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Abstract

This paper reports the results obtained in tests conducted to evaluate the evolution of wear tracks and artificial defects under rolling contact
fatigue (RCF) loading and its effect on RCF life. The experiments were conducted on specimens of different materials commonly used in rolling
bearings and gears. The artificial defects were introduced with the rounded tip of a Rockwell-C type indenter, with a diameter of ∼120 �m. The
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volution of the micro-roughness profiles was followed, in the rolling and transversal directions, for both, artificial defect and wear track. The RCF
ives of the samples were correlated with the build up height. Furthermore, the RCF lives of three variants of the SAE 52100 steel with artificial
efects were compared to those obtained for the same variants where the build ups had been machined off. In the later case, the lives were observed
o increased by a factor close to two; while the spall appearance remained unchanged indicating a similar failure mechanism. These results give
oom to question the precision and validity of finite element models, when analyzing artificial defects without proper accounting for the build up,
.e. surface roughness, and subsequent life theories formulated to match the numerical results. This paper also deals with the influence of artificial
efects (when used to accelerate tests) on the life reduction factor for different materials, which was observed to be dependent on the material
ardness.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Crack nucleation under cyclic loading conditions in steel is
ontrolled by the presence of metallic and non-metallic inclu-
ions and geometric discontinuities, either in bending fatigue
1,2] or rolling contact fatigue (RCF) [3]. It is well known
hat fatigue failure in bending typically originates at the exter-
al fibers, where the most unfavorable stresses and strains
ctuate.

The RCF failure, under ideal working conditions, i.e. when
> 3 (where λ is the ratio of the minimum oil film thickness to

he compound surface roughness) originates in the subsurface
egion, in coincidence with the most unfavorable strains and
tresses. In this case, metallurgical defects work as stress rais-
rs, which lead to crack nucleation and, then, propagation. It has

∗ Corresponding author. Tel.: +54 223 481 6600x245; fax: +54 223 481 0046.
E-mail address: dommarco@fi.mdp.edu.ar (R.C. Dommarco).

been demonstrated [3] that even small inclusions, i.e. ∼2–4 �m,
may lead to failure, even though this also depends on material
properties and residual stresses [4]. Under low to moderate load
conditions, the surface irregularities (roughness) may be toler-
ated and accommodated by the lubricant film thickness.

With the advent of modern steel manufacturing technologies
(cleaner steels) and the requirement of higher mechanical solic-
itations, leading to thinner oil films, i.e. λ < 2, the failure mode
has shifted from a subsurface, to a surface-dominated one. The
RCF failure is now found to be controlled by the characteristics
of the contacting surfaces, i.e. the size, morphology and orienta-
tion of the micro asperities and the presence of grinding marks or
indentations [4–6]. The surface irregularities present in the con-
tact area may produce large local perturbations of the Hertzian
pressure distribution in the form of narrow, stationary pressure
spikes. Some computational models have shown that disconti-
nuities as small as 5 �m deep may produce stress spikes that
double the maximum Hertz stress considering elastic conditions
[7–9].

043-1648/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Researchers are focused these days on the surface nucleation
phenomena. Accelerated tests, which may include the use of high
loads, high roughness, debris in oil, or artificial defects placed
on the wear tracks have become a standard practice. Among
the most commonly used artificial defects, hemispherical dents
or furrows are found, particularly the former because of their
similarity with actual indentations produced in a machine with
contaminated oil.

Numerical models are often used to evaluate the effect of an
artificial defect on the strain and stress fields at or near the defect,
and then are correlated to the RCF lives in order to obtain empir-
ical theories capable of predicting life. Simplified plane strain
(2D) finite element analyses considered an ellipsoidal indenta-
tion with its longer radius perpendicular to the rolling direction.
Many times, however, these simplified models neglect to account
for the presence of a build up (BU) around the natural defects
(produced by debris in the oil) or artificial defect’s [9–11]. Also
in an experimental study [12] build up free artificial defects were
obtained by electric discharge machining.

Other analytical and 2D numerical studies considering the
influence of the artificial defect’s build up under rolling contact
loading [13–15] or pure sliding contact [16] show that the per-
turbation of the contact pressure produces pressure spikes up to
3–4 times higher than p0.

Even models without a build up [8] show that the maximum
equivalent stresses (von Mises) take place at the edges, when
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as calculated by using the equation proposed by Hamrock and
Dowson [20].

The load applied during the experiment was chosen to pro-
duce a p0/kk = 6, where p0 is the maximum Hertz stress and kk
is the kinematic yield strength for the material. This implies that
the tests were carried out over the shakedown limit. For the steel
samples kk was equal to 600 MPa and thus p0 = 3.6 GPa. For
the ADI samples, on the other hand, kk was determined to be
450 MPa and thus a p0 = 2.7 GPa was used, According to hertzian
(elastic) theory these pressures produce an elliptical contact
patch in steel samples with minor (circumferential or rolling
direction) and major (axial direction) contact lengths equal to:
2a ≈ 313 �m, and 2b ≈ 549 �m, respectively. The minor and
major contact widths for the ADI were 2a ≈ 0.265 mm and
2b ≈ 0.465 mm, respectively.

The fatigue tests results were analyzed using the two-
parameter Weibull statistics and the ten (L10), fifty (L50) and
medium (η, at 63.3% failure probability) lives were evaluated.
The number of tests carried out per sample variant is listed in
Table 2. The rolling direction was defined as opposite to the
direction of sample rotation.

2.2. Sample preparation

The samples were made out of one variant of AISI 440C steel,
five variants of SAE 52100 and one variant of austempered duc-
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he contacting cylinder is positioned directly over the artificial
efect. It was found [17] that the cyclic plasticity and residual
tresses are higher at the trailing edge of the groove, where the
palls are seen to nucleate. This gave rise to the speculation that
he build up should considerably modify the strain and stress
elds near the surface and, thus, plays a more important role in
rack nucleation than suspected.

To the best of the author’s knowledge the effects of artificial
efect’s build up on the RCF life was not experimentally stud-
ed before. Therefore, different steel variants were evaluated by
ntroducing artificial defects, and their RCF lives compared to
he ones obtained for samples where the artificial defects build
p’s had been previously machined off. The failure mechanism
as also studied by following the artificial defect’s profile evolu-

ion in the rolling and transversal direction for both the unshaved
nd the shaved specimens. The influence of the artificial defects
n the life reduction factor was also evaluated.

. Experimental procedure

.1. Rolling contact fatigue tests

The RCF tests were carried out with a “ball-rod rolling con-
act fatigue tester” [18]. The present study was conducted using
previously described modification of this experimental set up

19]. The sample rotates at 3600 rpm and the lubrication feed was
–10 drops per minute of Exxon 2380 turbo oil at an operating
emperature of 70 ◦C. The experiment uses SAE 52100 steel
alls with a roughness of 0.11 �m. These “rough balls” were
rovided by NTN Bower. The experimental conditions for the
CF tests lead to a minimum oil film thickness, h0 = 0.17 �m,
ile iron (ADI). Table 1 lists sample definitions, heat treatment
arameters and hardness values.

The sample shape favors its manipulation and the use of the
ardness tester to introduce small artificial defects. The speci-
ens were mounted in the RCF test rig and rolled over during

5–40 min in order to create a wear track over which the arti-
cial defects were placed. The tests were then continued until
vidence of the spall formation was detected by the associated
ncrease in the vibration level and the machine automatically
topped.

The same degree of penetration of the diamond rounded tip
f a Rockwell C indenter was used for all samples, in order to
btain hemispherical artificial defects with ∼120 �m in diam-
ter and ∼6 �m in depth. Specimens of variants, RI, RII and
III were carefully and manually polished (“shaving”) to elim-

nate the build ups around the hardness indentations (RI-NB,
II-NB and RIII-NB). The shaving process used assures that

able 1
aterial treatments and hardness for all variants tested

ample ID Treatment Hardness HRC
(Knoop500)

I Martensitic hard. + temp. at 160 ◦C/1.5 h 62.5
II Martensitic hard. + temp. at 200 ◦C/1.5 h 60.5
III Martensitic hard. + temp. at 240 ◦C/1.5 h 58.5
1 Martensitic hard. + carbonitriding to

∼50 �m
65 (850)

C2 Martensitic hard. + carbonitriding to
∼100 �m

66 (880)

40 C Martensitic hard. + temp 60.5
DI Austempered at 240 ◦C/1 h 45

pecimens RI through AC2 were made of SAE 52100.
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the material structure was not affected. The analysis of the arti-
ficial defect’s profiles after shaving proved that the diameter and
depth remained unchanged.

Profiles measurements were made with a Talysurf 10 pro-
filometer along two different directions: parallel with respect to
the wear track or rolling direction and perpendicular with respect
to the wear track, i.e. along the sample axial direction. Profile
data acquisition was made through a computer and then plotted.
Data from the rolling direction was mathematically converted
into a flat profile.

The hardness was measured using the Rockwell C (HRC)
method for the quenched and tempered, and austempered sam-
ples and the Knoop hardness with 500 g (HK500) for the car-
bonitreded samples.

3. Results and discussion

3.1. Rolling contact fatigue tests

The artificial defect’s profile measurements show that an
hemispherical dent with a diameter of ∼120 �m and ∼6 �m
deep is accompanied by a small build up formation about
0.4–0.9 �m height, which was either not detected or reported
by studies conducted using optical or electron microscopes. The
sample profiles across the wear track and artificial defect for all
steel variants are shown in Fig. 1, including the profile for the
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Fig. 2. Artificial defect (AD) characteristic dimensions: diameter, depth and
build up height, obtained for the tested samples. Refer to Table 1 for sample
definitions.

shaved RII sample (RII-NB). The characteristic dimensions of
the artificial defects, i.e. diameter, depth and BU height, for all
the material variants are shown in Fig. 2.

Table 2 summarizes the RCF test results, showing the charac-
teristic Weibull parameters, i.e. L10, L50 and η lives. Fig. 3 shows
the correlation obtained for build up height and L10 and L50 lives
for each steel variant. RCF lives appear to be strongly depen-
dent on build up height, particularly L50 life, while diameter and
depth of the artificial defect were kept unchanged.

The procedure used to place the artificial defects on the wear
track, assures that the diameter and depth obtained will be the
same for all the different samples. Therefore, different build up
height will be connected in some way with material response to
plasticity. In order to shed light about the build up’s influence on
ig. 1. Artificial defect and wear track profile obtained for the different samples
ested. Also included is the RII sample with machined off BU (RII-NB). Lubrecht
rofile is from Lubrecht et al. (1992).

F
u

ig. 3. Rolling contact fatigue resistance, L10 and L50 lives, correlated to build
p height for samples with treatments and hardness as listed in Table 1.
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Table 2
Rolling contact fatigue lives

Sample Number of tests Life (×106 cycles) Weibull slope, β Correl. factor, r Determ. coef., r2

L10 L50 Characteristic life, η

440C 16 12.20 26.57 26.57 2.891 0.921 0.849
RI 10 14.98 26.90 29.71 3.272 0.959 0.919
RI-NB 6 34.67 55.97 61.44 3.933 0.797 0.635
RII 10 14.10 29.17 33.92 2.553 0.928 0.862
RII-NB 6 29.92 58.18 66.22 2.833 0.959 0.920
RIII 10 10.93 20.00 22.17 3.221 0.982 0.963
RIII-NB 6 9.92 20.87 24.12 2.535 0.974 0.949
A1 10 18.75 47.46 56.85 2.029 0.890 0.791
AC2 10 15.43 35.59 41.88 2.255 0.979 0.959
ADI 8 2.25 3.14 3.34 5.680 0.946 0.895

Characteristic life, η corresponds to a failure probability of 63.2%. Variants tested with out artificial defects.

RCF life, two steel variants (RI and RII) were specially prepared,
by the introduction of artificial defects and subsequent mechan-
ical shaving of their build ups. The effectiveness of shaving was
controlled by using a profilometer and checking that the artifi-
cial defect diameter and depth remained the same after shaving
(Fig. 1, sample RII-NB)

The results obtained on shaved samples have shown a dra-
matic increase in the RCF life, confirming the strong influence of
the build up on the RCF life. As listed in Table 2, lives obtained
for sample RI without build up (RI-NB) and sample RII with-
out build up (RII-NB) were doubled with respect to RI and RII
samples, respectively. The results obtained for the RIII-NB sam-
ple were different and will be discussed later. Therefore, when
the build up’s were removed by shaving (zero height), the RCF
lives increased by a factor close to 2 while the failure appearance
remained unchanged.

3.2. Failure mechanism

The failure appears in the form of a spall at the artificial
defect’s trailing edge, having the characteristic V-shape pointing
opposite with respect to the RD, Fig. 4, and having a transversal
dimension limited by the wear track width. Typical angles for
crack propagation with respect to the wear track were measured
to be in the range of 16–32◦. Optical observation may lead to the
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that forward flow would increase locally when the build up is
present, as the geometry of the contact changes and a horizontal
force component arises. In order to ascertain the deformation
during rolling, the artificial defect profiles evolution were fol-
lowed as a function of the number of load cycles.

The artificial defect overrolling progressively deforms the
build up until it has completely disappeared. The severity of
plastic deformation varies when considering different build up
regions as defined in Fig. 5a. Material from region I, when rolled
over, is deformed forward (in the rolling direction) and forced
to enter the artificial defect crater. A similar process takes place

Fig. 4. V-shaped spall nucleated at the artificial defect trailing edge pointing
opposite with respect to the RD. Transversal dimension is limited by the wear
track width.
onclusion that the spall nucleates besides the artificial defect,
ut it was demonstrated earlier [19] that spall nucleation actually
akes place not outside but inside the limits of the artificial defect,
s shown in Fig. 5b.

The localized plastic deformation responsible for spall nucle-
tion taking place all around the AD, is increased by the presence
f the build up. Nevertheless, it was observed that 100% of fail-
res originate at the artificial defect’s trailing edge (region IV of
ig. 5a), in coincidence with the analyses [8,17] indicating that

he maximum equivalent stress (von Mises) takes place in this
egion. Furthermore, finite element analysis and laboratory tests
ave shown that the rolling contact loading may produce small
orward material flow on the wear track. This complex forward
atcheting is evidence of continued plastic deformation due to
angential forces originating from a combination of elastic defor-

ations and friction forces at the contact. It was hypothesized
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Fig. 5. Artificial defect and spall nucleation zone. (a) Artificial defect view
defining regions I, II, III and IV; leading and trailing edges. (b) Artificial defect
profile for the as new and used conditions. Nucleation zone as determined in
Ref. [19]. RD, rolling direction, AD, axial direction.

in regions II and III, where the build up is also forced to enter
the crater. In region IV the build up is also displaced forward. In
this region, however, there is no crater ahead of the material to
facilitate its deformation. Furthermore, ball vertical movement
is constrained by the outer ring of the testing machine, thus
leading to a heavier plastic deformation.

The artificial defect profile evolution is an experimental evi-
dence of the phenomena described above and it was followed as
a function of the number of load cycles in both, the rolling and
axial directions. The evolution, shown in Fig. 6, reveals that the
artificial defect profile changes after a relatively small number
of loading cycles. The most critical topological change appears
to take place at the build up, as its height in the trailing edge
(region IV) is reduced to a half of its initial value after 10 load
cycles and almost disappears after 1 × 104 cycles, i.e. less than
0.05% of the total life to failure. On the other hand, the build up
in the leading edge (region I) is almost completely displaced in
just 1 × 103 load cycles. This difference in the number of cycles
necessary by the different build up regions to disappear may be
related to the facility encountered by the rolling elements (in this
case the balls) to displace material forward.

The profile evolution along the axial direction, Fig. 7, shows
the manner in which the build up from regions II and III is forced
to enter the artificial defect crater and progressively reducing its
apparent diameter [19], as seen by optical microscopy due to the
reflection angle of light. This is also shown in Fig. 5a, besides the

Fig. 6. Artificial defect profile evolution as a function of the number of stress
cycles in the rolling direction (RD). Sample RII with build up.

original diameter. Moreover, there is a gradual loss of symmetry
when looking the profiles obtained along the rolling direction,
due to the fact that mainly the material from region I is displaced
into the indentation, Fig. 6.

When the ball is directly over the artificial defect, the contact
area is ring shaped, with the inner diameter of the contact area
being subjected to different stress conditions depending on the
region being considered. It should be taken into account that the
profiles shown in Figs. 6 and 7 were measured in the unloaded
condition as the elastic deformation makes points located under
the surface level to get in contact under load. Since the stress
condition will be related to the forward flow phenomena, mate-
rial at the contact area internal diameter, in region I, is subjected
to compression while at the equivalent point of region IV will be
in traction. The result can be appreciated in Fig. 8 where trac-
tion forces at the trailing edge have produced the opening of the
crack mouth, in agreement with previous finite element analy-
sis predicting higher equivalent stresses at the trailing edge or
region IV [17,21] (see also Fig. 5 to locate the crack position).

The presence of the build up increase the amount of material
to be accommodated by the mechanism described above and,
thus, increasing plasticity and reducing the time required to reach
the critical deformation needed at the artificial defect trailing
edge for crack nucleation. Therefore, by shaving the build up,
plastic deformation at region IV or the trailing edge is reduced
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Fig. 7. Artificial defect profile evolution as a function of the number of stress
cycles perpendicular to the rolling direction. Sample RII with build up.

Fig. 8. Nucleated crack over the artificial defect trailing edge (region IV) in RIII
at 10.4 × 106 cycles, showing crack mouth opening due to traction forces.

in such amount that the number of stress cycles needed for crack
nucleation and propagation, i.e. the RCF life, doubles.

3.3. Life reduction factor using artificial defects

The explanation, on how a relatively small build up has so
much stronger effect than the rest of the artificial defect’s charac-
teristics on the RCF life, does not explain, however, why RIII and
RIII-NB lives were basically the same. In this respect it should
be pointed out that general degradation of the wear track took
place for the RIII samples, far from the artificial defects, lead-
ing to the formation of many randomly distributed spalls. This
shows a low sensitivity of the RIII steel variant to the presence
of the artificial defects. The same effect was observed on ADI’s
samples proving to be completely insensitive to the introduction
of artificial defects [22].

The presence of the artificial defects reduces the RCF life
to failure of the samples by a factor whose value depends on
the material variant being tested. The analysis of the RCF lives
obtained in the present paper, for the different material vari-
ants, indicates that the life reduction factor depends on sample
hardness. Fig. 9 shows the results for tests run with and without
artificial defects. The life reduction factor was higher than 3 for
the carbonitreded specimens A1 and AC2, while on the other end
was 1.6 for RIII and 1 for ADI variants. It should be taken into
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ccount that the ADI variant has graphite nodules, which in some
ay work as natural defects. Relatively low hardness quenched
AE 4140 steel tempered at a hardness level of 50 HRC has also
hown a life reduction factor of 1 [23], even when tested in a
ifferent RCF test rig but at a similar p0/kk relation. Therefore,
elative low hardness materials appear to be insensitive to the use
f artificial defect when large plastic deformations are involved.
his point is of significance when evaluating different material
r heat treatments for a given application by accelerated tests of
ny type. If a longer RCF life is obtained in a harder material, an

ig. 9. Rolling contact fatigue lives for specimens with and without artificial
efects (AD). RCF tests for A1 samples with out artificial defects suspended
ith out failure after 108 loading cycles.
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even greater difference should be expected for a test conducted
under ideal conditions.

4. Conclusions

The BU formed at the edge of the artificial defects strongly
affects the life to failure under rolling contact loading. It was
observed by following the artificial defect’s profile evolution
that, even though the build up is very small (less than 1 �m
height), it strongly affects the RCF life by increasing micro-
plasticity at the artificial defect’s trailing edge. This observation
was corroborated by evaluating samples with the artificial defect
build ups shaved, where the life to failure was doubled with
respect to the life for non-shaved build ups. This experimental
results are valuable as reference values for numerical models.
It was demonstrated that the life reduction factor of artificial
defects varies with the mechanical properties of the samples.
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