. The
hydrostatic stress for a stressed specimen is a mixture of the resulting stress from the applied
external load and the residual stresses present in the samples. Thus, the critical Dang Van
stresses according to the three different shear stress approaches vary for samples with high
and low compression residual stresses.
Table 2 summarizes the RCF test specimens with the maximum values of the three shear
stresses calculated according to Dang Van by means of FE modelling. The ball-cylinder FEM
models consider the initial residual stress state due to induction hardening as an initial
stress, which is applied prior to contact with the ball. It can be seen that when the
compression residual stresses are high, the shear stresses in the sample are lower than in
the case of low residual stresses.
Residual stress
state
High compression
(775 MPa)
Low compression
(525 MPa)

Orthogonal shear
(MPa)

Tresca (MPa)

Octahedral shear
(MPa)

530

537

403

580

723

608

Table 2. RCF samples and calculated shear stresses.

This project has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement No 851245.

25

D3.1 – Simplified fatigue test bench results for microstructural characterisation

6. Results
The RCF cycles to failure obtained experimentally are shown in Table 3. Samples with low
compression residual stress spalled after 4.1, 7.1, and 3.9 million cycles. In the case of the
samples with high compressive residual stresses, 10 million cycles were reached without any
spalling, and the tests were deemed runout.

Residual stress
state
High compression
(775 MPa)
Low compression
(525 MPa)

RCF Test 1

RCF Test 2

RCF Test 3

10M (runout)

10M (runout)

10M (runout)

4.1M

7.1M

3.9M

Table 3. Number of cycles to RCF failure.

In Figure 22, different postmortem images are shown. The spall generated in the low
compression stress samples can be observed in Figure 22 (a). The spall initiation area is
shown, which fits the typical description of a V-shaped spall seen in the literature. In Figure 22
(b), a topography image of the same region is shown, obtained from a Leica DCM 3D
perfilometer using the stitching technique. The depth of the visible spall region is approximately
150 μm. A high degree of roughness can be observed in the spalled area in both figures. In
Figure 22 (c), a micrograph of a non-spalled high compression stress specimen is shown. After
10M cycles, the microstructure under the contact race shows severe microstructural change,
which is observed as a dark etching region (DER) after polishing and Nital etching. DERs are
usually associated with the latest stage prior to RCF failure. In the figure, measurements of the
DER are shown. It was found that the DER is approximately 1 mm wide, 0.4 mm deep, and
begins at a distance of 0.1 mm from the surface. These measurements fit the description of
DERs found in the literature. A superimposed figure is shown in Figure 22 (c), where the
plastically deformed region obtained from the FE analysis is observed, leading to the
conclusion that the size and pattern found in the FE model is highly correlated with the
experimentally observed DER.
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Figure 22. a) shows a RCF spall initiation area, b) a topography figure for the same region, and
c) a micrograph is shown for a non-spalled high compression stress sample, where a DER can
be observed. A superimposed FE figure shows the plastically deformed region.
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7. Conclusions
In this task, RCF tests were performed on cylindrical specimens with different residual stress
profiles due to the induction hardening process. To further this aim, first, an RCF test bench
was adapted, manufactured and commissioned. Then, different residual stress profiles were
generated with different induction hardening processes. Low and high compression residual
stresses were generated on the sample, varying the cooling rate and hardened case depth.
Experimental characterisations were performed to verify and quantify the generated residual
stresses. Microstructural observations and hardness measurements were also performed. This
experimental work was employed to prepare cylindrical samples to be tested in the RCF test
bench and to validate the simulation models and methodologies developed in task T2.3.
Finally, RCF tests were performed on low- and high-compression residual stress samples for
a single fatigue load.
The main conclusion of this task is the experimental demonstration that residual stresses affect
fatigue life performance. Compression residual stresses generated by manufacturing
processes, such as induction hardening, improve the RCF life of the components. Low
compression residual stress samples had fatigue failures between 4 and 7 million cycles, while
high residual stress samples didn’t show any spalling after 10 million cycles. The effect of
manufacturing processes, such as residual stresses, should be considered in design
processes for new components. Finite element modelling is a sound method to consider the
effect of manufacturing processes during the design phase. The simulation models and
methodologies developed in this project (Task T2.3) enable the solving of coupled multiphysic
simulations of the induction hardening process in real industrial cases (CS1: 20 MW pitchbearing) with a reduced computational cost. This methodology enables the industry to simulate
manufacturing processes and take into consideration the effect of these processes as the initial
component state for subsequent structural calculations. Thus, more reliable and optimized
components will be manufactured, improving the quality and reducing the energy consumption
of the manufacturing processes.
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