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c Laboratoire TemPo/LAMIH UMR 8201, Université de Valenciennes et du Hainaut Cambrésis, Le Mont Houy, 59313 Valenciennes, France
a r t i c l e i n f o

Article history:

Received 4 September 2011

Received in revised form

15 June 2012

Accepted 11 July 2012
Available online 21 July 2012

Keywords:

Precision hard turning

Rolling contact fatigue

Roughness

Bearing steel
9X/$ - see front matter & 2012 Elsevier Ltd. A

x.doi.org/10.1016/j.triboint.2012.07.010

esponding author. Tel.: þ216 98644026.

ail address: nabil.jouini@gmail.com (N. Jouini
a b s t r a c t

In this paper, precision hard turning is proposed for the finishing of the AISI 52100 bearing components

to improve rolling contact fatigue life. This finishing process induces a homogenous microstructure at

surface and subsurface layers. Fatigue life tests performed on a twin-disk machine show that rolling

contact fatigue life increases as Ra value decreases. The bearing components reached 0.32 million cycles

for Ra¼0.25 mm and 5.2 million cycles for Ra¼0.11 mm. In comparison, the bearing components

achieved 1.2 million cycles with grinding (Ra¼0.2 mm) and 3.2 million cycles with grinding followed by

honing (Ra¼0.05 mm) respectively.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Bearing steel components are widely used in heavy mechan-
ical industry e.g. aerospace, automotive, etc. These components
are subjected to severe operating conditions such as high loads,
high speed, extreme temperatures and hostile environments.
Thus, bearing steel such as AISI 52100 is thermally treated to
achieve martensitic structure that enhances desired mechanical
properties, fatigue strength and wear resistance. Then, it is
finished in its hardened state by grinding process to achieve
surface integrity. However, precision hard turning, defined as
single point cutting of part with hardness of material in excess of
45 HRC under small feed rate and fine depth of cut conditions, has
become an attractive alternative to grinding process [1]. It offers
very substantial benefits with respect to grinding process such as
environment-friendly, low surface roughness amplitude [2], cap-
ability to generate complex workpiece geometry and induces
deep compressive residual stresses that often increase the fatigue
life [3]. In literature, the rolling contact fatigue (RCF) life of
bearing steel components is heavily influenced by the surface
topography [4,5] as well as metallurgical and mechanical state of
the subsurface layers [6].

The surface roughness in elastohydrodynamic lubrication
contacts has a significant effect on the component life [7]. The
presence of the roughness on the contact surfaces modifies
the normal pressure distribution through local variations in the
ll rights reserved.

).
pressure distribution and perturbations in the elastohydrody-
namic lubrication film thickness [8–10]. For example, Kumar
et al. [11] have shown that the maximum pressure increases
with roughness amplitude indicating that higher roughness
heights lead to localized thinning of the lubricant film and these
results were confirmed by simulation [12]. Studying sinusoidal
surface roughness under starved conditions, Labiau et al. [13]
show that starvation combined with surface roughness drastically
reduces fatigue life and proposes an analytical model.

The fatigue life of bearings is determined by the detachment of
material (spalling) following the initiation of cracks below the
contact surface, spalling due to surface irregularities and due to
the distress caused by surface roughness or inadequate lubrica-
tion [14–16]. In the case of hardened steel, fatigue origins have
resulted in a preponderance of surface asperities [17,18]. Thus,
roughness is considered as one of the main causes of crack
initiation for hard steel components.

However, hard turning can introduce modifications within the
surface layer of a workpiece. These modifications are metallurgical
transformations as a result of intense, localized and rapid thermo-
mechanical loading. The surface layer can show an extremely
different structure from the bulk material due to the white layer
formation that appears white in colour under an optical microscope
after polishing and etching or featureless in a scanning electron
microscope [19]. It is referred to as untempered martensite [20] and
characterized by an increase in hardness than the bulk material
[19–21]. The mechanism of white layer formation is attributed to
severe plastic deformation, which produces a homogenous structure
or one with a very fine grain size, and/or rapid heating and
quenching, which results in phase transformation [20–22].
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Table 1
Cutting parameters of the specimens under investigation.

Cutting parameters Specimens

1 2 3 4

Cutting speed, Vc (m/min) 210 210 260 360

Feed rate, f (mm/rev) 50 100 50 50

Depth of cut, DOC (mm) 5 5 5 5
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The white layer induced by hard turning was detrimental to
component fatigue life [2–23]. Indeed, the thicker the white layer,
the shorter the RCF life [18]. However, despite white layer
occurrence, hard turning provides greater fatigue life than grind-
ing process [24,25]. This can be explained by the compressive
residual stresses induced by hard turning.

In this study, at first, the microstructure analysis and mechan-
ical behavior of the surface and sub-surface layers were carried
out. Then, the effect of surface roughness amplitude, character-
ized by the Ra value, on rolling contact fatigue was studied.
Finally, a comparative analysis between precision hard turning,
grinding, and grinding followed by honing was performed.
2. Experimental work

2.1. Experimental set-up and machining tool

The machining tests were conducted on high precision turning
machine, as shown in Fig. 1. This machine is a prototype lathe,
designed by Snecma

TM

Motor, with T-slide architecture. The two
slides-ways (X- and Z-axes) are guided by hydrostatic-bearings
offering low friction, high stiffness and high damping, fixed on a
massive granite block (1.5 t), itself resting on four self-levelling
pneumatic isolators. The straightness of both slides is better than
0.3 mm over a displacement of 100 mm. The spindle is mounted
axially to the Z-axis and an active magnetic bearing is adopted to
achieve greater spindle dynamic stiffness. Due to the high
accuracy needed along X- and Z-axes, ironless linear motors ILD
24-050 (ETEL

TM

) are used for feed drive system. Each linear axis is
operated by a position control system controlled using an incre-
mental linear encoders LIP 401R (Heindenhain

TM

) having 4 nm
resolution. Displacements are controlled by a computer numerical
control system with a powerful numerical card (Programmable
Multi-Axis Controller: PMAC-Deltatau

TM

).
The machining tests were performed under dry cutting condi-

tions using c-BN cutting tool inserts (ISO code CNGA 120408
S01030 7025) manufactured by Sandvik

TM

Coromant. The inserts
were mounted using a Coro torn RC rigid clamp system in the tool
holder DCLN 2525M12 (ISO), providing the following angles: rake
angle g0¼�61, inclination angle ls¼�61, cutting edge angle
wr¼951, clearance angle a¼61 and nose radius r¼0.8 mm.

In this work, AISI 52100 bearing steel rings thermally treated
to an average hardness of 6171 HRC were used as workpiece
material. The length of the ring was 14 mm with outer diameter
of 70 mm and the inner diameter of 19 mm.

During machining tests, a 5 mm fine depth of cut and two
different cutting conditions (cutting speed and feed rate) were
Fig. 1. Focus on the high precision turning machine used in this study.
used for each specimen. The cutting parameters for each speci-
men under investigation are listed in Table 1.

2.2. Surface roughness measurement

The measurements were carried out by stylus profiler 3D KLA-
Tencor

TM

(P-10 model) with a 2 mm tip radius, loaded with 50 mN.
For each specimen, 25 roughness profiles were recorded perpen-
dicular to the grooves. The scanning length and the sampling
length were respectively 8 mm and 0.1 mm (80,000 data points
along the profile length). Each profile was rectified by a third
degree polynomial fit to remove the form of the surface. Then, the
surface roughness amplitude (Ra) was computed.

2.3. Microstructure analysis

The cross-section of each specimen was prepared for micro-
scopic analysis using traditional metallographic techniques. The
specimens were carefully sectioned with an abrasive cutter,
mounted in a thermosetting resin with carbon filler (PolyFast)
for SEM examination, followed by gentle grinding and polishing
with diamonds, successively using grain sizes of 6, 3 and 1 mm,
then etched using a 2% Nital solution for approximately 10 s. The
micrographic analyses of cross-sections were then carried out
using scanning electron microscope (Philips XL30 ESEM-FEG).

2.4. Nanohardness measurement

The mechanical behavior was then investigated to reveal the
difference between surface and sub-surface layers. The nanoin-
dentation technique was used because it has been widely adopted
and used in the mechanical behavior characterisation of the
materials at small scales [26]. Nanoindentation tests were per-
formed with MTS Nanoindenter XP using a Berkovich indenter.
The load vs. penetration curves obtained during one cycle of
loading and unloading were analyzed using Oliver and Pharr
method [27] to measure indentation hardness, where contact
stiffness is obtained by the initial slope of the unloading curve.
3. Results and discussion

3.1. Microstructure and nanohardness of surface and sub-surface

layers

The Scanning Electron Microscopy (SEM) observations of the
transversal cross-section of each specimen clearly revealed metal-
lurgical transformations in the subsurface (see Fig. 2). This can be
seen as an affected layer consisting of a fine white layer on the top
surface, followed by an optical transition zone and then the bulk
material.

Fig. 3 represents the relative thickness of the white layer in
each specimen produced by precision hard turning. From Fig. 3, it
can be evaluated that the white layer thickness resides below
1 mm and is statistically constant with a mean layer thickness of
0.7 mm. According to literature [19–28], the thickness of the white



Fig. 2. Sub-surface microstructure relative to specimen 4.

Fig. 3. Thickness evolution of the white layer.
Fig. 4. Thickness evolution of the transition zone.
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layer obtained during hard turning of AISI 52100 bearing steel
should be between 3 and 50 mm. The values found in this study
correspond only to a very fine thickness of white layer. This can
be explained by the fine depth of cut (5 mm) used in this study.
Beneath the white layer, the thickness of the transition zone is
about 40–50 mm. It can be noted that this thickness is homo-
genous for all specimens (statically tested by analysis of variance),
as shown in Fig. 4.

To summarize, these results show that precision hard turning
generates both homogeneous thicknesses of the white layer and
the transition zone. Thus, homogeneous microstructure is
obtained at the surface and the subsurface layers whatever the
cutting parameters under investigation.

To investigate the mechanical behavior of the white layer and
the transition zone, a series of nanoindentation tests were carried
out respectively on the top surface and the cross-sections of the
machined samples.

Mechanical characterisation of the white layer: on the top
surface, 15 nanoindentation tests were carried out according to
3�5 matrix of indentations with row and column spacing of
200 mm. Each test is a cyclic indentation test: loading–unloading–
reloading, hence it results in 8 load vs. penetration curves which
are obtained by varying the penetration depth on a total penetra-
tion depth of 2 mm. Thus, at each penetration depth, the hardness
was calculated.

Mechanical characterisation of the transition zone: on the
cross-section, 15 nanoindentation tests were carried out accord-
ing to 3�5 matrix of indentations with row and column spacings
of 100 and 20 mm, respectively. Each test is a classical indentation
test: loading–unloading. The indentation matrix rows were cre-
ated by carrying out the measurements at 20 and 40 mm in the
transition zone whereas, at 60, 80 and 100 mm in the bulk
material from the machined surface.

Due to the limited thickness of the white layer (o1 mm), only
200 nm penetration depth measurements are reported here. The
box-and-whisker plot shown in Fig. 5 illustrates the relative
hardness of the white layer in the two specimens E1 and E3.
From Fig. 5, the differences between the median hardness values
do not exceed 0.5 GPa, that is not statistically significant. Thus,
the homogeneous thickness evolution of the white layer revealed
by SEM has a median hardness of 14 GPa. This hardness value



Fig. 5. Surface nanohardness (200 nm penetration depth).

Fig. 6. Sub-surface nanohardness.

Table 2
Surface roughness amplitude Ra.

Specimens Cutting parameters Surface roughness, Ra (mm)

Vc (m/min) f (mm/rev) ap (mm)

1 210 50 5 0.10

2 210 100 5 0.25

3 260 50 5 0.14

4 360 50 5 0.11

Fig. 7. Schematic view of twin-disc test rig.

Fig. 8. Geometry of rolling contact fatigue test specimen.
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is about 50% higher than the hardness of the bulk material
(8–9 GPa). While the microstructure of the bulk material is
tempered martensite, the significantly higher value obtained for
the nano-hardness of the white layer suggests that it is an
untempered martensite.

Fig. 6 shows the hardness evolution as a function of subsurface
depth. The results prove that the optical transition zone has a
mean hardness of 5 GPa, which is about 30% softer than the bulk
material. In this investigation there was no evidence of over-
tempered martensite below the white layer.

3.2. Surface roughness

According to the previous study [29], an expert system [30,31]
was used to quantify the relevancy of roughness parameters to
characterize the functionalities of surfaces at all the scales
including fractal aspect of the surface [32,33] for isotropic or
anisotropic surface [34]. This system includes a recent powerful
statistical technique called the bootstrap that was used by the
authors to compute constitutive laws [35], fatigue life time
prediction [36], adhesion properties of materials [37], etc. It was
then found that the roughness amplitude Ra is considered as
relevant roughness parameter to characterise the surface rough-
ness obtained by precision hard turning with different cutting
parameters. The Ra values of the four specimens investigated are
summarized in Table 2. Under fine depth of cut of 5 mm, the
results show that the feed rate strongly affects the Ra value.
It has an increasing effect (from Ra¼0.1 mm for specimen 1 to
Ra¼0.25 mm for specimen 2) for a cutting speed of 210 m/min.
Indeed, it is well known that the theoretical value of the rough-
ness amplitude Ra is primarily a function of feed rate for a given
nose radius. Moreover, the optimal roughness amplitude Ra was
obtained at a cutting speed of 210 m/min (specimen 1), which
was considered as a high cutting speed in finish hard turning of
AISI 52100, and also a very high cutting speed of 360 m/min
(specimen 4).
4. Rolling contact fatigue test

4.1. Twin-disc test rig

RCF tests are performed on a twin-disc test rig (Fig. 7),
specifically designed by CETIM to investigate the contact between
gear teeth or ring and rolling elements. The two discs rolled under
pure rolling conditions and lubricated by oil injection (Mobil Gear
629, kinematic viscosity of 15.8 cSt at 100 1C). The normal load is
applied by a pneumatic cylinder. In the test rig, the lower disc is
cylindrical (machined disc), while the upper disc is crowned (see
Fig. 8). The geometry of the contact surfaces provides an elliptical
contact area for applied load 1100 daN which corresponds to a
Hertzian pressure of 3.8 GPa.

Two proximity Hall-effect sensors are used to detect initiate
spalling on the surfaces. The test is stopped when one of the
sensors detects a spalling or it reaches 10 million cycles. To
evaluate the rolling contact fatigue life of precision hard turned,
ground and ground followed by honed specimens, two tests were
carried out on each specimen under the same conditions.
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4.2. Surface spalling

Spalling is the predominant damage mechanism for the pre-
cision hard turned tested specimens. Fig. 9 shows a SEM image of
a typical spall that was formed on the surface of precision
hard turned specimen. Note that the damage mechanism is
Fig. 9. SEM image of a spall formed on the surface of precision hard turned

specimen 1.

Fig. 10. 3D image of surface spall.

Fig. 11. Effect of surface roughness Ra on rolling contact fatigue of precision hard

turning surfaces.
representative of all the test specimens. On an average, the width
and the length of spalls are between 1 and 2 mm, and 2–4 mm
respectively.

In order to determine the depth, and profile of spalls, the
surface profilometer Dektak 150 from Veeco

TM

was used. Fig. 10
shows the 3D image of surface spall; the depth of the spall ranged
from 250 to 350 mm.
4.3. Effect of surface roughness on rolling contact fatigue life

The rolling contact fatigue life results, referred to the number
of stress cycles required to initial spalling of test specimens, are
reported in Fig. 11. The results show that RCF life increases as Ra

value decreases. Indeed, with a higher level of roughness ampli-
tude (Ra¼0.25 mm) the RCF life reaches 0.32 million cycles,
whereas with a very low level of roughness amplitude
(Ra¼0.1 mm), the RCF life reaches 5.2 million cycles. Therefore,
high level of roughness amplitude Ra has a very detrimental effect
on RCF life.
4.4. Life comparison of precision hard turned vs. ground, and ground

followed by honed specimens

In order to evaluate the impact of the precision hard turning
process on rolling contact fatigue life of bearing steel components,
a quantitative comparison between precision hard turning, grind-
ing, and grinding followed by honing has been performed. The
RCF life tests of ground specimen and ground followed by honed
specimen were performed under the same conditions of precision
hard turned specimens. Moreover, in order to achieve a good
comparative analysis, two complementary RCF tests were con-
ducted on other precision hard turning specimens with different
Ra values. Fig. 12 reveals that the bearing components achieved
1.2 million cycles with conventional grinding (Ra¼0.2 mm) and
3.2 million cycles with grinding followed honing (Ra¼0.05 mm).
Thus, precision hard turning, which reaches 5.2 million cycles
with surface roughness amplitude Ra¼0.1 mm, offers 400% longer
RCF life than the grinding process and 60% longer RCF life than
grinding followed by honing. Whereas the roughness amplitude
(Ra¼0.05 mm) obtained with grinding followed by honing is
clearly lower, precision hard turning offers better RCF life, which
may induce better surface integrity. Therefore, the precision hard
turning allows us to improve the surface integrity and RCF life of
the roller bearing components.
Fig. 12. Life comparison of precision hard turned vs. ground, and ground followed

by honed specimen.
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Conclusion

This paper investigates the feasibility of the precision hard
turning as a finishing process to improve the rolling fatigue life of
the bearing steel components.

The results can be summarized as follows:
�
 Precision hard turning generates homogeneous thicknesses of
fine white layer and transition zone. Nanoindentation tests
have revealed that the white layer is about 50% harder than
the bulk material hardness, and the transition zone is about
30% softer than bulk material.

�
 RCF life of bearing steel components machined by precision

hard turning reached 5.2 (at Ra¼0.11 mm) and 0.32 million
cycles (at Ra¼0.25 mm). Therefore, RCF life increases as the
roughness amplitude Ra decreases.

�
 In comparison with precision hard turning (RCF life reaches

5.2 million cycles for Ra¼0.11 mm), the RCF life of the bearing
components finished by grinding process reached 1.2 million
cycles (Ra¼0.2 mm), whereas in grinding followed by honing
process it reached 3.2 million cycles (Ra¼0.05 mm).
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