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Abstract

A set of bearing balls, fabricated with grade 100Cr6 bearing steel, was subjected either to
ordinary quenching and tempering final heat treatment (leading to a mainly tempered
martensitic microstructure) or to an alternative heat treatment (leading to a mainly bainitic
microstructure). In order to compare their final properties and service performance, the
balls were then subjected to rolling contact fatigue tests, as well as to other metallurgical
and mechanical characterizations. Further mechanical tests, including tensile tests and ro-
tating bending fatigue tests, were also performed on test specimens made with the same
material and subjected to the same final heat treatments. The bainitic material, compared
to the tempered martensitic one, exhibited a slightly better performance in the rotating
bending fatigue tests, but not in the rolling contact fatigue tests.

Keywords: bearing balls; fatigue; bainite; life

1. Introduction

Bearing balls are commonly made from the spheroidized annealed 100Cz6 steel rods
by means of the following steps: cutting; cold forming; preliminary grinding; austenitiz-
ing, quenching, and low-temperature tempering; peening (the balls hit each other in a
rotating drum); final grinding; and several polishing steps. Materials used for bearing ap-
plications undergo strict requirements related to high static and fatigue resistance, rolling
contact fatigue (RCF) resistance, wear and corrosion resistance, dimensional stability, and
thermomechanical stability. The most widely used material for rolling bearings is SAE
52100 (100Cr6) steel, a high-carbon quenching steel. In order to have a high-quality prod-
uct with high performance, it is essential that the material is characterized by a high de-
gree of purity, which means a very low quantity of non-metallic inclusions and a homo-
geneous distribution of carbides in the metal matrix: experience and several studies have
shown that rolling bearing life is strongly influenced by these aspects [1]. The bearing
components are obtained both from well-selected starting materials and by careful pro-
cessing, in order to obtain high mechanical properties, especially with regard to RCF re-
sistance, as well as to chemical agents and temperatures in the case of special applications
[2]. The most critical components from the point of view of manufacturing and quality
control in the rolling-body bearing are the balls [3].
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Heat treatment is responsible for the phase transformation of high-carbon bainitic
steel for bearing applications. In [4], a detailed investigation of the phase transformation
of the steel under slow cooling was carried out. The results show that austenitizing in-
volves ferrite transforming into austenite and cementite dissolution. The bainitic transfor-
mation, occurring at lower temperatures, involves the formation of bainitic ferrite and
retained austenite, with variations in the morphology and distribution of these phases.
The bainitic transformation behavior can vary depending on the sample size and geome-
try. Dislocations play a crucial role in bainitic transformation, with their movement and
recovery influencing the nucleation and growth of bainitic ferrite. Furthermore, the pre-
cipitation of intermetallic phases and carbides can also influence the bainitic transfor-
mation and the resulting microstructure. In [5], the residual stress and friction properties
of Cr-Mo-V alloyed M50 bearing steel are analyzed after austempering. Wear resistance
of the sample increases with the austempering time, which is mainly related to hardness,
residual stress state, and thermal stability. The effect of austempering on impact tough-
ness and tensile strength of Nb/V microalloyed bainitic bearing steel is analyzed in [6].
Austempering Nb/V microalloyed bainitic bearing steel significantly impacts its mechan-
ical properties, as it increases both strength and toughness due to the formation of a
bainitic microstructure. The specific properties are highly dependent on the austempering
temperature and time, with increased temperature generally leading to lower hardness
and increased impact toughness. The addition of Nb and V, as well as the austempering
process, refines the grain size and improves the stability of retained austenite, thereby
enhancing the steel’s mechanical performance.

Cold rolling, which is used as a forming method for bearing rings, also influences the
development of microstructures during subsequent heat treatments. In [7], this aspect is
investigated for M50 bearing steel when subjected to austempering. Cold rolling induces
dislocations, and the dislocation density increases. Carbide dissolution is increased along
with carbon content, the bainite incubation time is shortened, and the bainite sheaf width
is limited. A kinetic model is also validated by describing bainite nucleation due to cold
rolling.

A similar study is reported in [8], where the influence of pre-cold deformation treat-
ments on nano-bainite transformation is investigated for GCr155i1Mo (similar to 100Cr6,
but with additional 1% Si). This research confirms the role of the cold deformation process
in promoting nano bainite transformation, decreasing the size of austenite grains, and
uniforming the size of carbides. And by reducing the thickness of bainitic ferrite plates,
both hardness and toughness increase.

Concerning the influence of bainitic structure on mechanical behavior in a typical
bearing application, that is, RCF, a large number of studies in the literature are available.
Among the most recent studies, in [9], the RCF behavior of 7NbMo, a microalloyed steel
for railway wheels, is experimentally investigated. The steel presents microstructures of
upper bainite (UB—350 HVO0.5), lower bainite (LB—450 HV0.5), and pearlite (PE—350
HVO0.5). Lower and upper bainite showed higher wear resistance when compared to pearl-
ite, and the main wear mechanism for the three microstructures is fatigue wear. Damaged
sections showed greater resistance to RCF in bainitic microstructures than in pearlite ones.
The morphological arrangement of the microstructure of bainite increases mechanical
properties and develops a higher ductility per unit volume. In [10], a similar study on C70
railway steel and a bainitic steel is presented. It was found that the improved RCF and
wear resistance of the microstructure can be attributed to the combined effect of strength
and toughness, larger plastic strain accumulation, and lower fatigue damage. The RCF
damage mechanism in railway steel is also investigated in [11,12], with similar findings.
In [13], RCF is investigated on a carbide-free nanostructured bainitic bearing steel. The
degradation mechanism was shown to be different from a typical damage mechanism in
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bearing: ductile void formation at interfaces and growth and coalescence into larger voids
lead to fracture in the direction of the softer phase, with crack initiation at inclusions and
propagation. A similar analysis is described in [14] for bainitic steels with and without
residual cementite.

A critical issue when dealing with the microstructure of bearing components, and in
particular of rolling bodies, is dimensional stability. Dimensional stability of a sphere
means its ability to maintain its size unchanged during its life cycle. Dimensional varia-
tions can lead to redistribution of the loads, to acceleration of the degradation process of
the ball, and to a shorter life of the bearing [15]. A fundamental role in dimensional stabil-
ity is played by the amount of residual austenite in the sphere steel: in the presence of
thermomechanical stresses, which may occur in particular operating conditions, this met-
astable phase can decompose into other phases and other microstructural constituents,
which are characterized by different specific volumes. Residual austenite can assume two
different morphologies: blocky and thin film. The first is unstable, while the second is very
fine and stable by virtue of the carbon enrichment [16,17], making it more suitable for
bearing applications. A significant study [18] confirms the role of bainite in providing me-
chanical requirements for bearing steel.

In the present work, a study was carried out to evaluate the effects of two different
heat treatments, and therefore of two different microstructures, on the mechanical prop-
erties of the steel, on the dimensional stability of the spheres, and on their durability, when
extreme Hertzian-contact fatigue is present. The aim of this study is to investigate alter-
native thermal and mechanical processing of 100Cr6 to obtain comparable mechanical
properties for commercial bearing rolling body manufacturing. In particular, a bainitic
quenching heat treatment is compared with standard quenching and tempering (marten-
sitic) heat treatment.

2. Materials and Methods

2.1. Overview

Two test campaigns were designed.

The first was run on cylindrical samples, consisting of tensile, Charpy-V, and rotating
bending fatigue tests. The aim of this test campaign was to characterize material proper-
ties related to different thermal treatments. The second test campaign consisted of RCF in
simulated operating conditions, and it was run on rolling balls by means of a dedicated
test rig. The aim of this test campaign was to investigate the effect of multiaxial fatigue
stresses in operating conditions.

The microstructure, hardness, and residual stress state were also examined in all sets
of samples. Moreover, dimensional measurement analysis of balls was performed to
quantify dimensional stability for the two different thermal treatments.

In order to evaluate the influence of the two different heat treatments on the dimen-
sional stability of the spheres (nominal diameter 10.500 mm), the following experimental
procedure was performed:

e  Determination of the average percentage of residual austenite on 10 new spheres, 5
subjected to standard heat treatment and 5 subjected to bainitic hardening treatment.
Measurement was carried out using an X-ray diffraction technique with a diffractom-
eter, according to ASTM E975 standard [19].

e  Measurement of the average diameter Duwmi of each new sphere for a total of 20
spheres; 10 consisted of tempered martensite and 10 consisted of bainite, with an ac-
curacy of 0.1 um. Detection was carried out using a comparator in a temperature-
controlled chamber and following a procedure that minimizes the effects of any ther-
mal expansion on the measurement.
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e  Tempering of the 20 spheres mentioned above at a temperature of 235 °C £2 °C for a
period of 4 h in atmospheric air.

e Measurement of the average diameter Dwm2 of each tempered sphere using a proce-
dure completely similar to the one described previously.

e  Evaluation of the variation in size of each sphere using the following relationship:

Dwm _Dwm
5= “wm2z “wml (1)

Dwml

2.2. Materials and Specimens

All test specimens were obtained from 3 nominally equal lots of annealed 100Cr6
steel rods, with the original diameter equal to 8 mm. The elemental composition of the
steel was measured via atomic emission spectroscopy, with spark excitation on one lot,
and is reported Table 1.

Two sets of cylindrical samples and two sets of balls were obtained.

The same type of cylindrical test specimens was employed for both the tensile tests
and the rotating bending fatigue tests. Cylindrical smooth specimens were designed ac-
cording to ISO 1143 Standard Practice [20]. These specimen were machined from the steel
rods, heat-treated as described here below, and ground. A total of 6 tensile testing speci-
mens and 30 rotating bending fatigue specimens were machined. The specimen design is
reported in Figure 1. The calibrated diameter and length of the cylindrical specimens were
4.5 and 24 mm, respectively, and their surface roughness (Ra) was about 0.04 pm.

Owing to their size, the specimens for the Charpy test were fabricated from a differ-
ent lot of steel rod, of nominally equal composition, but with an original diameter of 16
mm. The length and the V notch of the Charpy specimens were consistent with the ISO
148-1 International standard [21], but their full cross-section was smaller and equal to 8 x
8 mm. A total of 3 specimens were obtained with a martensitic microstructure, and 3 were
obtained with a bainitic microstructure.

The overall production process employed to fabricate the bearing balls, starting with
the annealed rods, was consistent with the above-mentioned industrial manufacturing
procedure [22], the only difference being the heat treatment, which is described below.
The final diameter of the bearing balls was 10.5 mm, and their surface roughness (Ra) was
less than 0.02 pm.

One-half of the specimens the balls underwent the standard quenching and temper-
ing process, while the other samples were processed to obtain a bainitic structure.

The experimental bainitic heat treatment consisted of austenitizing at 860 °C for 65
min, then quenching in a salt bath at 250 °C for 35 min. The standard martensitic heat
treatment consisted of austenitizing at about 840 °C for about 15 min, quenching in oil,
and tempering at 150 °C for 2 h; the balls and the specimens were austenitized at slightly
different temperatures. The heat treatments are described in detail in Tables 2 and 3.

The parameters used for tempered martensite are those currently in production. For
bainitic heat treatment, the austenitization temperature was slightly higher than in the
previous case (quenched and tempered) to dissolve more carbides and introduce more
carbon into the solution, thus improving hardness. However, this is not too high to pre-
vent austenitic grain growth and avoid the risk of excessive residual austenite, which re-
duces hardness. The bainitic transformation temperature was quite low, 250 °C, just above
Ms, which is approximately 210-220 °C. This was for the same reason as above —that is,
to recover some hardness, so as to have hardness and strength characteristics not much
lower than tempered martensite.
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Table 1. Elemental composition of the examined steel (lot C, balance Fe).

C Cr Si Mn Cu Ni Mo Al P S
1.012 1423 0301 0309 0.175 0.106 0.023 0.025 0.010 0.009

Table 2. Steel lots and heat treatment details used for bearing balls and test specimens with marten-

sitic microstructure.

Material Items Lot  Austenitizing Quenching Tempering
Balls A 845 °C, 15 min Oil, room temperature 150 °C, 120 min
Mart. Cyl;r;zlzmal 830 °C, 12 min Oil, room temperature 150 °C, 30 min

Charpy Spec. D 830 °C, 17 min Qil, room temperature 150 °C, 30 min

Table 3. Steel lots and heat treatment details used for bearing balls and test specimens with bainitic

microstructure.
Material Items Lot  Austenitizing Bainitic transformation
It bath,
Balls C  860°C,65min s g a C’b;5 .
Bain. Cylsiggcrlical C  860°C, 65min 25§a01(t:,b; g};m
Charpy Spec. D 860 °C, 65 min ’s g‘ aog,b;gim

So

h=2

Figure 1. Tensile static and rotating bending fatigue specimen design. Dimensions are shown in

mm.

2.3. Mechanical Testing

Tensile tests were run on an MTS universal testing machine (MTS Systems, Eden
Prairie, MN, USA) (load cell of 250 kN, extensometer MTS n. 634.12F-24) according to ISO
6892-1: 2019 Standard [23].

Then, four-point rotating bending fatigue tests were run on an Italsigma RB35 ma-
chine (Italsigma, srl, Forli (FC), Italy) according to ISO 1143-1: 2010 Standard [20]. The
staircase method was used to estimate the 5 million cycle fatigue strength op-1 of steel, as
indicated by ISO 12107: 2012 Standard [24]. The stress range increment was set at 25 MPa,
and the rotating speed was set at 3500 rpm.

The Charpy tests were performed in the DISAT labs at room temperature, according
to ISO 148 International Standard [21].

The rolling fatigue tests on balls were carried out at the Central Laboratory in TN,
Italy. Test benches were used for this purpose, which are capable of loading the balls with
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purely axial loads. A detailed description of the operation of the test system is given in
[25], and a scheme of the testing equipment is shown in Figure 2. Each test bench consists
of a shaft supported by a pair of oblique bearings mounted on opposite sides of a central
shoulder. The two used bearings are SKF HUB ACBB (two crowns of 14 balls each; a di-
ameter of 11.112 mm) and SKF HUB ACBB (two crowns of 15 balls each; a diameter of
10.500 mm). To increase the contact pressure between the rings and ball tracks tested, a
single ring bearing consisting of 5 tested balls with a diameter of 10.500 mm was inserted
into the bearing; a ball bearing with a diameter of 11.112 mm was fitted with a single
complete ring. The test bearing was equipped with acceleration and temperature trans-
ducers to detect ball failure.

7 REMOVED THERMOCOUPLE

ACCELEROMETER \p!?

T e T = ‘l }oﬁ]

ELECTRICAL || HYDRAULIC
MOTOR ACTUATOR
]

§Dé . //T/ T < BALLS

BEARING BEARING UNDER TEST

Figure 2. Scheme of ball fatigue testing equipment.

The applied axial load was P = 20,500 N in all tests. By considering the number of
balls and the geometry of the bearing, the normal load on each ball was 2096 N, and by
considering local curvature radii and the elastic properties of the material, according to
the Hertz theory, the maximum equivalent contact stress was 3420 MPa. Eight tests were
carried out for each of the two groups of spheres. After assembly, the load was maintained
at 30% of the maximum value for 10 mins to promote a homogeneous distribution of lub-
ricant and shaft alignment; after this time, the axial load reached the test value. During
the test, the load was released every 5 min for a period of 25 s in order to facilitate a vari-
ation of the axis of rotation of the balls and to present more uniform fatigue damage on
their surfaces. Every 20 h, the test was interrupted to disassemble the bench; clean; and
complete an inspection of the tested balls in terms of ovalization and mass to assess the
state of damage, inversion, or replacement (if both sides had already been used) of the
rings of both bearings, as well as replace the untested balls. After lubrication and assem-
bly, the test restarted according to the first start. Each test was considered completed when
either vibrations exceeded 15 mm?/s or the temperature exceeded 145 °C; a sign of failure
of one or more tested balls occurred; or the maximum test duration of 200 h was reached.
In tests with a duration of less than 200 h, a stop occurred due to excessive vibrations
caused by the rupture of one ball. In Test 6 on bainite balls, two balls failed. In tests with
a duration longer than 200 h, no significant sign of failure on the surface of balls was ob-
served. The gross test duration of 200 h corresponded to a net duration of 183.1 h after
subtracting the duration of the low-load and no-load periods. At the end of each test, the
broken spheres were inspected with a stereomicroscope. Then, metallographic samples of
test balls with different durations were prepared, and their microstructure was observed
under an optical microscope to capture the microstructural transformations induced by
the wearing Hertzian loads. Moreover, the evolution of surface hardness was monitored.
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3. Results and Discussion
3.1. Microstructure

The ensuing bainitic and tempered martensitic microstructures were examined via
standard optical metallography, with Nital etching, and are shown in Figure 3.

Moreover, by means of X-ray diffraction (XRD) analysis, it was found that the frac-
tion of retained austenite was about 10% in the tempered martensitic microstructure and
about 4% in the bainitic microstructure. In order to evaluate the stability of the retained
austenite, some specimens were heated at 235 °C for 4 h; after this heat treatment, further
XRD analyses showed that, in the tempered martensitic material, the prior retained aus-
tenite was fully transformed, whereas in the bainitic material, the amount of retained aus-
tenite was unmodified. This result is attributed to a greater content of carbon in the re-
tained austenite in the bainite case, arising from the carbon partition, which occurs during
the bainitic transformation.

Figure 3. (a,b) Martensitic and (c,d) bainitic microstructure of the examined test specimens (a,c) and

bearing balls (b,d). Optical metallography.

3.2. Tensile Testing

In Figure 4, the strain—stress curves for a bainitic specimen and a martensitic speci-
men are reported as an example; the initial part of each curve was obtained with an ex-
tensometer, whereas the final part was estimated by using the actuator displacement sig-
nal. In Table 4, the static mechanical properties of the two materials are reported. The
resulting monotonic mechanical properties confirm the potential of these bainitic steels
for ball bearing applications. The rather small elongation of Martensitic 1, reported in Ta-
ble 4, could be caused by an internal defect or inclusion, together with the great sensitivity
to defects of this material, which are very hard and not very tough. These defects can be
present in standard 100Cr6, as reported in [25]. In Figure 5, the fracture surfaces of a
bainitic tensile specimen and a martensitic tensile specimen are reported as examples.
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Figure 4. Stress—strain curves for tensile specimens.

Table 4. Tensile mechanical properties for tested specimens.

Rpo.2 (MPa) Rm (MPa) E (GPa) A% *
Martensitic 1 - 2606 - 1
Martensitic 2 1996 2624 198 3.33
Martensitic 3 1918 2550 198 2.62
average 1957 2593 198 2.32
Std. dev. 55.2 38.6 0.0 1.2
Bainitic 1 - 2331 - 2.2
Bainitic 2 1922 2344 198 1.91
Bainitic 3 1933 2326 198 2.1
average 1927.5 2333.7 198.0 2.1
Std. dev. 7.8 9.3 0.0 0.1

* Residual plastic strain.

(b)
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Figure 5. Tensile fracture surface: (a) bainitic specimen; (b) martensitic specimens with different

magnifications.

It emerged that the average elongation at failure of the bainitic specimens shows a
reduction of about 10% compared to the martensite specimens; the yield strength of the
two groups of specimens is almost identical, with a reduction of 1.5% in the bainitic sam-
ple compared to the martensitic sample. The ultimate tensile strength of the bainitic spec-
imens showed a reduction of 10% compared to the martensitic specimens; the modulus of
elasticity of the two groups of specimens was equal, although lower than the typical val-
ues of construction steels. These results are confirmed by what is reported in the scientific
literature on the sector [25-29]. The data obtained clearly show that the bainitic specimens
are characterized by a lower strength and a lower elongation at failure compared to those
in tempered martensite.

3.3. Chrapy Tests
The results related to Charpy tests are reported in Table 5.

Table 5. Charpy results for tested specimens.

KVs ())
Martensitic 1 2
Martensitic 2 2
Martensitic 3 2
average 2
Bainitic 1 3
Bainitic 2 3.8
Bainitic 3 3.8
average 3.5

The comparison of the results shows a 75% increase in the impact strength of the
bainitic specimens compared to martensitic specimens. It can therefore be stated that bain-
ite allows the material to absorb a greater impact energy, although, in absolute terms, the
impact strength values obtained are very low when compared to other types of steel.
Moreover, it is known that, as the carbon content increases, at the same temperature, the
capacity of the steel to absorb impact energy decreases, and this also denotes a lower duc-
tility. The results obtained are confirmed by the literature [30-32], even if the reported
values concern specimens of different shapes and dimensions; in particular, in [31], refer-
ence is made to specimens with a V-shaped notch and with a square cross-section of side
equal to 10 mm, while in [24], reference is made to unnotched cylindrical specimens with
a diameter equal to 10 mm.

3.4. Rotating Bending Fatigue Tests

In Figure 6, the rotating bending fatigue testing results are summarized for a stress
ratio R = —1. The run-out specimens are reported with empty symbols, and the numbers
indicate the corresponding quantity of run-out specimens (3 for 1050 MPa, 2 for 1025 MPa,
4 for 1000 MPa, and 2 for 900 MPa). The fatigue strength at 5 million cycles is 1033 MPa
for bainitic samples and 913 MPa for tempered martensitic samples based on the staircase
method [24].

Unlike tensile test results, the bainitic specimens show higher fatigue resistance prop-
erties by about 13.1%. Bainitic specimens also show a lower statistical dispersion of fatigue
data. Crack nucleation occurred due to subsurface non-metallic inclusions or a surface
defect. Fish-eye structures can be observed in proximity to the inclusion or defect.
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Figure 6. Rotating bending fatigue results: Whoeler diagram. Empty symbols correspond to run-

outs. Numbers indicate the corresponding quantity of runout specimens.

In Figure 7, some failure surfaces are reported as examples. The literature reports
numerous experimental campaigns run in order to characterize the material; the many
available data, however, were obtained with different fatigue test configurations (tensile—
compression tests, torsion tests, and alternate bending tests), and different heat treat-
ments. For example, observing the data in [28] relating to specimens with a bainitic mi-
crostructure and those in [29] relating to specimens with a tempered martensitic micro-
structure, with reference to the interval of cycles reported in Figure 6, there is no relation
with respect to fatigue resistance, even if the orders of magnitude are the same.
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Figure 7. Rotating bending fatigue: (a) fractured surface bainitic specimens; (b) martensitic speci-

mens with different magnifications.

3.5. Ball Dimensional Stability

In Table 6, the measurements of residual austenite and the corresponding decrement,
before and after tempering, for martensitic and bainitic balls are reported. In Table 7, the
measured dimensional variation for martensitic and bainitic balls is reported

Table 6. Percent austenite decrement.

Martensitic Balls Bainitic Balls

Sample Before Tempering After Tempering Before Tempering After Tempering

1 11.43 1.38 491 5.42

2 10.67 <1 3.37 1.42

3 11.37 <1 4.82 3.13

4 8.85 <1 5.27 6.23

5 10.65 <1 2.57 3.76
Average 10.59 <1 4.19 3.99

Decrement (%) ~10.5 ~0.2

Table 7. Ball dimensional variation.

Sample Martensitic Balls (10T)Tnm) Bainitic Balls (10':)':1m)
1 44 17
2 53 20
3 42 19
4 50 28
5 51 13
6 41 18
7 52 16
8 45 15
9 45 13
10 50 2

Average 47 18

The martensitic balls contain a larger quantity of residual austenite than bainitic ones:
the bainitic hardening process favors the dissolution of the austenitic phase in favor of the
formation of cementite and ferrite plates, which characterize the bainitic microstructure;
at the same time, the remaining austenite is enriched in carbon, becoming more stable.
Martensitic balls are also characterized by a considerable reduction in residual austenite
after tempering, with a decrease of 10.5% and a final value close to zero. Bainitic spheres,
on the other hand, have an austenite variation of 0.2%, which is quite negligible when
compared to that of the other type of spheres.

The standard spheres showed a large variation in residual austenite, meaning that
they were subject to more significant dimensional variations than those of the bainite
spheres, as confirmed in Table 7. The martensitic balls showed greater dimensional vari-
ation and lower dimensional stability than bainitic balls.

The different behavior of austenite in the two groups of spheres may be due to the
prevalence of one of the two morphologies and a different carbon concentration (the
higher the percentage of carbon dissolved in the austenitic matrix, the more stable the
austenite itself).
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In [16], a detailed study of the microstructural phenomena responsible for the dimen-
sional variations is presented; other factors affect the dimensional stability. Regarding the
martensitic microstructure, considering the heat treatment at 235 °C, the microstructural
transformations are divided into two phases:

e Phase A, in which e-carbides are precipitated and the amount of carbon present in
the martensitic matrix is reduced. The formation of carbides leads to expansion, while
the reduction in the martensitic matrix leads to a contraction of greater amplitude;
the overall effect is a contraction in volume.

e  Phase B, in which there is decomposition of residual austenite and the formation of
cementite carbides to the detriment of ¢ carbides; in this case, the two processes in-
volve an expansion, and the overall effect is a volume expansion.

After the two phases, a volumetric expansion of the component is obtained, as evi-
denced by the tests. In the case of bainitic microstructure, due to the greater stability of
the residual austenite, only a small percentage of it decomposes, and this is accompanied
by the transformation of the nanometric particles of cementite into larger carbides. These
two processes result in a volume expansion of the material, albeit minor, as can also be
seen in the experimental data shown in Table 7.

3.6. Rolling Contact Fatigue

In a rolling bearing, both the rolling bodies and the ring tracks undergo RCF, a fatigue
phenomenon due to the Hertzian contact stresses under cyclic compressive loading.

Experience has shown that failure mainly occurs in ring tracks rather than rolling
bodies. Bearing life is thus related to the applied load and the number of passes. The fre-
quency of contact on a general point of the ring tracks can be determined as a function of
the speed of rotation of the bearing and its geometry; the same cannot be said for points
on the surface of the balls, because they generally have a rotational motion that is com-
posed of rolling and precession.

The two main mechanisms of fatigue damage of a bearing are surface chipping and
spalling. During operation of the bearing, microstructural changes occur in the material,
modifying the rolling bodies and the ring tracks in response to fatigue cycles. These vari-
ations, of which very detailed studies are available in the technical literature, involve dif-
ferent mechanisms, and an increase in yield point and a redistribution of residual stress
are observed due to the reduction in residual austenite in favor of the formation of other
phases, including martensite.

The number of fatigue cycles can be obtained from duration, for the bearing (Nb) or
the single ball (N#, Nominal ball fatigue cycles). Regarding the spheres, it is necessary to
take into account the rolling, spinning, and precession motions of the balls in the bearing.
A detailed description of these calculations is reported in [33]. In order to calculate the
number of cycles for balls, two scenarios can then be considered: the motion of the balls is
pure rolling (Nn), or rolling, spinning, and precession are taken into account (Nc, calcu-
lated ball fatigue cycles). Nn is calculated according to kinematic considerations [33],
while for Nc, a description is provided in [34] and in general in [33]. In both cases, in a
complete rotation of the ball, two load cycles take place: contact with the internal track
and contact with the external track.

These experimental results and corresponding calculations are reported in Table 8.
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Table 8. Life duration and fatigue cycles in bearings and balls for martensitic and bainitic bodies.

Test n° Martensitic Balls Bainitic Balls
Life (h) Nb (10°) Nn (10°) Nc (10°) Life (h) Nb (109)  Nn (109) Nc (109)

1 183.1 7.58 38.54 5.75 105.2 4.36 22.15 3.31
2 127.5 5.28 26.84 4.01 183.1 7.58 38.54 5.75
3 183.1 7.58 38.54 5.75 22.9 0.95 4.82 0.72
4 183.1 7.58 38.54 5.75 147.7 6.11 31.09 4.64
5 183.1 7.58 38.54 5.75 97.3 4.03 20.48 3.06
6 183.1 7.58 38.54 5.75 70.6 2.92 14.86 2.22
7 90.9 3.76 19.14 2.86 51.3 2.12 10.8 1.61
8 183.1 7.58 38.54 5.75 61.4 2.54 12.93 1.93

Average 164.6 6.82 34.66 5.17 924 3.83 19.46 2.90

In Table §, it can be seen that the standard spheres showed higher gross durations
than the bainite spheres, with an average value 77.9% higher. Regarding the life values of
the test campaigns, the base durations obtained were Lion = 121.2 h for martensitic balls
and Lion = 32.4 h for bainitic balls.

Figure 8 shows the estimated cumulative failure probability of the five-ball sets,
formed with either bainitic or tempered martensitic balls, as determined from the experi-
mental data by assuming that the underlying failure probability distribution is a Weibull
distribution and by either performing a linear interpolation of the Weibull plot or by using
the maximum likelihood method. The estimated cumulative failure probability of a single
bainitic or tempered martensitic ball, as deduced from the same data using the maximum
likelihood method, is also shown. It is important to note that the failure probability of the
set of five balls is always much greater than the failure probability of a single ball, because
the failure of any of the five balls implies the failure of the set. The line obtained using the
maximum likelihood method for martensitic steel appears to be shifted to the right, as, in
this group of tests, many run-outs occurred. The run-out samples survived, but if the test
had continued until failure, the same points would be further to the right. The maximum
likelihood calculation takes into account the fact that these samples survived. Some points,
related to run-outs, were represented in arbitrary positions to point out the higher number
of run-outs for this material.

In Table 9, the results of hardness HV2 measurements are reported. In particular, the
HYV ratio is calculated as the ratio between the HV2 of the ball after RCF testing and the
HV?2 of a new ball, without RCF damage, in %.

The fatigue endurance of the bearing balls in the rolling contact fatigue test is greater
than the fatigue endurance of the same materials in the rotating bending fatigue test, even
if the maximum stress is higher in the former case. This is mainly attributed to the variable
loading cycle, which occurs in the rolling contact fatigue test, whereby each material point
undergoes the most severe loading only for a small fraction of the total number of cycles.
The lower performance of the bainitic steel in the RCF tests, as opposed to the rotating
bending fatigue (RBF) ones, may be justified by the lower plastic flow stress of bainitic
steel, which may be more relevant in the RCF, because the maximum stress is higher. The
different results in these two types of tests can, in general, be ascribed to the different
loading conditions, including the periodic variation of the load cycle, multiaxial loading,
and greater compressive stresses, which occur in the RCF tests.

The reasons for this difference in durability between the two groups of balls could
also be the different surface hardness between the material constituting the balls and that
of the bearing tracks: in the former case, the surface hardness would have played a role in
favor of durability, in the latter case, it would have played an unfavorable role.
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In both cases, however, there was a reduction in the surface hardness as the number
of hours of operation increased, compared to that of the untested sphere; this reduction is
a consequence of phase transformations that take place at the microstructural level (de-
scribed above) and phase transformations induced by the loading conditions. Further-
more, cyclic loading also involves wear damage of the spheres, as evidenced by the de-
crease in their mass. Further, in [35,36], it is reported that, in bainitic and martensitic mi-
crostructures, hardness is a crucial factor influencing fatigue behavior. Higher hardness
generally leads to increased strength and wear resistance, but it can also make the material
more susceptible to brittle fracture and reduce its fatigue life. Hardness generally has a
positive influence on fatigue life, and harder materials tend to exhibit longer fatigue lives.
This is because higher hardness often correlates with increased strength and resistance to
plastic deformation, which are crucial factors in resisting crack initiation and propagation
during cyclicloading. While hardness can hinder crack initiation, once a crack has formed,
the material’s resistance to crack propagation becomes more critical. In some cases, harder
materials may be more susceptible to brittle fracture once a crack has initiated.

The data shown in Table 9 confirm that the surface hardness of bainitic balls is lower

than that of martensitic balls.
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Figure 8. Weibull distribution of life of balls for martensitic and bainitic balls.

Table 9. Surface hardness HV2 for martensitic and bainitic balls before and after fatigue testing.

Martensitic Balls Bainitic Balls
HV2 HYV Ratio (%) HV2 HYV Ratio (%)
new ball 886 / new ball 736 /
Test 7 861 -2.82% Test 3 734 -0.27%
Test 2 862 -2.71% Test 5 742 0.82%
Test 8 852 -3.84% Test 2 726 -1.36%

In all tests with a life less than 200 h, at least one sphere failed due to surface splitting
with a crack, which originated from an inclusion in a subsurface position, according to
[25]. Some examples of balls with spalling marks are given in Figure 9 for both microstruc-
tures. Failure occurs when small fragments are formed due to subsurface cracks. Cracks
show beach marks, which confirm a variable loading condition.
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(a) (b)

Figure 9. RCF fracture surface for (a) martensitic and (b) bainitic balls.

Microstructural analysis showed, in both types of balls, the typical variations associ-
ated with the phenomenon of fatigue from Hertzian contact: the development of a Dark
Etching Region (DER), the formation of White Etching Bands (WEBs), and, in some cases,
butterfly wings were identified [34]. Some of the images obtained using the optical micro-
scope are shown. Some examples are given in Figure 10 for a martensitic ball, and some
are shown in Figure 11 for a bainitic ball.

645 pm 349 pym
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Figure 10. Microstructural analysis of RCF fracture surface for (a) surface and (b) core martensitic
ball.

(a) (b)

Figure 11. Microstructural analysis of RCF fracture surface for (a) surface and (b) core bainitic ball.

4. Conclusions

In this study, a bainitic quenching heat treatment is compared with standard quench-
ing and tempering (martensitic) heat treatment to produce bearing balls.

The martensitic microstructure exhibits approximately 10% retained austenite, which
can be easily transformed; the bainitic microstructure exhibits approximately 4% austen-
ite, which is more stable.

Both materials exhibit high strength, low ductility, and brittle behavior in tensile and
Charpy-V tests.

The bainitic steel, as opposed to the martensitic one, exhibits the following properties:



Metals 2025, 15, 931 17 of 19

e  Lower strength (approximately 2300 vs. 2600 MPa) and hardness (approximately 680
vs. 750 HV);

e  Near-equal tensile elongation (approximately 5%) and higher Charpy V impact en-
ergy (approximately 5 vs. 3 ] with subsized specimens).

In the rotating bending fatigue test, bainitic steel offers a significant improvement
(approximately 1030 vs. 910 MPa fatigue strength at 5 million cycles). Cracks nucleate
from subsurface defects and propagate continuously through the specimen cross-section.

In the RCEF test, bainitic steel balls show the worst performance, with 50% survival
probability at approximately 20 Mcycles vs. 60 Mcycles for the martensitic steel (for a set
of five balls). Failure occurs when small fragments are formed due to subsurface cracks.
Cracks show beach marks, which confirm a variable loading condition.

The fatigue endurance of the bearing balls in the RCF test is greater than the fatigue
endurance of the same materials in the rotating bending fatigue test, even if the maximum
stress is higher in the former case. This is attributed mainly to the variable loading cycle
that occurs in the RCF test, whereby each material point undergoes the most severe load-
ing only for a small fraction of the total number of cycles.

The reduced performance of the bainitic steel in the RCF tests, as opposed to the ro-
tating bending fatigue tests, may be justified by its lower plastic flow stress, which may
be more relevant in the RCF because the maximum stress is higher.

The different results in these two types of tests can, in general, be ascribed to the
different loading conditions, including the periodic variation of the load cycle, multiaxial
loading, and greater compressive stresses that occur in the RCF tests.
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