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Role of Inclusions, Surface Roughness and 
Operating Conditions on Rolling Contact Fatigue 

Tests have been performed on a two-disk machine in order to evaluate the role of inclusions, surface roughness and operating 
conditions on rolling contact fatigue of AISI 52100 and M50 bearing steels. Important parameters-such as nature and location of 
inclusions, small and large wavelengths of surface roughness, normal loading or sliding conditions-on crack initiation and 
propagation stages have been identified. The operating conditions have been selected to encompass typical jet engine applications. 
Tests have been carried out up to 4.2 GPa, for two different surface finishes. Surface distress and sub-surface damage which 
could result in catastrophic failure have been observed. Indeed, surface initiated deep spa/ling (ob­served at 3.5 GPa for 
unpolished surfaces and under rolling plus sliding conditions) as well as sub-surface initiated deep spalling (at 4.2 GPa for 
polished specimens) have been observed. Sub-surface micro-cracks were detected early and followed during some interrupted 
tests by the means of an ultrasonic echographic device. Results of our experiments are analyzed and discussed in relation to the 
rolling contact fatigue theories. 

Introduction 
From a general point of view, the rolling contact fatigue 

phenomenon is induced by the cyclic loading of contacting 
surfaces at low sliding ratios. Other damage, like wear or 
scuffing, may occur under extreme operating conditions. Wear 
appears at a microscopic scale under high tangential stresses in 
the contact area (Clarke et al., 1985). Scuffing occurs at high 
sliding rates under high thermal and tangential shear stresses 
and involves local welding or adhesion (Dyson, 1975). The 
context of rolling contact fatigue (R.C.F.) does not include high 
sliding and therefore thermal effects. 

The process of rolling contact fatigue is commonly divided 
in two steps: 

The first one is the initiation or nucleation of micro-cracks 
due to the local accumulation of dislocations within the con­
tacting bodies. This step is initially due to the concentration of 
high local stresses and associated plastic deformation around 
sub-surface inhomogeneities or surface defects, which both act 

1 Currently at SKF Engineering and Research Centre, Nieuwegein, The Nether­
lands. 

as stress raisers. One can see, for example, the experimental 
investigations on inclusion originated fatigue (Littmann et al., 
1966; Martin et al., 1967; Littmann, 1970; Yoshioka et al., 
1988, 1993, and 1995), and on surface crack initiation around 
artificially produced defects (Cheng et al., 1994a and 1994b) 
or debris indentation (Averbach et al., 1991 ) . 

The second one is the slow growth of the micro-cracks until 
the fracture toughness of the material is reached and surface 
distress is observed-also called micro-pitting or peeling­
(Berthe, 1978; Soda et al., 1982; Cheng et al., 1995; Nelias et 
al., 1998; Chiu, 1998), or deep spalling appears (Way, 1935; 
Littmann et al., 1966; Littmann, 1970; Yoshioka, 1988; Tallian, 
1992). 

In fact, R.C.F. is a complex phenomenon influenced by the 
material properties, the contact geometry, the kinematics, the 
loading, the lubricant properties, the temperature and the surface 
topography which can generate local stress distributions in the 
material. As a function of these parameters, two main types of 
R.C.F. are well identified, depending on their size (Tallian, 
1992): 

-Deep spalling, due to the formation of a contact-scale spall. 
A spall can be either surface or sub-surface initiated. 
-Surface distress, made of a large population of asperity-scale 
micro-spalls and micro-cracks. A distinction should be made 
between surface distress produced under pure rolling condi-
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tions-made mainly of micro-spalls-and that observed under 
rolling plus sliding, which is made of wider micro-spalls with 
transverse micro-cracks (Nelias et al., 1998). 

The purposes of this experimental study are: 

-To identify the mechanisms of surface and sub-surface origi­
nated fatigue occurring in elastohydrodynamically lubricated 
contacts, like those found in rolling bearings and gears, 
-to evaluate the important parameters of rolling contact fatigue 
initiation and propagation steps, 
-to provide experimental data to validate a model of crack 
initiation and propagation in elastohydrodynamically lubricated 
contacts. This part of the work will be presented later in a future 
paper. 

State of Art on Sub-Surface or Surface Initiated 
R.C.F. 

First of all, it should be mentioned that, although modeling 
is often supported by some experimental investigations, most 
of the work published on R.C.F. is theoretical. 

Although the prediction of R.C.F. still depends strongly on 
empirical methods originated from the outstanding work of 
Lundberg and Palmgren (194 7), the analysis based on the mi­
cromechanics of crack initiation and propagation using the dis­
location theory is a more physically satisfying and rational ap­
proach. Among the many studies in this area is the pioneering 
work on crack initiation of Mura and his co-workers ( 1981; 
1990); Tanaka et al. ( 1982); Champaud ( 1988); Zhou et al. 
( 1989); and more recently of Sanchette-Gosset ( 1993), Cheng 
et al. (1994c; 1997); Lamagnere (1996); and Vincent et al. 
(1997). Modeling of crack propagation under rolling contact 
fatigue has been extensively studied by Keer et al. ( 1983); 
Murakami et al. ( 1985 and 1994); Zhou et al. ( 1989); Fan et 
al. (1993 ) ; Rocher (1994) ; Kuo et al. ( 1997) ; Lee et al. 
( 1997); and Champiot ( 1997). 

Sites and modes of fatigue crack initiation depend on the 
cleanliness and microstructure of the material, normal and tan­
gential loading, and micro-geometry of the contacting surfaces. 
It is well-known that micro-cracks can be initiated along slip 
bands by dislocation motion, along grain boundaries, along in­
terfaces of inclusions or around voids or other inhomogeneities 
within the material. Mura and Tanaka ( 1981 ) have proposed a 
model for crack initiation in homogeneous media or starting at 
inclusions. This model has been recently improved by Cham­
paud ( 1988), Sanchette-Gosset ( 1993) and Lamagnere ( 1996) 
and finally applied to define conditions for infinite life of bear­
ings (Lamagnere et al., 1998). 

Vincent et al. ( 1995) have modeled the three-dimensional 
shape of a butterfly formed around a given inclusion in bearing 
steel under R.C.F .. The stress raiser effect of a single or multiple 
inclusions is nicely presented by Sushchenko ( 1997), which 
simulates photoelastically the stress concentration at the inter­
face between hard inclusions and a metal matrix, using a two­
dimensional polymer model with polymer inclusions of higher 
elastic modulus. 

Following the nucleation stage, fatigue cracks could either 
propagate or be stopped. Sub-surface cracks may stop growing 
if their length is below a critical value, depending on the cyclic 
loading and its location below the contact. There is considerable 
experimental and analytical evidence indicating an arrest region 
for the crack growth from or towards the Hertzian depth. This 
arrest region is better known as the quiescent zone, as postulated 
by Tallian et al. ( 1978). That contributes to explain why some 
cracks may not propagate and some others do, crossing this 
zone between the near-surface and the Hertzian depth due to 
asperity, surface friction or inclusion-driving effects (Clarke et 
al., 1985; Blake and Cheng, 1991). 

A three-dimensional crack propagation model was presented 
by Lee and Keer ( 1986). Refinements including interactions 

between multiple cracks or inclusions have been introduced 
recently by Kuo et al. ( 1997) and Lee et al. ( 1997). 

Concerning lubricant action, it is now well accepted that the 
oil hydraulic pressure effect pointed out by Way in 1935 is a 
possible mechanism of surface crack growth. The theoretical 
work carried out by Kaneta et al. ( 1985), Murakami et al. 
(1985, 1994), and Bower (1988) tends to clarify the role of 
lubricant on surface crack propagation due to the oil hydraulic 
pressure action. The oil viscosity seems to be an important 
factor as it governs the amount of oil entrapped within the crack 
cavity (Litmann et al., 1968). The oil also plays a role on R.C.F. 
by its lubricating action on the crack faces, by the additives it 
contains and through the foreign particles that it carries and 
which may dent the contacting surfaces (Matsuo et al., 1994, 
Shibata et al., 1994). 

The statistical distribution of the fatigue life using micro­
mechanics modeling of crack initiation and propagation was 
also obtained by Meynaud et al. ( l  995a, l 995b), assuming a 

. statistical distribution of inclusion size, nature, and depth within 
the material. This model shows that the semi-empirical approach 
of Lundberg and Palmgren, based on continuum mechanics the­
ory, is no longer required to correlate experimental data and 
numerical results. 

As one can see, the process of rolling contact fatigue induces 
complex phenomena, including many modes and sites of crack 
nucleation, a wide range of factors affecting crack growth, and 
competitive modes of crack propagation and wear. Additional 
experimental work is then required in order to identify mecha­
nisms of R.C.F. as well as dominant parameters. 

Experimental Procedure 

Test Rig and Operating Conditions. Fatigue tests have 
been carried out on a high-speed twin-disk machine, described 
elsewhere by Nelias et al. (1998). This simulator reproduces 
the operating conditions of high-speed rolling bearings at the 
raceway-rolling element contact, i.e., rolling and sliding speeds, 
contact pressure, lubricant, temperature, material, and surface 
finish. It should be noted that the shape of the disk specimens 
has been chosen spherical for these experiments, in such a man­
ner that the contact conjunction is circular (Fig. 1). The lubri­
cant used is a tetra-ester of 5 est viscosity at l 00°C, qualified 
for use in gas turbine engine lubrication systems under the MIL­
L-23699 specifications. The oil jet temperature was maintained 
constant at 80°C during all tests, which is also the bulk tempera­
ture of the tested disks due to the abundant oil flow. Tribological 
and rheological properties of this lubricant are described else­
where by Vergne et al. ( 1996). 

Tests have been carried out for two rolling bearing steels 
(AISI 52100 and M50), two surface roughnesses (grinding with 
and without polishing, respectively Ra ""' 0.1 µm and Ra ""' 0.5 
µm), three normal loadings ( 1.5, 2.5, and 3.5 GPa) and under 
pure rolling and rolling plus sliding conditions. Tests have been 
carried out for pairs of disks either both smooth (i.e., grinding 
with polishing) or both rough (i.e., without polishing). The 
mean contact velocity is set equal to 40 ml s for each test. To 
avoid thermal effects and scuffing, the slide-to-roll ratio s = 

(u1 - u2)1(ui + u2) has been chosen equal to 0.06, 0.035, and 
0.02, respectively, at 1.5, 2.5, and 3.5 GPa. An additional test 
has been performed at 4.2 GPa under pure rolling, for M50 
specimens with polished surfaces, and a mean contact velocity 
of 30 mis. The list of tests is given in Appendix A. 

The hardness ranges from 58 to 61 Re and from 62 to 64 Re 
for the 52100 and the M50 steels, respectively. The tempering 
temperature was 240°C and 550°C for the 52100 and the M50 
steels, respectively. Residual stress profiles measured by X-ray 
diffraction show that grinding and polishing produce compres­
sive residual stresses in a thin layer of about 5 µm only. Indeed, 
the mean residual stresses measured on the disk surfaces were 
-200 and -300 MPa for the 52100 steel, -300 and -400 MPa 
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Fig. 1 Contact geometry 

for the M50 steel, without and with 'polishing, respectively. 
Moreover, the influence of polishing is significant (about 100 
MPa) both for 52100 and M50. More details on the measured 
surface profiles before and after running and on the subsequent 
elastic stress field are given by Dumont (1997). 

High Frequency Ultrasonic Echography. The high fre­
quency ultrasonic echography allows one to get an early detec­
tion of sub-surface cracks and to follow their possible propaga­
tion up to the surface. Since the scanning echography technique 
is time consuming and it requires that the fatigue tests are 
interrupted in order to enable the disk specimens to be exam­
ined, only a few selected tests were carried out by using this 
technique. 

Ultrasonic methods are well known to be used for Non De­
structive Testing (N.D.T.) purposes. However, because of the 
very small size (20 to 30 µm) of the possible initiation sites 
constituted by the inclusions and primary carbides, and then by 
micro-cracks, a very well focused beam has to be produced in 
the examined region. For that purpose, due to the strong ten­
dency of ultrasonic waves to be diffracted at low frequencies 
used in classical N.D.T. applications, a high frequency system 
has been used (Fig. 2). 

The main element of the echographic device is the focused 
transducer. It includes a piezoelectric element, which is damped 
to obtain a wide band ultrasonic signal with a central frequency 
of about 40 MHz, and an acoustic lens with a focal length and 
an angular aperture of 12.7 mm and 2 X 13.5 deg, respectively. 
The method has been specially adjusted for detecting deep initi­
ated subsurface cracks. For that purpose, owing to the fact 
that such cracks roughly grow along the maximum shear stress 
direction, which is at 45 deg to the normal of the bearing surface, 
the transducer was tilted by an angle 'ip of about 20 deg from 
the normal to the specimen surface (Fig. 3). Indeed, such a 

configuration of the transducer leads to a direction of the re­
fracted shear wave beam normal to the aforementioned 45 deg 
cracks and, furthermore, their effective cross section is maxi­
mum, which lead to a maximum amplitude for the echo reflected 
at the crack. Another advantage of this oblique incidence setup 
is that it reduces the reception of the direct surface echo. 

More details on the experimental echographic system used 
are given elsewhere by Guy et al. ( 1997), which describes also 
the initial setup procedure, the measurement accuracy and the 
results of preliminary experiments for AISI 52100 steel. 

Optical and S.E.M. Investigations 

Once the fatigue tests had been completed, the disks were 
cut and suitable cross-sections were examined by optical mi­
croscopy and Scanning Electron Microscopy ( S.E.M.). In the 
case of the few tests for which ultrasonic echography had been 
performed, the cross-sections were chosen in the regions indi-

Displacement bench 

Computer 

...,_ Digital oscilloscope 

I 
Fuoction generator___.. Emiuer-n:cciver 

y 

Fig. 2 Schematic of the experimental apparatus for examining a single 
disk specimen: the raceway is scanned by step by step rotation of the 
disk and translation of the transducer along the z axis 

cated by the ultrasonic spots. In fact, in order to avoid missing 
the internal reflections that are of very small size, the cut was 
made close to the position of the ultrasonic indication and then 
the searched-for inhomogeneity was carefully approached by 
successive fine polishing of the surface and optical observation, 
by steps of 10 µm. Once the inhomogeneity was observed satis­
factorily, a S.E.M. observation and an E.D.X. (Energy Disper­
sive X-rays) analysis were carried out, in order to identify the 
nature of the inhomogeneity responsible for the damage initia­
tion. In other cases for which no ultrasonic echography had 
been performed, the sub-surface investigations were carried out 
according to a similar procedure but the cuts were chosen at 
random. 

Test Results for Polished Specimens 

Tests with polished surfaces correspond, for these typical 
operating conditions, to a lambda ratio (lubricant film thickness/ 
composite roughness) larger than 1. Tables A2 and A3 in Ap­
pendix A present tests carried out, respectively, at 2.5 and 3.5 
GPa, i.e., tests (FMOI, FM02, FM05, FM06) and (FHOl, FH02, 
FH05, FH06), respectively. Moreover, since these operating 
conditions were expected to produce sub-surface initiated dam­
age, two complementary tests with interruptions for high fre­
quency ultrasonic examination have been carried in order to get 
more information about sub-surface damage initiation. They are 
tests named FHOlbis performed at 3.5 GPa (Table A4 ), and 
FXX performed at 4.2 GPa (Table A5), both with M50 disks 
and under pure rolling condition. 

Surface Observation. No surface damage has been ob­
served up to 50 x 10 6 cycles at 2.5 and 3.5 GPa, whatever the 
material and the slide-to-roll ratio. However, a sub-surface crack 

Water 

M50 

Microheterogenelty 
with butterfly 
and crack 

Fig. 3 Principle of oblique incidence echography 
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Fig. 4(a) Ultrasonic amplitude image of the whole race in disk M18 
prior test. Non-fatigued state: spots 1 and 2 are detected at 260 and 120 
µm below the surface, respectively. Each strip represents an angular 
excursion of 60 deg along the raceway, and a width of 2 mm covering 
the whole contact raceway. 
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.. 

Fig. 4(b) Same as Rg. 4(a_) but after 5 x 107 c_ycles 

""--������--' . " .. ,. .. . ..
a) prior test 
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Jo• ... ... •• • .. 10 •• CO •t 1M 

l!J._ 1 fl' gc/es c)Jfl gc/a d) 101 gcles e) 5.101 gcles 
Fig. 4(c) Series of ultrasonic amplitude images of sub-surface reflector no. 2 in disk M18 in mV. Views a, b, c, d, and e 
corresponding to non-fatigued state, 105, 106, 107, and 5 x 107 cycles, respectively. (Scales are given in number of motor steps; 
horizontal scale: 1 step= 0.01 deg corresponding to 7 µm along the raceway; vertical scale: 1 step= 10 µm.) 

initiated at the Hertzian depth-for the test at 4.2 GPa-has 
propagated up to the surface, thus leading to a deep spall after 
57 X 106 cycles.

Ultrasonic Echography. A first echographic analysis was 
performed prior to testing for both disk specimens. An example 
of ultrasonic amplitude image of the whole race of a disk (ref. 
M l 8  prior test FHOlbis) tested at 3.5 GPa is given in Fig. 4(a). 
From this image, echoes l and 2 located at a depth of 260 and 
120 µm, respectively, were thus selected to be investigated in 
detail throughout the fatigue test. A corresponding series of 
local images is shown in Fig. 4( c) for spot 2. From this series, 
it appears clearly that the maximal amplitude recorded for this 
echo begins to increase as soon as 105 cycles have been reached. 
Then, following further cycling, the maximal amplitude goes 
on increasing. However, it should be noted that the maximal 
amplitude of this spot tends to decrease after 5 X 107 cycles.
This overall behavior is typical of what has been revealed by 
ultrasonic investigations. However, somewhat different evolu­
tions were also observed. Especially, many spots which were 
not detected in the initial state appeared after 5 X 106 cycles,
or more. This is best illustrated in Fig. 4 ( b) that shows an 
ultrasonic image of the whole disk M l8 after 5 X 107 cycles.
Moreover, some spots did not exhibit any amplitude decrease 
subsequent to 5 X 107 cycles.

From the optical and S.E.M. observations of the sub-surface 
area, which are described in details in the next section, the 
typical ultrasonic results can be interpreted as follows. The 
detected echoes correspond to non-metallic inclusions or micro-

cracks (nucleated at non-metallic inclusions or primary car­
bides) when they are observed in the initial state or subsequent 
to fatigue, respectively. Hence, the first marked increase in the 
amplitude of a spot can be associated with crack nucleation. 
Besides, the amplitude decrease for some echoes subsequent to 
high number of cycles could be due to the effect of compressive 
residual stresses which appear in the Hertzian area (Voskamp, 
1985) and therefore tend to close the crack faces. Furthermore, 
the differences that are observed around the typical behavior 
shown in Fig. 4 ( c) are linked to the inclusion size, nature, and 
position below the contact. 

Finally, from these investigations, the main contribution to 
RCF understanding is that many microcracks are nucleated very 
early in the fatigue life (as soon as 5 X 10 5 cycles for some of 
them) but most of them do not propagate out of the area influ­
enced by the inclusion at which they have been nucleated. 

Sub-Surface Optical and S.E.M. Investigation. The sub­
surface damage frequency is strongly linked with the concentra­
tion of inhomogeneities and the load level. Thus, a lot of butter­
flies and micro-cracks appear around primary carbides in M50 
steel at 3.5 GPa. Butterflies and micro-cracks are also observed 
surrounding non-metallic inclusions both in AISI 52 100 and 
M50 steels, but they are few in number due to the high cleanli­
ness of the materials. Figure 5 presents some butterflies and 
micro-cracks surrounding non-metallic (such as alumina and 
calcium aluminate) and metallic (mainly carbide) inclusions in 
AISI 52100 and M50 steels. The inclination of the butterfly 
wings and micro-cracks is related to the rolling direction ( oppo-
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Fig. 5 S.E.M. micrographs showing typical inclusions and associated 
butterfly and microcrack in polished specimens after contact fatigue (5 
x 10 7 cycles, 3.5 GPa). Observed sections were cut perpendicular to the 
specimen axis (see plane xOy in Fig. 1 ). 

site to the load movement). It should be noted that such butter­
flies and micro-cracks were never observed in non-fatigued 
specimens. 

Butterflies and related micro-cracks presented in Fig. 5 have 
been observed far from the surface. However, an investigation 
of the butterfly concentration versus depth has been carried out 
for M50 fatigued specimen after 50 X 106 cycles at 3.5 GPa
under pure rolling conditions (a similar investigation for 52100 
steel is difficult since the number of initiating sites is too low 
to perform a statistical approach in one specimen of this mate­
rial). For that purpose, the sub-surface area has been observed 
carefully by layers of 100 µm in depth, and the number of 
butterflies per layer has been counted over a surface of about 
25 mm2• The corresponding histogram is shown in Fig. 6, as 
well as the histogram giving the number of echoes in percent­
age. As one can see, we have a reasonable agreement between 
the statistical distribution of butterflies and the echo frequency 
versus depth. However, it appears that the depth of maximum 
concentration of butterflies (between 200 and 300 µm) is 
smaller than the depth of the maximum Hertzian shear stress 
( 457 µm), which is not clearly understood. 

The size of butterfly wings for the test at 4.2 GPa with M50 
specimens is generally greater than that observed for tests at 

50 

40 
l 
c 30 
0 
t: 20 0 0.. 0 
� 10 

• Butterflies 
•Ultrasonic echoes 

, 00 200 300 400 500 600 700 800 900 1000 
Depth (In IJITI) 

Fig. 6 Butterfly and echo concentrations versus depth for polished 
specimens at 3.5 GPa under pure rolling condition 

Fig. 7(a) Micro-spalls along grinding marks; AISI 52100 steel; pure roll­
ing; 3.5 GPa, 5 x 107 cycles 

Fig. 7 (b) Micro-spalls on the top of longitudinal roughness of large 
wavelength; AISI 52100 steel; pure rolling; 2.5 GPa, 5 x 106 cycles 

Fig. 7 (c) Micro-spalls and longitudinal cracks; M50 steel; pure rolling; 
3.5 GPa, 5 x 107 cycles 

lower Hertzian pressure. At the same time, cracks are more 
difficult to detect, i.e., echoes become weaker when the number 
of cycles increases. This may be explained again by the action 
of the compressive residual stresses which tend to close both 
the crack faces and the free space between inclusions and the 
matrix. Finally, except for the test at 4.2 GPa, no crack ex­
tending outside the butterflies has been observed, which means 
that only crack initiation has occurred under the loading condi­
tions and the number of cycles investigated in this work. 

Test Results for Unpolished Specimens 

Tests with unpolished surfaces correspond, for these op­
erating conditions, to a lambda ratio (lubricant film thickness/ 

friction dirrction 

U=.lO� --· 

111111• 

roUini dirtttion 

fri tion dlrttlion 

b Orhu surf a t' 

Fig. 8 Micro-crack orientation under rolling plus sliding conditions. Ob­
served sections were cut perpendicular to the specimen axis (see plane 
xOy in Fig. 1 ) 
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Fig. 9 Longitudinal cut of rolling/sliding micro-spalls in M50 steel 

composite roughness) smaller than 1. Tests performed at 1.5,
2.5, and 3.5 GPa are listed in Appendix A in Table A l  (tests 
FL03, FL04, FL07, and FLOS), A2 (tests FM03, FM04, FM07, 
and FMOS), and A3 (tests FH03, FH04, FH07, and FHOS), 
respectively. A complementary test carried out at 3.5 GPa and 
followed by ultrasonic echography is also presented in Table 
A4 (test FH03bis). 

Surface Observation. Surface distress-which occurrence 
depends on the roughness amplitude-was always observed for 
unpolished specimens, independently of the normal load (i.e., 
at 1.5, 2.5, and 3.5 GPa). It is made of a large population of 
asperity-scale micro-cracks and micro-spalls which are different
depending on the sliding conditions. As shown in Fig. 7 (a), 
pure rolling generates mainly narrow micro-spalls along grind­
ing marks or on the top of longitudinal roughness of large 
wavelength (Fig. 7 ( b)). Their depth is limited to 5 to 10 µm. 
The formation of longitudinal cracks may also be observed after 
50 X 106 cycles (Fig. 7 ( c)). Meanwhile rolling plus sliding
produces larger micro-spalls together with transverse micro­
cracks. Transverse micro-cracks observed on the surface for 
rolling plus sliding conditions propagate at an angle of 30 to 
40 deg downward away from the direction of the friction direc­
tion (Fig. 8), to form micro-spa\ls. Their depth depends on the 
normal loading (Fig. 9) and the location on the driver or driven 
surface. As shown in Fig. 9, the surface micro-crack length for 
driven surfaces increases strongly with the normal load. Thus, 
they may reach the Hertzian maximum depth and form a surface 
initiated deep spall (see Fig. 10 for test at 3.5 GPa), while 
micro-cracks are not deeper than 10 µm on the driver disk. 

Ultrasonic Echography. The ultrasonic examination car­
ried out during test FH03bis has been strongly disturbed by 
surface damage occurrence. This can be seen by comparing the 
ultrasonic image of the overall race of an unpolished specimen 
obtained subsequently to 5 X 107 cycles at 3.5 GPa (Fig.
11 (a) )  with that one recorded for a smooth specimen at the
same number of fatigue cycles (Fig. 4(b)). The former image 
is completely covered of ultrasonic spots. Moreover, the time 
analysis of the corresponding echoes shows that most of these 
echoes originate from the surface, i.e., they are due to surface 
micro-cracks and micro-spalls. 

So, in order to overcome this obstacle, the imaging procedure 
was slightly modified. A time selection gate has been intro-

duced, thus excluding the echoes whose time of flight corre­
sponds to the transducer/surface back and forth travel. Then, 
the subsisting echoes are only those reflected from the sub­
surface area. The overall image obtained by means of such a 
procedure is given in Fig. 11 ( b) and the detailed image of a 
particular spot is given in Fig. 11 ( c). 

Using this method enabled us to follow the evolution of sub­
surface damage (i.e., far from the surface). It should be noted 
that this evaluation can only be qualitative since the amplitude 
of the waves transmitted at the water/surface interface is sig­
nificantly disturbed by ultrasonic wave scattering at surface 
defects. Despite these difficulties, this investigation has shown 
that the stage of crack initiation at the Hertzian depth is quite 
similar (number of cycles to occur, concentration of crack nu­
cleation sites) for contact between smooth surfaces and those 
between rough surfaces. 

a) 

b) 

c) 

Fig. 10 Surface initiated deep spalling at surface distress (test FH04 
after 37 x 106 cycles, follower disk, M50 steel, polished surfaces, 3.5 GPa, 
slide to roll ratio of 2%). (a) General view (perspective along longitudinal 
view); (b) zoom on the right side of the spall (perspective view); {c) 
S.E.M. view of carbide and butterfly in the vicinity of the macro-crack 
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Fig. 11 (a) Ultrasonic amplitude image of the whole race in disk M87 of 
test FH03bis subsequently to 5 x 107 cycles at 3.5 GPa (unpolished 
surface) 

· . 

. . 

Fig. 11 {b) Ultrasonic amplitude image of the whole race in disk M87 of 
test FH03bis; same conditions as a) but with a time gate selection exclud· 
ing the surface echoes 
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Fig. 11 ( c) Detailed image of a sub-surface reflector in disk M87 of test 
FH03bis subsequently to 5 x 107 cycles; measured depth= 250 µm 

Sub-Surface Optical and S.E.M. Investigation. These ob­
servations confirm the information given by the ultrasonic tests, 
that is many butterflies and micro�cracks are observed in the 
sub-surface area, especially in the depth range 200-400 µm, as 
for polished specimens. However, some butterflies and micro­
cracks situated in the range 0-100 µm are also observed. This 
is best illustrated in Fig. 12 both for AISI 52100 and M50 steels. 
In the former case, the micro-heterogeneity responsible for the 
butterfly /micro-crack system has been identified to a titanium 
nitride (Fig. 12(a)) or to an alumina inclusion (Fig. 12(b)), 

whereas in the latter case a primary carbide has been found at 
the origin of the butterfly/micro-crack system (Fig. 12(c)). 

Summary of Observed Fatigue Damage 

Surface distress that has been observed for unpolished sur­
faces is made of a large population of asperity-scale micro­
spalls and micro-cracks. A discrimination should be made be­
tween the surface distress observed under pure rolling condi­
tions (without transverse micro-cracks) and that observed under 
rolling/sliding conditions. Surface distress represents a poten­
tial failure mode as it modifies the profiles of the contacting 
surfaces and also can generate other surface failure modes as 
surface initiated deep spalling. 

Surface initiated deep spalling has been observed under roll­
ing plus sliding conditions, for the follower disk in M50 steel 
at 3.5 GPa after 37 X 106 cycles (test FH04). Optical and
S.E.M. examinations of the longitudinal cuts across this macro­
spall (Fig. 10) have shown that the deep spall has been origi­
nated from the surface distress. 

Sub-surface initiated deep spalling has been observed during 
our experiment FXX after 57 x 106 cycles at 4.2 GPa under 
pure rolling and for M50 steel. Optical and S.E.M. examinations 
of the longitudinal cuts across this macro-spall have shown that 
the deep spall has been originated from a primary carbide lo­
cated at the Hertzian depth. 

load monmrnl rolling dirtttion 

a) Tesl fff07 (52100 stttl, 3.S GPa) 

Titanium nllrlde ; dtplh = 75 µm 

b) Tesl Fff07 (52100 teel. J.S GPa) 

Alumina ; dtplh = 75 µm 

c) Tm FH03 (M50 stttl. J.5 GPa) 

Primary carbide ; depth = JO µm 

Fig. 12 Sub-surface S.E.M. observations for unpolished specimens at 
3.5 GPa. Observed sections were cut perpendicular to the specimen axis 
(see plane xOy in Fig. 1) 
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a) 

b) 

c) 

d) 

Fig. 13 (a) Schematic stages of micro-spall formation along grinding 
marks (transverse cut), see also Fig. 7(a) 

a) 

b) 

c) 

d) 

Fig. 13 (b) Schematic stages of micro-spall formation below longitudi­
nal roughness of large wavelength (transverse cut), see also Fig. 7 (b) 

Discussion on Crack Initiation and Growth and Im­

portant Parameters 

The results of our experimental observations, together with 
those of some numerical investigations performed in parallel 
(see Lamagnere, 1996; Dumont, 1997; and Champiot, 1997), 
have yielded the following comments. 

Initiation of Inclusion Originated Fatigue. Initiation and 
propagation of inclusion originated cracks is the main mode of 
sub-surface originated fatigue in rolling bearings. Such crack 
initiation is explained as follows, from various papers devoted 
to modeling this process (Moreira de Freitas et al., 1983; Cham­
paud, 1988; Vincent et al., 1997). Under the action of the 
contact stress field, a stress concentration is built up around 
inhomogeneities (inclusions and primary carbides) due to the 
elasto-plastic strain mismatch between these inhomogeneities 
and the martensitic matrix. Once the yield stress of the matrix 
is reached, a plastic strain is induced in a small domain sur­
rounding the inhomogeneity. Under the repeated action of the 
contact, dislocations move back and forth and accumulate in 
this domain. This process often leads to localized changes in 
the steel microstructure-i.e., white etching area (W.E.A.) with 
the appearance of butterfly wings-and a crack is nucleated in 
this domain once a critical density is reached. The number of 
cycles to crack nucleation versus inhomogeneity properties and 
operating conditions can thus be predicted from such modeling 
based on a physical metallurgy approach of RCF (Vincent et 
al., 1997). 

Initiation of Surface Micro-Cracks. Geometrical discon­
tinuities which remain after running-in, such as the bottom end 
of grinding marks (Fig. 7 (a)) and the micro-Hertzian volume 
below roughness of large wavelength (Fig. 7 (b)) or indent 
ridges, are preferential sites for micro-crack initiation. Micro­
cracks propagate parallel to the surface at a few µm depth along 
the machining direction, leading to the formation of micro­
spalls. These processes, which are mainly observed under pure 

rolling but seem also to coexist under rolling plus sliding, are 
schematically shown in Fig. 13 (a) and 13 ( b). However, the 
number of cycles required to observe the first micro-cracks 
and subsequent micro-spalls is usually very low (less than 105 
cycles). Accordingly, the running-in is not always finished and 
therefore it is an important factor. 

Sliding plays also a significant role, as it produces transverse 
micro-cracks with an angle of 30 to 40 deg opposite to the 
friction direction. Cracks are located mainly on the top of 
roughness of large wavelength. The mechanism of crack forma­
tion is not yet clearly understood, but some evidence tends to 
show that the local friction coefficient at the top of asperities 
may be large enough to initiate transverse micro-cracks. Such 
micro-cracks are at the origin of micro-spalls, usually wider 
and deeper than those observed under pure rolling conditions. 
The different stages of surface distress formation under rolling 
plus sliding conditions are schematically presented in Fig. 
14 (a), until a surface initiated deep spall is formed (Fig. 
14(b)). 

It is not clear whether surface distress occurs under micro­
EHL or mixed lubrication regime (with metallic contact be­
tween asperities). However, it may appear as soon as the surface 
asperity amplitude becomes of the same order of magnitude as 
the lubricant film thickness. Subsequent pressure perturbation 
on the surface produces some local stress concentrations ( i) 
close to the surface if the local friction coefficient is roughly 
below 0.3 or (ii) on the surface itself if the local friction coeffi­
cient exceeds 0.3 (Dumont, 1997). Initiation is also influenced 
by surface defects due to machining or mounting, near surface 
inclusions (Clarke et al., 1985), pollution of the lubricant, con­
tact temperature and sliding velocity. Residual stresses due to 
machining also play an important role. 

Further Initiation and Propagation of Initial Surface De­
fect. Transient EHL analysis around a surface defect shows 
that the pressure peak and subsequent high stress concentration 
is predominant at a location according to the friction direction, 
that is at the leading edge for driven surfaces and at the trailing 
edge for driver surfaces (Nelias et al., 1998). This EHL effect 
depends on the mean contact pressure and whether the lubricant 
reaches its glassy or quasi-solid state, which is usually the case 
even at low or moderate normal pressure. That contributes to 
explain why existing surface distress (micro-cracks and micro­
spalls) tends to initiate further micro-cracks and to propagate 
in the friction direction. 

Propagation of Inclusion Originated Micro-Cracks. The 
main parameters affecting propagation of inclusion originated 
micro-cracks are the size and nature of inclusions, which define 
the initial size of the micro-cracks. Two factors may help to 
further propagate micro-cracks from or toward the surface: 

-The attraction of a micro-crack by the closest inclusion (Fig. 
15). However this attraction, which occurs in an area limited 
to the inclusion vicinity (i.e., to a distance up to a few times 
the inclusion radius), may also b.e repulsed by the inclusion
itself depending on the relative position and orientation of the 
micro-crack ( Champiot, 1997). 
-The superposition of stress fields corresponding to different 
roughness wavelengths that are predominant. This may build a 
stress bridge linking the near surface area and the Hertzian zone. 

As a consequence, a sub-surface initiated deep spall may 
occur. This point is schematically illustrated in Fig. 16 where 
the competition between surface and sub-surface crack growth 
is shown. Sub-surface initiated deep spalling occurs at high 
normal load and mainly under good elastohydrodynamic condi­
tions, i.e., when the lubricant is abundant and surfaces are 
smooth. Thus, the crack nucleation takes place at the Hertzian 
depth around inhomogeneities where the cyclic shear stress is 
maximum, and the crack propagation occurs towards the sur-
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friction direction 

a) 

b) 

c) 

d) 

Fig. 14(a) Schematic stages of micro-crack and micro-spall formation 
under rolling plus sliding (longitudinal cut) 

friction direction 

a) * 40µm 

b) 

c) t 400µm 

Fig. 14(b) Schematic stages of a surface initiated deep spall (longitudi­
nal cut) 

face. It should be noted that the propagation phase is greatly 
influenced by the stress level and the inclusion frequency within 
the contacting bodies. 

Propagation of Surface or Near Surface Originated Mi­
cro-Cracks. As for the propagation of inclusion originated 
cracks, a roughness composed of undulations of different sizes 
may build a stress bridge linking the surface and the Hertzian 
zone through the quiescent zone which does not exist anymore. 
However, the role of the lubricant by the effect of the hydraulic 
pressure seems to be more important when a small quantity of 
oil is entrapped into a crack. Kaneta and Murakami ( 1991) 
have numerically shown that in some cases the crack lips may 
be closed when the load is passing above the crack. The worst 
situation in regard to the crack propagation occurs when this 
was preceded by the entrance of oil into the crack that is then 
entrapped. This contributes to propagate the crack by mode I. 
This worst combination of crack inclination, load movement, 
and friction direction is exactly the situation where transverse 
cracks are found on the driven surfaces. Finally, it should be 
mentioned that the lubricant viscosity and additives which act 
( i) on the oil flow from/into a crack and ( ii) on the crack face 
oxidation and then friction coefficient, play also a key role on 
the surface crack propagation. 

Micro-crack propagation which takes place from the surface 
towards the sub-surface may lead to a surface initiated deep 
spall. Surface traction forces may act to reduce the depth of 
the ''quiescent' '  layer. Furthermore, combination between the 
sliding rurection and the fluid action (Bower, 1987) as well as 
the presence of non-metallic inclusions ( Clarke et al., 1985) 
contribute to increase the risk of deep spalling. 

Conclusion 

The role of dominant parameters on the rolling contact fatigue 
of bearing steels can be summarized as follows: 

a) Follower disk

(FH04 test - PHmax = 3.5 GPa - A.= 2%) 

b) Driver disk
(FM04 test- PHmax = 2.5 GPa - lambda= 3.5%)
Fig. 15 Interactions between micro-cracks and inclusions in M50 steel. 
Observed sections were cut perpendicular to the specimen axis (see 
plane xOy In Fig. 1). 

Role of Inclusions: They act as stress raisers, leading to 
localized plastic deformation and crack nucleation, depending 
on the stress level and the number of cycles. They are at the 
origin of sub-surface cracks at the Hertzian depth, independently 
of the roughness quality. They may also be at the origin of 

S=ll 
roughn 

l..a"IC 
ruugbnCJS 

Lowlmd Modlumloocl 

Fig. 16 Competition between surface and subsurface crack growth for 
different loading and surface roughness. The full line represents the 
Tresca shear stress u versus depth z {normalized by the Hertzian pres­
sure and the contact half length a, respectively). The dash line repre­
sents the characteristic shear stress below which no crack initiation 
{straight lines) and propagation (arrow head lines) will occur. This limit 
takes into account the local inhomogeneities within the material. 
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near-surface cracks when the roughness produces stress concen­
tration within an important volume near the surface. The oxide 
type of non-metallic inclusions is much more detrimental than 
nitride ( non-metallic) or carbide ( metallic). However, the num­
ber of carbides is important in MSO steel. Crack nucleation 
may be also a consequence of the interaction between several 
inclusions. Finally the inclusion frequency and distribution is 
an important factor affecting the crack propagation from or 
towards the surface, a growing crack being attracted by the 
neighboring inclusions. 

Role of Surface Roughness: Machining marks are at the 
origin of surface initiated micro-cracks. Large wavelength pro­
duces normal pressure fluctuation and sometimes as a conse­
quence the initiation under shear mode of near-surface cracks. 
The superposition of the Hertzian stress and localized stress 
due to roughness of large wavelength can create a bridge of 
stress which may help to propagate cracks from the near surface 
area or the surface itself to the sub-surface until the Hertzian 
depth is reached ( to form a surface initiated deep spall) . The 
running-in of small wavelength asperities is also of great impor­
tance since it produces high stress concentration, even at low 
normal loads. 

Role of Normal Load: The stress level is of course of great 
importance in the rolling contact fatigue process. Especially, a 
high load may be very detrimental in the presence of surface 
distress or other surface damage, as it helps the propagation of 
near-surface cracks up to the Hertzian depth to form a deep 
spall, which is a catastrophic failure for a machine element. 

Role of Sliding, in Addition to Roughness: Depending on 
the surface topography and the lubricant thickness, sliding is 
assumed to be at the origin of the transverse micro-cracks ob­
served on the contacting surface through a local increase of the 
friction coefficient. 

Role of Lubricant: In addition to existing surface micro­
cracks and depending on the combination of load movement, 
friction direction and crack orientation, the lubricant may help 
to propagate surface cracks by hydraulic pressure effects. The 
amount of oil entrapped into the crack is linked to the oil flow 
by the lubricant viscosity. Additives contained in oil may also 
act on the lubricant fluidity into the crack and then on the 
hydraulic pressure propagation. They also play a role on the 
crack face oxidation, which modifies the friction coefficient 
between the crack faces and then the kinematics of crack propa­
gation. Finally, as shown by transient EHL analysis, the move­
ment of a surface defect produces a stress concentration predom­
inant at a location according to the friction direction. Intensity 
of stress concentration depends on the mean contact pressure 
and on the glassy-state transition of the lubricant. 
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A P P E N D I X  A 

Test List, and Corresponding Operating Conditions and Fatigue Damage 

Tests 

FL03 
FL04 
FL07 
FL08 

Tests 

FMOl 
FM02 
FM03 
FM04 
FM05 
FM06 
FM07 
FM08 

Tests 

FHOl 
FH02 
FH03 
FH04 

FH05 
FH06 
FH07 
FH08 

Table Al Operating conditions and corresponding types of fatigue damage observed at 1.5 GPa 

Material 

M50 
M50 

52100 
52100 

hja 
0.7 19 
0.667 
0.776 
0.790 

Slide to 
roll ratio 

0% 
6% 
0% 
6% 

Max nb of 
cycles Observations at the end of the test 

20 X 106 cycles surface distress/no sub-surface damage 
10 x 106 cycles surface distress/no sub-surface damage 
20 X 1 06 cycles surface distress/no sub-surface damage 
1 0  x 106 cycles surface distress/no sub-surface damage 

Table A2 Operating conditions and corresponding types of fatigue damage observed at 2.5 GPa 

Material 

M50 
M50 
M50 
M50 

52100 
52100 
52100 
52100 

hja 
1 .206 
1 .207 
0.582 
0.479 
1 . 305 
1 .275 
0.583 
0.599 

Slide to 
roll ratio 

0% 
3.5% 
0% 
3.5% 
0% 
3.5% 
0% 
3.5% 

Max no of 
cycles 

50 X 106 cycles 
50 X 1 06 cycles 
20 X 106 cycles 
10 X 106 cycles 
50 X 106 cycles 
50 x 1 06 cycles 
20 x 106 cycles 
10 x 106 cycles 

Observations at the end of the test 

no surface damage/sub-surface butterflies 
no surface damage/sub-surface butterflies 
surface distress/sub-surface butterflies 
surface distress/sub-surface butterflies 
no surface damage/sub-surface butterflies 
no surface damage/sub-surface butterflies 
surface distress/sub-surface butterflies 
surface distress/sub-surface butterflies 

Table A3 Operating conditions and corresponding types of fatigue damage observed at 3.5 GPa 

Material 

M50 
M50 
M50 
M50 

521 00 
52100 
52100 
52100 

hja 
1 . 1 69 
1 .237 
0.61 4  
0.628 

1 .445 
1 . 153 
0.572 
0.809 

Slide to 
roll ratio 

0% 
2% 
0% 
2% 

0% 
2% 
0% 
2% 

Max no of 
cycles 

50 X 106 cycles 
50 x 106 cycles 
50 x 106 cycles 
37 X 106 cycles 

50 X 106 cycles 
50 X 106 cycles 
50 x 1 06 cycles 
50 X 106 cycles 

Observations at the end of the test 

no surface damage/sub-surface butterflies & µ-cracks 
no surface damage/sub-surface butterflies & µ-cracks 
surface distress/sub-surface butterflies & µ-cracks 
surface distress, one surface origin spall at 37 x 106 

cycles/sub-surface butterflies & µ-cracks 
no surface damage/sub-surface butterflies & µ-cracks 
no surface damage/sub-surface butterflies & µ-cracks 
surface distress/sub-surface butterflies & µ-cracks 
surface distress/sub-surface butterflies & µ-cracks 
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Tests 

FHO l bis 
FH03bis 

Tests 

FXX 

Table A4 List of interrupted tests at 3.5 GPa with ultrasonic echography inspection 

Material 

MSO 
MSO 

h)O"
l . 1 69 
0.614 

Slide to 
roll ratio 

0% 
0% 

Max no of 
cycles 

SO X 1 06 cycles 
SO X 1 06 cycles 

Observations at the end of the test 

no surface damage/sub-surface butterflies & µ-cracks 
surface distress/sub-surface butterflies & µ-cracks 

Table AS Operating conditions of interrupted test at 4.2 GPa with ultrasonic echography inspection 

Material 

MSO 1 . 247 

Slide to 
roll ratio 

0% 

Max no of 
cycles 

57 X l 06 cycles 

Observations at the end of the test 

one sub-surface origin spall at 57 X l O" 
cycles/sub-surface butterflies & µ-cracks 

Note: The central lubricant film thickness h0 is given by the well-known Hamrock and Dawson' s  formula for elliptical point contact. 
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