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Foreword

THIS COMPILATION OF THE JOURNAL OF ASTM INTERNATIONAL
(JAI), STP1524, on Bearing Steel Technologies, 8th Volume: Developments
on Rolling Bearing Steels and Testing, contains only the papers published in
JAI that were presented at a symposium in Vancouver, BC, Canada on
May 21–22, 2009 and sponsored by ASTM Committee A01 on Steel,
Stainless Steel, and Related Alloys.

The JAI Guest Editor is John Beswick, SKF Business and Technology,
Nieuwegein, The Netherlands.
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Overview
Bearing steel technology is a seemingly all-encompassing term to describe
the metallurgical know-how on steels and processes for the production and
usage of rolling bearing steels. In the pursuit of efficiency, the rolling bear-
ing industry has standardized the steels and testing methods and reduced
the costs of the metallurgical processes. As time elapses, the knowledge of
why and how the standards were prepared fades into the past, i.e. it is for-
gotten. Much has been published in the open literature on the subject for
specialists (fellow steel technologists) and the first ASTM International
Symposium on Bearing Steel, sponsored by ASTM Committee A01 and its
Subcommittee A01.28, was held in Boston in 1974. Since then, bearing steel
symposia have been held at regular intervals and the program for the ASTM
Eighth International Symposium on Bearing Steel, in Vancouver on May
21–22, 2009, contained papers on the subject of bearing steel technologies.
In particular, the subject of micro cleanliness assessment methods in bear-
ing steels was revisited 35 years after the 1974 Boston symposium on the
subject.

Knowledge of what is important in bearing steel steelmaking and pro-
cessing is of utmost relevance to efficient steel and component sourcing and
steel usage in rolling bearing components. Representatives from many of
the top bearing steel steelmakers, rolling bearing producers, and research
and development institutes presented papers. The presenters originated
from: eight countries, seven bearing steelmakers, six rolling bearing produc-
ers, and seven research and development institutes.

John M. Beswick
SKF Group Technology Development & Quality

SKF Business & Technology Park
Kelvinbaan 16, P.O. Box 2350

3430 DT Nieuwegein, The Netherlands

vii
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Relationship between Degree of
egation and Large Carbide
tinuously Cast Bloom of High
omium Bearing Steel

e of the disadvantages of the continuous casting process,
ot casting, is the center segregation, which causes the for-
carbides in blooms of high carbon chromium bearing steel.
have been performed to minimize the center segregation by
rers, and until now, the soft reduction is chosen as the best
it. Large carbides formed during casting, detrimental to the
atigue life of bearing components, can just be eliminated by
at high temperatures for a long time before hot rolling, which
king process. Therefore it is necessary to examine the rela-

n the degree of center segregation and large carbide size in
st blooms for a more efficient soaking process. The aim of
to describe the relationship quantitatively. Continuously cast
carbon chromium bearing steel, AISI 52100, were investi-

degree of center segregation was not defined as the ratio of
ation in the segregated region to that of nominal composition
efined conventionally, but evaluated with a discrete index by
macrograph of a bloom with the standard one settled arbi-
udy. The higher was the degree of center segregation, the
large carbide, and the quantitative relationship between the
r segregation and the maximum size of the large carbide was
ly with a reliability of 95.9 %. In order to apply soft reduction
ng casting for the study, an in situ equipment to measure the
f a solidifying bloom was installed in front of the soft reduction
the degree of center segregation and the large carbide size
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tinuous casting, center segregation, large carbide,
king

as become a widely accepted process to manufacture high
aring steels by both steel producers and bearing industry
n though ingot-cast materials are still required for special
known fact that, however, the continuous casting process
age compared to ingot casting; the center segregation in

�1�, causing the formation of large �primary or massive�
rted that the formation of large carbides in high carbon
eels was at a maximum in the center of a continuously

ct fatigue life of bearing steels is strongly dependent on
ctors, such as chemical compositions, nonmetallic inclu-
hardness after final heat treatment, and so on �3,4�. From
rmation of large carbides by the center segregation in
oms was proven to be detrimental to the fatigue life of
ny activities have been performed, therefore, to minimize
by steel manufacturers, and until now, the soft reduction

s chosen as the best way to control it as shown in Fig. 1.
tion of large carbides cannot be completely inhibited even
ft reduction is applied in a proper manner during casting.

inate them entirely is holding continuously cast blooms
for long enough times to distribute the segregated alloy-

neously before hot rolling. This kind of homogenization is
ocess. Okamoto et al. defined the relative soaking time

tinuously cast high carbon chromium bearing steel based
large carbides, which result from the enrichment of car-
head of the solidification zone during casting �2,6�. Simi-
t al. defined the soaking time requirements for dendritic
ization in 1C-1.5Cr steel �7�.
eports, it can be considered that if the soft reduction can
segregation during casting, thus leading to the minimal
bides, the load of the soaking process to remove them can
e same time. Accordingly, it is necessary to examine the
the degree of center segregation �DCS� and large carbide
ously cast blooms for a more efficient soaking process.
the relationship and made an effort to describe it quan-
imental Method

mium bearing steel used for the study was AISI 52100,
ns� of the steel were melted. Their chemical compositions
, and it can be considered that there is no difference in
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chemical compositi
tant because the re
there was a differen
only their DCS but
condition.

The continuous
in thickness were m
different DCSs and
was varied 6.0�9.
order to obtain diff

FIG. 1—

TABLE 1—Chemical
�wt %�.

Heat Number C
1 1.02
2 1.00
3 1.02
4 0.99
5 1.01
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ons among their continuously cast blooms. This is impor-
lationship between the DCS and LCS could be distorted. If
ce in chemical compositions among the cast blooms, not
also their LCS might be varied even for the same casting

ly cast blooms of the size of 400 mm in width and 300 mm
anufactured by varying casting conditions so that they had
their LCSs from one another. The amount of soft reduction
6 mm, and the casting speed was 0.65�1.05 m/min in
erent DCSs. The main parameter that had an effect on seg-

Soft reduction zone in a curved continuous caster.

compositions of AISI 52100 steels continuously cast for the study

KIM ET AL., doi:10.1520/JAI102533 5
Si Mn P S Al Cr Ti O
0.26 0.35 0.016 0.006 0.009 1.46 0.005 0.0006
0.25 0.34 0.016 0.005 0.010 1.47 0.006 0.0006
0.26 0.34 0.015 0.008 0.011 1.44 0.008 0.0005
0.24 0.34 0.018 0.004 0.009 1.46 0.005 0.0007
0.25 0.36 0.016 0.006 0.013 1.44 0.005 0.0008
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s the amount of soft reduction. After casting, each bloom
d then the DCS was determined by comparing its macro-
rd ones in Fig. 2. The DCS had been divided from 0 to 5,
egree with the highest index. It should be noted that the

ence of the investigation, was not defined as the ratio of
in the segregated region to that of nominal composition
d conventionally, but evaluated with a discrete index by

ographs of AISI 52100 continuously cast blooms having DCSs
3, �e� 4, and �f� 5, respectively. The macrographs were compared
f blooms investigated.

EARING STEEL TECHNOLOGY
graph of a bloom with the standard one. For reference, it
DCS of 2 was approximately equal to 1.3 of C /C0.
r microstructural analysis were of 100�100 mm2 and
regated region of blooms, and, at least, 30 large carbides
ere examined to determine the LCS by measuring their
s. Then the average size of the large carbide in each bloom
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blooms were produced to have different DCSs by varying
The microstructures within the center segregation region
3. In the cast bloom of the DCS of 0.5 �Fig. 3�a��, the large
not formed. With the increase in the DCS, however, not

large carbide formed but the thickness of it have increased,
e cast bloom of the DCS of 4 �Fig. 3�f��. Thus it can be
rease in the DCS promotes the precipitation of large car-
ly cast blooms.
e carbides per specimen were examined to measure their
e result is shown in Table 2. It is confirmed again that the
continuously cast bloom is, the bigger the large carbide is.
the relationship between the DCS and the average size of

ntinuously cast blooms, and it is well fitted linearly as fol-

average LCS = 2.44 � DCS + 30.66 �1�

bide size and

showing the large carbides in AISI 52100 continuously cast
of �a� 0.5, �b� 1, �c� 1.5, �d� 2, �e� 3, and �f� 4, respectively.

KIM ET AL., doi:10.1520/JAI102533 7
f center segregation.
ntitative relationship had a reliability of 88.9 %, and the
he slope and the intercept were 0.302 96 and 0.717 64, re-

inate the large carbides completely, the soaking condition
es should be focused not on the average but on the maxi-

re, it is necessary to examine the quantitative relationship
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between the DCS an
shown in Fig. 5, and

m

This quantitative rela
the standard errors o
respectively. The stati
had more reliability

TABLE 2—Average and

DCS
0.5
1

1.5
2
3
4

FIG. 4—The relationshi
continuously cast bloom
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d the maximum size of the large carbide. The result is
the relationship is also well fitted linearly as follows:

aximum LCS = 15.76 � DCS + 45.82 �2�

tionship had a reliability of 95.9 %, higher than Eq 1, and
f the slope and the intercept were 1.153 94 and 2.733 43,
stics on Eqs 1 and 2 is summarized in Table 3. Equation 2
than Eq 1, which means that the maximum size of the

maximum sizes of large carbides in continuously cast blooms.

LCS ��m�

Average Maximum
30.16 48
32.85 59
34.14 63
34.66 69
34.37 67
34.85 81
38.24 93
39.25 105
41.35 111

EARING STEEL TECHNOLOGY
p between the DCS and the average size of the large carbide in
s. Adj. R-square means the reliability of the linear fitting.
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large carbide would
Regarding Figs

sizes of large carbid
were different from
dent on the DCS bu
carbides during ca
speed, the cooling r

The relationshi
the large carbide in
was 10 mm. It seem
sibly it results from
soaking process and

Okamoto and c
for continuously ca

FIG. 5—The relations
in continuously cast

TABLE 3—Standard e
ship shown in Figs. 4

Size of
Large Carbide
Average
Maximum 1
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be more closely related with the DCS than the average size.
. 4 and 5, it should be noted that the average or maximum
es in continuously cast blooms of the same DCS of 1 and 4
one another. This implies that the LCS is strongly depen-

t not entirely. Other factors can affect the formation of large
sting, such as the casting start temperature, the casting
ate, etc.
p between the DCS of cast blooms and the average size of
hot rolled wires was shown in Fig. 6. The diameter of wires
s that there is no distinct relationship between them. Pos-

the disappearance of the effect of the DCS due to the
hot rolling.

o-workers defined the relative soaking time requirements
st high carbon chromium bearing steel to dissolve large

hip between the DCS and the maximum size of the large carbide
blooms.

rrors and R-square values �reliability� for the quantitative relation-
and 5.

KIM ET AL., doi:10.1520/JAI102533 9
Slope Intercept Statistics

Value
Standard

Error Value
Standard

Error
Adj.

R-Square
2.438 97 0.302 96 30.663 18 0.717 64 0.8886
5.758 62 1.153 94 45.816 09 2.733 43 0.958 66
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carbides which result

where:
th=soaking time
a=LCS in cm, an
T=soaking tempe
According to Eq 2

mium bearing steel is
there can be always l
calculating with Eq
1200°C for 16 h in or
mum size of large car
of it in this study, 30
same temperature. Th
high temperatures dr
DCS, which is believe

Actually, during c
duction is carried out
reduction rolls. For c
between upper and/o
shown in Fig. 7 by arr
touch with a solidifyi
formed adequately. In

FIG. 6—The relationshi
large carbide in hot roll
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from the center segregation as follows �2,6�:

ln th = 86 300/T − 44.56 + ln�2.5a2/4� �3�

in h,
d
rature in K.
, even if a continuously cast bloom of high carbon chro-
manufactured with the best quality in center segregation,

arge carbides larger than 45.82 �m, as stated earlier. By
3, it is necessary to soak a continuously cast bloom at
der to dissolve those large carbides. However, if the maxi-
bide in blooms is reduced to the level of the average size
�m, then the soaking time can be diminished to 7 h at the
is suggests that it is possible to reduce the soaking time at

amatically with the decrease in the LCS by enhancing the
d to be achieved by the soft reduction so far.

p between the DCS of cast blooms and the average size of the
ed wires.

BEARING STEEL TECHNOLOGY
asting high carbon chromium bearing steels, the soft re-
by controlling the roll gap between upper and lower soft

urved continuous casters, it is apt to be a narrow space
r lower soft reduction roll and a solidifying bloom, as
ows. It means that soft reduction rolls do not get in direct
ng bloom, and then the soft reduction could not be per-
other words, the amount of soft reduction on a casting
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bloom by soft reduc
resulting in little im
tions to this problem
gap between upper
solidifying bloom.

For this study
measure the real th
soft reduction zone
improved. Figure 8
and after the instal
proved from 2.25 t
would be decreased
increased. As shown
Fig. 8�b� after soaki

Conclusions

Continuously cast b
were investigated t
them. The DCS wa
segregated region t
ventionally, but eva

FIG. 7—Schematic ill
and/or lower soft redu
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tion rolls will be insufficient as much as the narrow space,
provement of center segregation. One of the probable solu-

is establishing the amount of soft reduction not by the roll
and lower soft reduction rolls but by the real thickness of a

to accomplish the above solution, an in situ equipment to
ickness of a solidifying bloom was installed in front of the
, and it was confirmed that both the DCS and the LCS were
shows the macrographs of continuously cast blooms before
lation of the in situ equipment. The average DCS was im-
o 0.5 by the installation of it. Correspondingly, the LCS
so that the efficiency of the soaking process was evidently
in Fig. 9�d�, a large carbide did not remain in the bloom in

ng at 1200°C for 2 h.

ustration showing the presence of narrow space between an upper
ction roll and a solidifying bloom in a curved continuous caster.

KIM ET AL., doi:10.1520/JAI102533 11
looms of high carbon chromium bearing steel, AISI 52100,
o reveal the relationship between the DCS and the LCS in
s not defined as the ratio of carbon concentration in the
o that of nominal composition �C /C0�, as it is defined con-
luated with a discrete index by comparing the macrograph
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situ equipment to measure the real thickness of a solidifying
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standard one settled arbitrarily for the study. The following
chieved.
the DCS was, the bigger the large carbide became.
ative relationship between the DCS and the maximum size
carbide was well fitted linearly as follows:

maximum LCS = 15.76 � DCS + 45.82

ative relationship had a reliability of 95.9 %, and the maxi-
f the large carbide was more closely related with the DCS
erage size.

showing the effect of the in situ equipment on soaking continu-
Fig. 8 at 1200°C: �a� Fig. 8�a� soaked for 1 h, �b� Fig. 8�b� for 1 h,
nd �d� Fig. 8�b� for 2 h.

KIM ET AL., doi:10.1520/JAI102533 13
lling, there was no distinct relationship between the DCS of
and the average size of the large carbide in hot rolled wire

e to the soaking process and hot rolling.
apply soft reduction adequately during casting for the study,
pment to measure the real thickness of a solidifying bloom
d in front of the soft reduction zone, and both the DCS and
re improved.
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ure and Fatigue Strength of the
el 52100 after Shortened
atment

enching to obtain martensite is the mostly applied process
ing element bearings. Isothermal treatment in the lower bai-
ed as an alternative method to generate favorable compres-
ress on the surface of components, e.g., in spherical roller
uration of the bainitic treatment, however, is much longer
artensitic treatment because more or less a complete trans-
stenite to bainite is usually requested. This causes higher
tion and a longer production period. Therefore it is desirable
itic treatment with a shortened process duration. In the
ssible processes for shortening the bainitic treatment of the
100 were primarily investigated by dilatometric experiments.
processes were carried out in an industrial salt bath. The
of bainite were observed by optical microscope, transmis-

icroscope, and field emission scanning electron microscope.
mpared to martensitic microstructures. The cyclic fatigue
teel after shortened bainitic treatments was examined using
tigue test. The results show that the fatigue resistance while
requested minimum hardness of 58 HRC was even en-

ntly through the shortened treatments particularly by means
initic treatment. The process duration was only about 25 %
nal time. The influence of the bainitic microstructure on the
of the steel is discussed.
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er bainite, dilatometry, fatigue strength, bainitic
aring steel

and dimensional stability are the most important require-
achine components. In the case of rolling element bear-
teel 52100, martensitic hardening followed by tempering
often applied as the final heat treatment method. Yet the
tural transformation generates unfavorable tensile re-

surface of martensitic through-hardened rolling bearings.
rthermore can decompose during application and cause
1�. The well-known isothermal treatment in the lower bai-
o obtain suitable mechanical properties of machine com-
compressive residual stresses at the surface. Additionally
ge of machine components during operation caused by

f retained austenite can be greatly reduced �2�. A main
othermal bainitic treatment in salt baths however is the

reatment, which exceeds that of martensitic hardening by
t in higher costs.
d be desirable to shorten the transformation duration in
ge while maintaining the beneficial properties. It has al-

�3,4� that a short pre-quenching in the martensitic range
ration of bainitic transformation. An excellent combina-
ughness could be obtained by a suitable mixture of bain-

the microstructure of the steel �5�. A cyclic heat treatment
her possible method to accelerate bainitic transformation

rk the transformation behavior of the bearing steel 52100
nge between 210 and 300°C was investigated by means of
ected processes were carried out in industrial salt baths.
ngth of the steel after shortened bainitic treatments was

ating-bar fatigue test. The microstructures were observed
�OM�, transmission electron microscope �TEM�, and field

ctron microscope �FESEM�. The influence of the different
e fatigue strength of the steel is discussed.

Specimens
00 was used as specimen material. The steel bars of 60
produced by continuous casting, hot-rolling, and sphe-

s were machined from the bars with axial direction par-
rection. To exclude the influence of primary segregation

bars within a diameter of 15 mm was rejected. Cylindri-
iameter of 4 mm and length of 10 mm were made for
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gation. Disk specimens of 5 mm in thickness and 30 mm in
for metallographic inspection, hardness test, and X-ray

Specimens for fatigue test, after machining and heat treat-
by grinding and polishing to a roughness of Rt=0.6 �m, as
and 8. The surface layer of the specimens showed a com-

tress of about −770±110 MPa in longitudinal direction
turing procedures. These stress values at the surface of the
alyzed by the X-ray diffraction method using Cr radiation.

similar surface residual stress grades were selected for the
uence of the surface residual stress caused by manufactur-
then kept as a constant for all fatigue experiments.

esses

ent processes to accelerate the bainitic transformation were
atometry. During the dilatometric experiments, the speci-
ely heated in vacuum �7.7�10−3 mbar� and quenched or
as. The bainitic transformation follows as an autocatalytic
described by dilatometric measurements �4�. The increase
ortion of the volumetric increase due to the transformation
nship between the amount of transformed bainite and the
hermal treatment can be expressed by the Johnson–Mehl–
,10�.

ents of the specimens for fatigue test were conducted in
and quenched in oil or water at ambient temperature.

nd Hardness

ained austenite was determined by the X-ray diffraction
radiation. The two-peak method of �220�� and �211�� was
e volume percentage of retained austenite �11�. For a reli-

measurement was repeated ten times, and the data were
ly. The three standard deviations lie within two percentage
tities of retained austenite. The two-peak method was ac-
the absence of preferred orientation in the specimens �12�.

measured by the Rockwell C test. The mean values were
measurements for each specimen and the standard devia-
HRC unit.

e Test

yclic fatigue strength �Sw�, rotating-bar fatigue tests have

DONG ET AL., doi:10.1520/JAI102511 19
four load levels. Each level has been certified with at least
e tests have been carried out on two test equipments3 with

1, the loading frequency of 120 Hz, and the ultimate load
r statistical evaluation it has been assumed that the cyclic
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a two-parametric Weibull distribution �13�. The param-
distribution have been determined by regression of de-
fracture probability. The cyclic fatigue strength has been

o the fracture probability �PB� of 50 %.

nts

at elevated temperature, as illustrated in Fig. 1�a�, may
on process and therefore benefit bainite nucleation. Two
d H2B �Fig. 1�a��, were conducted and compared to a

nitic treatment B1, which served as reference. In these
imens were austenitized at 900°C 10 min, quenched at

at 300°C for 3 and 6 min, respectively, before the iso-
s carried out at 230°C over a 6 h period. The austenitiz-

chosen to ensure a sufficient incubation time prior to the
igher austenitizing temperature leads to more dissolution
le austenite, and therefore a larger delay of bainitic trans-

curves of the three processes were compared in the range
tion from the temperature at 300°C �Fig. 1�b��. From this
uration and the length change were calculated. The con-
t the beginning was due to the temperature change from
crease of specimen length after an incubation period of

sed by the bainite formation. The pre-holding period �H1�

periments: �a� Processes and �b� dilatation curves of the bainitic
-holding �origin: T=300°C, t=0, and �L=0�.

BEARING STEEL TECHNOLOGY
Fig. 1�a�� remained within the incubation range as the
n remained constant within 180 s at 300°C �Fig. 1�b��.

ding period �H2� of experiment H2B �Fig. 1�a�� already
ange, i.e., the bainitic transformation has started. This
e dilatation curve H2B �Fig. 1�b��, on which a small peak
d to the bainitic transformation. The contraction of the
at 180 and 360 s was due to the temperature change from

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



300 to 230°C. After
on the curve H2B at
the pre-holding per
and H2B in Fig. 1�b
isothermal treatme
with the extended p
down gradually wit
by about 13 % for th
caused by bainite fo

Martensitic pre
were two other can
transformation. Th
leads to formation
nuclei or enhance
addition a cyclic te

The dilatometri
crease of bainitic tr
pre-holding �Fig. 1�
�20 % of the total le
formed by pre-quen
ing the progress of
has been reduced
pre-austempering C
caused by the form

FIG. 2—Dilatometric
the bainitic transfor
T=230°C, t=0, and �L

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
the contraction, a length change value of 0.07 % remained
360 s. This attributed to bainite formation at 300°C within

iod of H2B as mentioned above. The two experiments, H1B
�, showed a higher length increase at the beginning of the

nt at 230°C, compared to reference B1, and this increased
re-holding period. The rate of the length increase slowed

h the time. The transformation duration has been reduced
e process of H2B to reach 90 % of the total length increase
rmation, but no time has been saved for H1B.

-quenching and cyclic pre-austempering �Fig. 2�a� and 2�b��
didates considered for shortening the duration of bainite
e short pre-quenching of austenite into martensite range
of a small amount of martensite plates, which may work as
nucleation for the subsequent bainitic transformation. In
mperature change may provide a beneficial stress state.
c curves of the two experiments showed �Fig. 2�c�� the in-
ansformation rate at the beginning, similar to the case of

experiments: ��a� and �b�� Processes and �c� dilatation curves of
mation with pre-quenching or cyclic pre-austempering �origin:
=0�.

DONG ET AL., doi:10.1520/JAI102511 21
b��. It is remarkable that the length increase of about 0.14 %
ngth increase� at the beginning is attributed to martensite
ching. The transformation rate slowed down gradually dur-
the bainitic transformation. The transformation duration

about 18 % and 22 % for pre-quenching M1B and cyclic
1B, respectively, to reach 90 % of the total length increase
ation of martensite and bainite.
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rmation from austenite to bainite in the final stage for the
centage� of austenite takes about 80 % of the entire trans-
ost-quenching �Bp1 in Fig. 3�a�� could be considered as a
e process duration by quenching the remaining austenite

tic transformation into the martensite range and to obtain
re of bainite and martensite. �The quenching in the final
ove salt from specimens. It could be replaced by cooling

rtensitic transformation.� Furthermore a combined treat-
ing and post-quenching could be taken into account
The austenitizing conditions were adapted to the indus-
h were used later for the heat treatments of the fatigue

s held at 230°C for 50 min and then quenched to ambient
ss variant Bp1 �Fig. 3�b��. Thereby the percentage of trans-
stimated to be about 87 % �volume percentage� from the

dilatation curve. The amount of retained austenite after
t temperature was determined to be about 13 % by means
nalysis. This means that martensite has not formed. This
the stabilization of the retained austenite. Because the

s gradually enriched with carbon during the partially bai-
nd the Ms-temperature of the residual austenite was con-
,16� the residual austenite could not be transformed to

by quenching to ambient temperature.
eatment showed a similar result as the post-quenching.
of M1Bp1 �Fig. 3�b�� reached nearly the same point as
min bainitic transformation. The retained austenite was

and a bit less than that in the case of Bp1.

periments: �a� Processes and �b� dilatation curves of the bainitic
st-quenching or combined treatment �origin: T=230°C, t=0, and

BEARING STEEL TECHNOLOGY
itic transformation in the final stage, a two-step bainitic
ld be an alternative to post-quenching. For the confirma-
riments of a two-step process were carried out �Fig. 4�a��.
�BB1 and BB2� in Fig. 4�b� were compared with that

entional one-step process �B3�. The length of the speci-
ly during the short holding period of the second step at a
his result indicates an accelerated transformation of re-
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o bainite. The retained austenite after the heat treatments
be 9 % for BB1, whereas it was not detectable ��3 %� for
imens had the same hardness of about 61 HRC. It was

c transformation could be accelerated through a two-step
le settings of temperature and holding time to obtain a full
ture without loss of hardness.

e Tests and Hardness

esses, namely, bainitic transformation with post-quenching
ainitic transformation �BB�, were selected from the dilato-
for the fatigue test. In addition a martensitic treatment

tional full bainitic treatment �B� were introduced as refer-
eat treatments were carried out in industrial salt baths and
e specimens �Table 1�. The retained austenite and the hard-

eriments are given in Table 1. The three bainitic microstruc-
dness than the martensitic microstructure but achieved the

hardness of 58 HRC for rolling bearings.
he fracture probability versus stress amplitude and the val-
ithin the diagram �Fig. 5� showed that even the fatigue
sed by the shortened processes of bainite transformation
g �Bp� and the two-step bainitic treatment �BB� despite
retained austenite. Under these test conditions the fatigue

experiments: �a� Processes and �b� dilatation curves of the two-
ation �origin: T=230°C, t=0, and �L=0�.

1—Heat treatments, retained austenite, and hardness.

RA Hardness

DONG ET AL., doi:10.1520/JAI102511 23
Heat Treatment Conditions �%� �HRC�
nitization 845°C 20 min in salt bath
uenched in oil to RT/170°C, 2 h 14 64

230°C, 4 h �3 60
230°C, 50 min/water RT 13 61

°C, 50 min/250°C, 5 min/water RT 9 61
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complete bainite transformation �B� was nearly at the
the martensitic quenching and tempering �Mqt�. These
worse than those from the shortened heat treatments. At
be assumed that heat treatment related residual stresses
e because the small cross section of the specimens ham-
nificant residual stress patterns.
heat treatment of the two-step bainitic treatment �BB�

atigue test under the nominal stress amplitude of 1325
ading cycles. The retained austenite in the microstructure
the fatigue test was determined to be about 9 % by means
nalysis. The retained austenite remained unchanged by
h implied a very high mechanical stability.

f the steel after quenching and tempering �Mqt� consisted
ite and retained austenite �Fig. 6�a�� of about 14 % mea-
ction. The bainitic transformation with post-quenching
microstructure with 13 % retained austenite �Fig. 6�b��.
bides in both microstructures remained unchanged. Yet

h of the steel after different heat treatments with a fracture prob-

BEARING STEEL TECHNOLOGY
istics of martensite and bainite in the fine grained micro-
e distinguished by the use of an optical microscope.
re of the tempered martensite �Fig. 7�a�� is showed by
ped martensite with precipitated very fine carbides. The
eared in plate shape too, but the precipitated carbides in
n within the plates clearly distinguished bainite from tem-
omparison with the parallel arranged carbides in bainite,
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pered martensite were much finer and orientated in differ-
retained austenite could be located between the plates of
ite in both microstructures.

tures, as shown in Figs. 6 and 7, were further observed by
e retained austenite was clearly presented in the matrix of
s �arrow 1�. There were no carbides precipitated within the

d austenite. This means that the precipitation of carbides
reaction of bainitic transformation under the given experi-

In contrast the formation of a narrow ferrite spine �arrow 2�
ading reaction. The “secondary plates” of ferrite appeared
of the initiating ferrite spine and had an angle of approxi-
the spine �arrow 3�. Between the secondary plates of ferrite,
tated. These observations agreed well with the mechanisms

described by Spanos �14�.

n is controlled by diffusion processes, which can be influ-
he austenitization temperature and time as well as the bai-

res �OM� of the steel after �a� martensitic and �b� bainitic treat-
ital�.

DONG ET AL., doi:10.1520/JAI102511 25
res �TEM� of the steel after �a� martensitic and �b� bainitic
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temperature �20� but also by varying procedures of the
r given temperatures of austenitization and isothermal
two-step bainitic treatment could be used to shorten the
rmal treatment in the lower bainitic range and to reduce
d austenite to be negligible low. Other process variations,
pre-quenching as well as cyclic pre-austempering, only
tion effect, whereas the post-quenching after partial bain-
to 87 % had no effect on transformation of the residual

te.
enite in bainitic microstructures, with an amount of up to
p bainitic treatments or the shortened bainitic treatment
id not lead to loss in hardness compared to that of full
n. The fatigue strength of the steel with the two different
ses, namely, Bp and BB, was also enhanced significantly,
ned austenite was presented in the microstructures with
3 % and 9 %, respectively. The two-step process achieved
.

rstand the results of the fatigue test the martensitic and
res were observed by microscopes as described above.
ifferences between martensitic and bainitic microstruc-
ir formation conditions as listed in Table 2. The retained
microstructure could be more stable than the retained
itic microstructure. This was observed by an additional
three cylinder specimens ��10�25 mm2� were treated
s as given in Table 1, namely, Mqt, B, and Bp, and subse-
100 h at 180°C. The length change was determined by the
gauge and was listed in Table 3, in which the amount of

s �FESEM� of the steel after �a� martensitic and �b� bainitic

BEARING STEEL TECHNOLOGY
ior to the temperature exposure was given. The large
specimen with martensitic treatment �Mqt� could be at-

ormation of retained austenite to martensite. The slight
e specimen treated by shortened bainite treatment �Bp�
bility of retained austenite in bainitic microstructure.
ted out that earlier investigations describing the fatigue
CP� behavior of metastable austenite in steels �21,22�
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ults on the role of metastable austenite. Chanani et al.
rer FCP properties were found in the trip steel in which
highest stability. In contrast the trip steel with less stable
ter FCP properties. This was attributed to a beneficial
ct of the strain induced martensite transformation. In this
ure was full austenitic, and this is not comparable with
ic microstructure with retained austenite of less than 13
l. reported �22� a positive role of retained austenite in

res of a Si–Mn steel with respect to FCP properties. This
FCP threshold of the steel increased with an increase in
of carbon-saturated austenite. The behavior of crack

t the deformation strengthening ability of the austenite
ficial effect on the FCP in the threshold region. This is in
the results of the present work that the very stable re-

a positive influence on the resistance against the forma-
igue cracks. A relaxation of existing concentrated stresses
ocal plastic deformation of the retained austenite in the

local plastic deformation causes not only strengthening
ite but also crack stopping effects �23�. As shown by the

ined austenite did not transform at ambient temperature
Therefore dimensional changes exceeding manufacturing
ected under conventional operating conditions.
work had demonstrated that the bainitic transformation
and the two-step bainitic treatment �Bp and BB� could
hortening of the heat treatment duration. If the duration
ll bainitic transformation �B� was normalized to 100 %,

ration of the two short-term bainitic treatments could be
9�, which allows cost savings in production.

look

al work it was demonstrated that the short time bainitic
post-quenching and the two-step bainitic treatment �Bp
o a significant shortening of the heat treatment duration

hange of the steel after temperature exposure �180°C, 100 h�.

Mqt Bp B
14 13 �3
0.216 0.060 0.004

BEARING STEEL TECHNOLOGY
e required hardness for steels and avoiding dimensional
ined austenite decomposition. The duration of the short-
n the lower bainitic range could be reduced to about 25 %
tic transformation. The fatigue strength of the steel was
y through the shortened treatments particularly by means
treatment. The retained austenite with an amount up to

itic microstructure did not impair the fatigue strength. It

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



could be attributed
continuously enrich
tained unchanged
tained austenite in
martensitic microst

It should be not
compared to those
not directly be tran
pare the bearing life
latter will contain a
answered as to whi
microstructure und
ditions.

Acknowledgments

This work was sup
und Technologie �B
vereinigungen “Otto
fully acknowledged
company Deutsche
and the working
Fachausschuss 21 “
Werkstoffe” for adv
industrial support.

FIG. 9—Duration of
tenite in the microstr

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
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d bearing capacity for the applications. However, a hard-
an required should be avoided not only because of the cost
n hardening, but also because of the fact that producing a
ases the risk of surface cracking during induction harden-
ign and dimension the bearing that fits to the application,
ers need to be able to calculate correctly both the static
ic capacity.

rdened bearings, the calculations for static capacity and dy-
e been well established and accepted in the ISO. The static
d to as the static load applied to a non-rotating bearing that
anent raceway indentation of 1�10−4Dw �with Dw being

diameter� at the weaker of the inner or outer raceway con-
the position of the maximum loaded rolling element �1�.

contact pressures of 4000 MPa for line contact and 4200
ct were introduced in the ISO �2� for the calculation of the
lling bearings.
rough-hardened bearings, the calculation method for the
ity of surface-hardened bearings, especially the induction-
is not well established. This is due to the complexity that

rface-hardened bearing is also dependent on the CD and the
material. Insufficient CD may result in the so-called core

ailure in form of cracking and flaking of the hardened layer
stic flow in the core. The present study focuses on the static
n-hardened bearings.
n some published criteria �3,4� for determining the static
induction-hardened rings. The major difference among the
s in whether or not allowing plasticity in the core of the
Rumbarger �3� postulated that in order to avoid core crush-
shear stress at the case-core interface, arising from a static
er than the shear yield strength, which was assumed to be
imate tensile strength �UTS� of the core material. Zwirlein
owever, stated that the equivalent von Mises stress at the
resulting from a static load, could be as high as 1.25 UTS
d 1.0 UTS for roller bearings. It was further stated in Ref 4
tic indentation of 5�10−4Dw caused by a static load had no
he fatigue strength of the hardened case under the cycling
ing bearing applications.
lasticity in the core �3� eliminates the risk of the core-

wever, it normally requires a thick case layer with respect
nt diameter, which is costly to produce and may even be
of the induction heating facility if the bearing is large and

LAI ET AL., doi:10.1520/JAI102630 33
ze. The rules allowing plasticity in the core, such as those
were mainly based on experience, which might be correct

of bearings with specific material and heat treatment. Their
ges of induction-hardened bearings remains questionable.
al significance to understand and, desirably, to be able to
of plasticity caused by a static load, which will not endan-

egrity and the fatigue strength of the bearings. Such a limit
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aring geometry, CD, and the mechanical properties of the

aforementioned arguments, we can conclude that in
e static capacity of a surface-hardened bearing, two as-
he applied static loading have to be considered: The per-
ntation and the subsurface damage. The former is to guar-
s of bearing motion, such as blade pitching in wind
latter is to ensure the integrity of the bearing raceway or
hing failure.
e present study is to develop a calculation method for the
uction-hardened bearings, which is based on consider-
for raceway permanent indentation and the tolerance for
he development of the static capacity model involves the

n of the plastic indentation and subsurface residual
ing related to bearing geometry, CD, and material proper-

lerance for core to exclude the risk of core-crushing fail-

on by experiment.

ysis

ement analysis was performed to study the plastic defor-
n-hardened surface and subsurface stress, resulting from
or roller subjected to static loading. The general-purpose
ckage ABAQUS �5� is employed for this study. In the FE
enter �ball or roller� was modeled as a through-hardened

ing was modeled as a layered body containing a hardened
, a soft core, and a transition layer with a thickness of 0.1
and the core, as shown in Fig. 2�a�. The stress-strain

d from compression tests �6� of several medium-carbon
d hardened states. The soft specimens were machined
forged rings with hardness ranging from 190 Hv to 308

ns were martensitically heat treated to hardness of about
g to the required hardness of the hardened cases in slew-
asured stress-strain curves for the soft and hardened ma-
the case layer and the core in the FE model. The consti-
behaviour of the transition layer is assumed to be a result

between the end of the case and the start of the core, as
by Fig. 2�b�. The von Mises yield criterion and isotropic

BEARING STEEL TECHNOLOGY
oyed for the description of the elasto-plastic behaviour of
tion was done for one loading followed by unloading.
was made to calculate plastic indentation � for two ex-

Circular point contact �CPC� and cylindrical line contact
rs considered include �i� load in terms of the maximum
�ii� rolling element diameter Dw, and �iii� CD.
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show the plastic indentation � resulting from indenting a
ectively, onto a flat surface induction hardened with differ-
hs both � and CD are normalized by the indenter diameter
ere made also for different applied loads in terms of the
pressure p0 normalized by the yield strength of the core

sly, plastic indentation decreases with an increase in CD.
d level, the plastic indentation ceases to decrease with CD if
n value. In this situation, the stress in the core is below its
plasticity occurs only in the hardened case, a situation

ugh-hard component. It can also be seen that the “through
ved at a lower load and less deep CD �Fig. 3� under CPC,
LC �Fig. 4�. This is owing to the difference in subsurface
between the two contact conditions. The maximum von
is located at a shallower depth than that in the CLC.
some insight into the core crushing in surface induction-

e subsurface response in terms of plasticity and residual
ted. If the stress resulting from a static load exceeds the
core material, the core undergoes plastic flow. The plastic
in the subsurface in the form of residual stress. Consider,

indentation of an induction-hardened surface by a ball or roller.
local mesh near the contact.

LAI ET AL., doi:10.1520/JAI102630 35
ation of a shallow case �CD/Dw=2%� and applied contact
imes the yield strength of the core material. It can be seen
the applied load is high and/or the CD is shallow, a high
ess will be generated in the case-core transition region,
racking or delamination at the case and core interface.

in the core also weakens the support of the core to the case
lt, the case will be subjected to severe bending by the load.
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FIG. 2—Schematics of
and the stress-strain cu
tion zone between the c
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hardness profile of a surface induction-hardened component �a�
rves for the material in the hard case, soft core, and the transi-
ase and the core �b�.
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FIG. 3—FE results
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of surface plastic indentation ��� as a function of CD in CPC.
of surface plastic indentation ��� as a function of CD in CLC.
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se may be significant if the case layer is shallow, as shown
g of the case layer may lead to cracking of the case if the
case is too high. Core crushing is actually a consequence
e core due to plastic flow, which weakens the support to

in the subsurface, resulting from a high load, is an indi-
lure of core crushing, which must be accounted for in the
.

age in form of plasticity-induced residual tensile stress �per-
ue to a static load. CD /Dw=0.02, p0=5.4�y.

BEARING STEEL TECHNOLOGY
fatigue �SCF� testing was employed to experimentally
lure mechanisms and to generate data for validating the
ity model. The SCF testing involves cyclically indenting a
all or roller �see Fig. 7�a�� in which the load applied on the
een Pmin and Pmax �Fig. 7�b��. A minimum load Pmin was
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load applied on the same spot on the specimen. The meth-
was proposed and published by Alfredsson and Olsson �7�
itute of Technology.
choosing the SCF testing was twofold. It may reproduce the
levant to the core-crushing failure of induction-hardened
e standing contact load, i.e., standing-still roller or ball
the specimen, is also a loading condition relevant for slew-
e slewing bearing applications.

Equipment

amage in the form of plasticity-induced residual tensile bending
surface� due to a static load. CD/Dw=0.02, p0=5.4�y.

LAI ET AL., doi:10.1520/JAI102630 39
or the testing specimen is 42CrMo4. The chemical compo-
al is given in Table 1.
imens were cut from a forged ring and machined to blocks
120�130�50 mm3. The forged ring was tough tempered.

re surface hardened by induction heating with two CDs,
D of 0.5 mm and a deep CD of 1.1 mm. The surface hard-
0 Hv.
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atic of the SCF testing: �a� Test set-up; �b� load history.
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TAB

C Mn P S
0.404 0.83 0.01 0.
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ed for the SCF testing was a through-hard crowned roller of
m and a crowning radius of 98 mm. For each test, a new
e indentation of the roller onto the testing block forms an
tact with b /a ratio of 6.84 �b and a are the semi axes of the

conducted on a servo-hydraulic testing machine, MTS 100
digital controllers.
g. 7, the specimen was positioned and fixed to a support
varying as a sine function with time was applied on the
um load was constant at 0.05 kN in order to keep the roller
location.

n both shallow- and deep-case specimens, three types of
d and identified as the lateral crack, the median crack, and

chematically shown in Fig. 8�a�. The lateral crack developed
sition region; the edge occurred at the edges of the contact,
crack initiated from the upper surface of the lateral crack
towards the surface. Figure 8�b� shows a fully developed

as no edge and median cracks are formed. The location and
ateral crack shown in Fig. 8�b� correlate well with the
ensile residual stress calculated from FE analysis �see Fig.
e median cracks indicated in Fig. 8�a� seem also to coincide
damage zones shown in Fig. 6.

the present experiments that the required load to develop
the median cracks was substantially higher than the load to
racks. Furthermore, the edge cracks were formed later than

The median cracks could only be formed if lateral cracks

n that the required load for generating the lateral cracks is
ired load for generating the edge cracks and the median,
from the FE analysis. The stresses in the positions of the
median crack, as shown in Fig. 6, vary slightly around a

� stress, when an alternating load is applied. In other words,

LE 1—Chemical composition �wt %� of 42CrMo4.

i S Cr Ni Mo Cu V Al Ti Nb
25 0.006 1.02 0.19 0.22 0.21 0.003 0.033 0.0043 0.003

LAI ET AL., doi:10.1520/JAI102630 41
e stress amplitude is pretty low, but the mean stress is high.
nsition region where the lateral crack develops, the stress
ssion to tension, thus with a big range/amplitude upon ap-
ting loading. Therefore, the load required to trigger the lat-
than that to initiate the edge and median cracks.
act that the lateral crack can be generated at a lower load
types of cracks, it is reasonable to consider the load for the
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ral cracks as the fatigue load limit. For the shallow-case

hree types of cracks observed in the specimens in the SCF test-
e edge cracks, and the median crack �a� and a picture of a well

at the case-core transition zone of the specimen �b�.

BEARING STEEL TECHNOLOGY
load limit is 7 kN, corresponding to a nominal Hertzian
98 GPa, while for the deep-case specimen, the fatigue load
ponding to a nominal Hertzian contact pressure of 5.46

deformation after the SCF testing, as well as the perma-
on from a single load, was measured using the Talysurf
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rface Indentation and Subsurface Damage

Indentation

ntation of the raceway due to static loading is an important
red for the static capacity of bearings. The evaluation of the
however, is not a trivial task. It relies on accurate measur-
/or a theoretical model that accounts for the subsurface

applied load and the resilience of the material to plastic
on of plastic indentation is even more difficult for surface-
in that the depth of the case layer as well as the material
core and case can influence the magnitude of the surface

hed model for estimating plastic indentation in bearings
en �9�. Based on empirical data for bearing quality steel
between 63.5 and 65.5 Rockwell, such as those in Ref 8,
ped the following formula to describe the total permanent
oth contact bodies� for point contact:

�t = 1.3 � 10−7 P2

Dw
��I1 + �II1���I2 + �II2� �1�

,
f indenter �body I�,

of body I, and so on.
1 are newtons and millimetres.

inted out that Palmgen’s data �9� were based on indentation
the 1940s, and the accuracy of the data was dependent on
evices available then �1�. An obvious drawback of Eq 1 is
lastic indentation starts from any load level no matter how

s is physically incorrect, as plastic deformation occurs only
the yield limit of the material.

of plastic indentation, such as those published in Ref 10,
he review paper by Yhland �11�. It was indicated in Ref 11
entation data from various sources exhibited conformance
above 4000 MPa of contact pressure� or large values of
but deviated from each other at relatively low load. This
to the accuracy of measuring devices, which was not so

itude of the plastic indentation was small.
ent of measuring devices, the accuracy of simple formulas

LAI ET AL., doi:10.1520/JAI102630 43
ting plastic indentation, in through-hardened bearings may
n reliable indentation testing data. For induction-hardened
a simple description of plastic indentation is not available.
ch a model based on indentation testing data would be very
ssible. This is because the plastic deformation in induction-
depends on the strength of both case and core material and
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where:
Dw=diameter of
�y= �compressive
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In the above equa

term in the bracket is
cient 0.62 in Eq 2 is d
the maximum von M
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equation to FE calcul
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material, the subsurfa
indentation � on the
regime, and no plasti
Eq 2 indicates that un
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e describe how to formulate the plastic indentation of
ings based on the results of FE analysis.
der the plastic indentation between two contact bodies

materials. By homogenous we mean the hardness and
e steel are uniform through depth, such as a through-
n-hardened ring. The plastic indentation � due to a static
as

�

Dw
= kCPC�0.62p0

�y
− 1�2

�2�

the rolling element,
� yield stress of the material, and
ertzian� contact pressure.
tion, the McCauley bracket notation �…� is used, i.e., the
set zero if the quantity enclosed is negative. The coeffi-

ue to the relationship between the contact pressure p0 and
ises stress �e,max in the subsurface for CPC, i.e., 0.62p0
nt kCPC in Eq 2 is a constant dependent on the yield
ess of the material and can be determined by fitting the
ation data.
the McCauley bracket means that if the maximum von
from the applied load exceeds the yield strength of the

ce will yield and undergo plastic flow, leading to a plastic
surface; otherwise, the subsurface remains in the elastic
c indentation will be generated by the load. Furthermore,
der the same load �p0�, the steel with higher strength ��y�
astic indentation.
er, the plastic indentation � due to CLC can be described

�

Dw
= kCLC�0.56p0

�y
− 1�2

�3�

nt 0.56 is due to the relationship between the between the
essure p0 and the maximum von Mises stress in the sub-
0.56p0=�e,max. The coefficient kCLC in Eq 3 is a constant
ld strength or the hardness of the material and can be
the equation to FE calculation data.
duction hardened, the plastic indentation � is a result of

from both the case and the core. The partition between

BEARING STEEL TECHNOLOGY
s is dependent on CD. Considering this, we propose the
rule:

�

Dw
= �	 �

Dw



core
+ �1 − ��	 �

Dw



case
�4�
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�� /Dw�core=plastic indentation for case and core materials,
can be valuated using Eq 2 or Eq 3.
rameter � in Eq 4 is a function of CD and contact pressure
hip can be represented by

� = exp�− C	CD

Dw

m	 p0

pref

n� �5�

pressure set to 1 GPa.
, m, and n can be determined by fitting Eq 4 together with

indentation data obtained from FE calculations.
considered two extreme contact situations, i.e., the CPC and
ngs in which the contact region is of elliptical shape with
he plastic indentation can be approximated through a linear
en the two extreme cases

between the predicted and measured depths of the surface residual
F testing specimens �CD=1.1 mm�.

LAI ET AL., doi:10.1520/JAI102630 45
�

Dw
= 	 �

Dw



CPC
	a

b

 + 	 �

Dw



CLC
	1 −

a

b

 �6�

ipt CPC means CPC with b /a=1 and CLC means CLC with

we can also calculate the residual surface indentation of the
cribed in the previous section. Figure 9 shows the compari-
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S = C

where:
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C1, C2, and C3=c
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lations based on Eqs 2–6 and the measurements in which
ngle load and from cyclic load are included. It seems that
profile was controlled by the load in the very first cycle
e of the subsequent cyclic loading. A good correlation can
tween the predicted depth of residual surface indentation
om the SCF testing.

ated by the SCF testing that severe standing contact load-
face delamination at the case-core interface and surface
f the contact. These damages are believed to be represen-
shing failure in induction-hardened rings. The SCT test
induction-hardened specimens, the fatigue limit was dic-
ce damage in the form of lateral cracks. Therefore, we
scription of the subsurface damage resulting from static
nce for such damage.
e tensile residual stress induced by the plastic damage in
n. The tensile residual is responsible for the lateral crack

pment, and is thus representative of the subsurface dam-
tic loading.
al stress S in the case-core transition that is responsible
he lateral cracks can be expressed as

1�y�tan−1	C2��e

�y
− 1� − C3
 + tan−1�C3�� �7�

of the core material,
n Mises stress at the case-core interface, and
onstants, which can be determined by fitting Eq 7 to the

tion the Macauley bracket notation is used, i.e., the term
the quantity enclosed is negative. Figure 10 shows the
nsile residual stress S and the equivalent von Mises stress
that �e is corresponding to the linear elasticity solution,
the severity of the subsurface stressing due to the applied
e of the von Mises stress allows accounting for the super-

ternal stresses.
k in the material is the pre-existing defects such as inclu-
s will be initiated first from the defects. If the defect size

BEARING STEEL TECHNOLOGY
ss Sc at the location of the defect can be determined by
ue threshold condition for a penny-shaped crack of the

Sc =
�Kth

2

 �

c + c0
�8�
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hreshold of the core material and
d from

c0 =
�

4
	�Kth

�w

2

�9�

durance� limit of the core material.
qs 8 and 9 is based on the stress intensity factor solution for
ck �12� and the El Haddad parameter for small cracks �13�.
nes the damage tolerance in terms of the tensile residual

the plasticity at the case-core interface. This tolerance is
ize of the pre-existing defects in the damage zone.

of the residual stress responsible for case-core delamination with
ises stress at the case-core transition. The residual stress here is
nalysis of CPC.

LAI ET AL., doi:10.1520/JAI102630 47
was also employed the verify of damage tolerance model.
it is calculated using Eqs 7–9, below which no �subsurface�

e formed. In the calculations different defect sizes are as-
0, and 150 �m.
tigue load limits are compared with those determined from

Fig. 11. As can be seen from Fig. 11, the model prediction
onservative side if a larger inclusion was considered in the
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concluded that the present model can reasonably predict
bsurface delamination caused by the standing contact

ic Capacity

cribed in the previous sections, it is possible to evaluate
n and subsurface damage caused by applied static load.
n of both plastic indentation on raceway and subsurface
re interface, a new model is proposed for calculating the

etween the predicted and measured standing contact load limit
ack initiation for the shallow-case specimen �CD=0.5 mm� and
�CD=1.1 mm� in the SCF testing.

BEARING STEEL TECHNOLOGY
ction-hardened rings.
nstrate the dependence of the allowable loads based on
ce indentation and subsurface damage tolerance, respec-

aterial strengths. A four-point contact bearing with the
chosen for the calculations:
dm=615 mm;

Dw=34.925 mm;
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=0.52; and
le �=45°.
wo core materials are considered: Material A with yield
a and material B with yield strength of 330 MPa. It is as-
rface of the bearing is induction hardened with the case
f 1900 MPa, which is a typical value for hardened bearing

ve been made of the maximum contact pressure p0 for gen-
entation of 10−4Dw for different CDs. It can be seen from

tact pressure increases with CD and approaches a constant
dependence of the allowable contact pressure of the CD is
ivalence to the through-hard situation. As can be seen from

er than 0.18Dw is almost equivalent to the through-hard
aterials. The present model predicts that contact pressure

−4

static load in terms of contact pressure p0 corresponding to per-
tation of 10−4Dw surface induction-hardened rings made of two

th different CDs.
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indentation of 10 Dw in the through-hard raceway is 4260
ormable with the ISO static capacity of 4200 MPa for ball
this, as well as the good validation results, we can conclude
gives a reliable estimation of plastic indentation for

rings.
Fig. 12 is that the plastic indentation is also dependent on
for the bearing. The effect of strength difference between
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uite significant for a CD less than 0.12Dw: A much lower
eded for material B than that for material A to generate
lastic indentation. The difference between the two mate-
D. This is because the plastic indentation on the raceway
deformations from both the core and the case. With in-
tribution from the core decreases, whereas the contribu-
reases.
r description of subsurface damage, one can estimate the
h the risk of core crushing due to standing contact load
gure 13 shows the calculated standing contact load that
e cracking as a function of CD. This standing contact load

allowable load hereafter. Obviously, the allowable load
he allowable load is also dependent on the cleanliness
size� of the steel. In the calculations here, a defect size of

owable static load in terms of contact pressure p0 that will not
rface induction-hardened rings made of two different materials

BEARING STEEL TECHNOLOGY
clear differentiation of material A from material B in
load. The difference displayed in Fig. 13 implies that the

her-strength core material �e.g., material A� can endure a
the bearing made of a lower-strength core material �e.g.,

tion examples demonstrate that definition of static capac-
ned bearings has to consider both damage tolerance for
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tic indentation for raceway. Evaluation of the static capac-
ed plastic indentation may involve the risk of core crushing
nation if the CD is shallow or the specified plastic indenta-
lation based only on the damage tolerance, on the other
he requirement for smooth operation of bearing since too
s would result from the calculated load for the case of rela-
order to determine the static capacity of an induction-

one has to calculate the allowable load for the specified
p0,�, and the allowable load for the damage tolerance, p0,D.
o calculated loads should be used as the allowable static
g can endure. Such a definition is illustrated schematically
curves representing p0,� and p0,D, respectively, intersect at

lation of allowable load for CD less than CDt, the p0,� curve
e p0,D curve should be taken as the allowable load for CD
e solid lines in Fig. 13 represent the allowable load for the
ts both the requirements for limiting the plastic indentation

definition of static capacity of an induction-hardened bearing
n of both damage tolerance for subsurface and plastic indenta-

e solid lines represent the allowable bearing load.

LAI ET AL., doi:10.1520/JAI102630 51
and for the subsurface damage tolerance to avoid core
e two curves, we can also calculate the required CD for the
specified static load. Suppose that the CDs corresponding

d the p0,D curve are CD� and CDD, respectively. The smaller
DD, is the required CD for the bearing.
ble to evaluate the static capacity of induction-hardened
ified plastic indentation and subsurface damage tolerance.
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ample, the CDt value is 0.02Dw �as can be seen from Figs.
ns that for a bearing made of material A, the allowable
indentation �1�10−4Dw in this case� should be used for

r the bearing with CD	0.02Dw; for CD
0.02Dw, how-
y should be calculated from the damage tolerance. As can
and 13, for material B, the CDt value is 0.14Dw, meaning
e of material B, the static capacity should be calculated
e tolerance for CD up to 0.14Dw; for CD	0.14Dw, the

be calculated from the specification for surface indenta-

that for induction-hardened rings, it is not necessarily
ss in the core, arising from static load, should stay below
he material. Certain plasticity in the core is permitted as
f plasticity is below a certain limit. The corresponding
the allowable amount of the plasticity in the core can be
odels developed for plastic indentation and subsurface

sed on the findings from the present study, a new way of
capacity of induction-hardened bearings is proposed,

llowing steps:
load �in term of contact stress� corresponding to plastic
f 1�10−4Dw;
load corresponding to the subsurface damage tolerance;

the two calculated loads is the static capacity of the bear-

oosing plastic indentation of 1�10−4Dw for calculation of
sed on the consideration that plastic indentation of 1
nt with the definition of static capacity for through-
s can be seen from Fig. 12, the allowable load for plastic
−4Dw approaches 4200 MPa, i.e., the ISO definition for
ugh-hardened ball bearings, with increasing CD.

lso be used to calculate the required CD for the surface
ing to carry the specified static load. The model for calcu-
city and CD is implemented in an in-house developed
.

s

e static capacity of a surface-hardened bearing, two as-
he applied static loading have to be considered: The per-

BEARING STEEL TECHNOLOGY
ntation and the subsurface damage. The former is to guar-
s of bearing motion, whereas the latter is to ensure the
g raceway or to avoid the core-crushing failure.
duction-hardened rings indicated that damage resulting
ds might lead to delamination between case and core, and
SCF testing confirmed the occurrence of these cracks and

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



showed that the lat
lower load than the

Based on FE re
plastic indentation
These models relate
and core materials.
relation has been fo

A new calculati
hardened rings. It
�10−4Dw and subs
dependent on mate
order to eliminate t

The present p
induction-hardened
meant for evaluatio
mean either a cons
ing. Any load applie
must be treated as
rings is also depend
in the future.

Acknowledgments

The results reported
Life-Environment p
The authors would
Olsson from Solid
Stockholm, for the
�SCF� tests.

References

�1� Harris, T. A., R
1984.

�2� International St
�3� Sague, J. E. an

Failure in Larg
Publication, Pre
IL, May 9–12, 1

�4� Zwirlein, O. an
Bearing Rings,”
Exposition, Mil
1983.

�5� ABAQUS v.6.7,
�6� Horton, S., “M

ERC Report No.
�7� Alfredsson, B.

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
eral crack at the case-core interface occurred earlier and at
edge cracks from the surface.
sults, two models have been developed for evaluating the
and subsurface damage in induction-hardened bearings.
the allowable load to CD, mechanical properties for case

The models are validated with SCF testing, and good cor-
und between the model predictions and the measurement.
on method is proposed for the static capacity of induction-
is based on considerations for plastic indentation of 1

urface damage tolerance. The damage tolerance, which is
rial fatigue strength and steel cleanliness, is introduced in
he risk for the core-crushing failure.
aper is concerned with the static capacity of surface

rings. It should be stressed the static capacity model is
n of the bearing for carrying static load. By static load, we
tant or an alternating load applied on a non-rotating bear-
d to a rotating bearing, no matter how short the duration is,
dynamic load. The required CD for the induction-hardened
ent on dynamic capacity, which remains to be investigated

in this paper were generated in a project supported by the
rogram LIFE06 ENV/NL/000176 of the European Union.
like to thank Mr. H. Oberg, Dr. B. Alfredsson, and Prof. M.
Mechanics Department, Royal Institute of Technology,

arrangement and execution of the standing contact fatigue

olling Bearing Analysis, 2nd ed., John Wiley & Sons, New York,

andard ISO 76-1978, 1987.
d Rumbarger, J. H., “Design Criteria to Prevent Core Crushing
e Diameter, Case Hardened Ball and Roller Bearings,” An ASME
sentation at the Design Engineering Conference and Show, Chicago,
977, ASME, Washington, DC, 1977.
d Wieland, W. P., “Case Depth for Induction Hardened Slewing

LAI ET AL., doi:10.1520/JAI102630 53
SAE Technical Paper Series, International Off-Highway Meeting and
waukee, WI, September 12–15, 1983, ASME, Washington, DC,

User’s Manual �2007�, DS Simulia, Providence, RI.
echanical Properties of SKF RKS Slewing Ring Materials,” SKF
NL05M006, 2004.

and Olsson, M., “Standing Contact Fatigue Testing of a Ductile

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



Material: Surface
23, 2000, pp. 229

�8� Lunberg, G. and P
�Static carrying ca

�9� Palmgren, A., Bal
delphia, 1959.

�10� Brändlein, J. and
Kontakt-Stellen G
surfaces of roller

�11� Yhland, E., “Static
�12� Tada, H., Paris, P.

ed., Professional E
�13� El Haddad, M. H.

Short Fatigue Cra

54 JAI • STP 1524 ON

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
and Subsurface Cracks,” Fatigue Fract. Eng. Mater. Struct., Vol.
–240.
almgren, A., “Statiska Bärförmågan hos Kullager och Rullager
pacity of ball and roller bearings�,” Kullagertidningen nr 3, 1943.
l and Roller Bearing Engineering, 3rd ed., S. H. Burbank, Phila-

Zwirlein, O., “Plastische Verformungen in Hochbeanspruchter
ewölbter Körpe �Plastic deformation in highly stressed contact
bearings�,” Antriebestechnik, Vol. 19, 1980, pp. 318–322.

Load-Carrying Capacity,” Ball Bear. J., Vol. 211, 1982, pp. 1–8.
C., and Irwin, G. R., The Stress Analysis of Cracks Handbook, 3rd
ngineering Publishing, London, 2000.

, Dowling, T. H., and Smith, K. N., “J-Integral Applications for
cks at Notches,” Int. J. Fract., Vol. 16, 1980, pp. 15.

BEARING STEEL TECHNOLOGY
'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



MICROSTRUCTURE BEHAVIOUR
IN ROLLING CONTACT

 

Copyright by ASTM Int'l (all rights reserved); Tue May  6 11:51:24 EDT 2014
Downloaded/printed by
Rochester Institute Of Technology pursuant to License Agreement. No further reproductions authorized.



 

Copyright by ASTM Int'l (all rights reserved); Tue May  6 11:51:24 EDT 2014
Downloaded/printed by
Rochester Institute Of Technology pursuant to License Agreement. No further reproductions authorized.



Nathan A. Bran
and Nelson H. F

Stress Field
Raceway Fa

ABSTRACT: Th
bearing inner ra
finite element m
spall cracks. Th
edge in a 208
shown to cause
tensile residual
diffraction meas
edge of a spall.

KEYWORDS: r
propagation, co
pact wear, elas
X-ray diffraction

Introduction

The ever increasing
cial jet aircraft eng
ings that have bette
life, and higher thr
balls and case hard
tially out-perform c

However, even h

Manuscript received M
online December 200
1 Mechanical and Aer
responding author�, e
2 Propulsion Director
Base, OH 45433.

Cite as: Branch, N. A
Evolution in a Ball
doi:10.1520/JAI10252

Copyright © 2010 by
Conshohocken, PA 19

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
ch,1 Nagaraj K. Arakere,1 Vaughn Svendsen,2

orster2

Evolution in a Ball Bearing
tigue Spall

e governing mechanisms of fatigue spall propagation in ball
ceways are investigated through the use of elastic-plastic
odeling, X-ray diffraction, and the visual inspection of fatigue
e model simulates multiple ball impacts with a fatigue spall’s
size ball bearing operating at 10,000 rpm. Ball impacts are
severe plastic deformation within the spall edge and induce
stresses. The finite element results are supported by X-ray
urements and the locations of cracks observed around the
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y improper lubrication, foreign object debris, and exces-
hich can cause surface fatigue failure �4�. These surface
in the form of surface pitting or spalls on a ball or race-

e of surface fatigue failure is also observed in gears, cam-
,6�.
ring fatigue life is usually defined as the amount of time
cles needed to initiate a surface spall. Impending bearing
not be accurately predicted or detected until the bearing
material in the form of fatigue spalls. Thus, the period of
ion to total failure becomes quite important. More robust
resistance to fatigue crack initiation and low spall propa-
p extend the period of detection and improve engine reli-

search

fects of plasticity, contact stress, fatigue, material micro-
dency, and residual stress formation in the vicinity of a
signing safer bearings. However research of the governing
propagation is limited. Probabilistic bearing life predic-
ased on equations developed by Lundberg and Palmgren
stimate the life of a spalled bearing but neglect important
ed plasticity. A comprehensive review and comparison of
ries are presented by Zaretsky et al. �8� and Sadeghi et al.
ris �9� studied spall progression on chemical vapor depo-
n Iron and Steel Institute �AISI� 52100 steel balls that

induction melted, vacuum arc remelted �VIM VAR� M50
and extended the bearing life prediction methods of Io-

0� to predict the remaining useful life of spalled bearings.
mplemented damage accumulation laws within represen-
ts undergoing RCF to model the transformation of a dent
ll.
tion experiments on tapered roller bearings by Hoeprich
ndomness inherent to spall propagation and its unknown
s. In a recent three-part series, an experimental and nu-
of spall propagation was presented �13–15�. Part I by Ro-
ed the dependency of spall propagation rate on material
stress. Part II by Arakere et al. �14� presented the static
elds around an initial fatigue spall, the likely conditions
ial spall growth, and the importance of including plastic-

BEARING STEEL TECHNOLOGY
fatigue life calculations. Part III by Forster et al. �15�
ts of alloy content, heat treatment, and residual stresses

microstructure and alterations in residual stress profile
bearing fatigue life and propagation rate.
ented here is unique because it uses finite element models
s of plasticity to calculate the critical stresses and strains
spall edge during and after successive ball impacts. The
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ed by the residual stresses calculated by X-ray diffraction
nd the location of cracks on an impacted spall edge. This
pport a plausible scenario of why fatigue spalls propagate.
ents a first step toward identifying how material properties,
nd operating conditions contribute to spall propagation and
ilure.

opagation

edominately in the direction of ball motion during surface
arings �12,13�. Figure 1 shows an example of damage pro-
ring inner raceway. In the experiments explained in Ref 13,
naturally from material fatigue or by Rockwell C indenta-
stress risers and accelerate the spall initiation process. Dur-
n cracks develop around the indent, liberate surface mate-

all initial spall. The initial spall will widen during operation
14 and eventually allow the ball to descend into the spall

ing edge. The spall will then progress around the raceway in
motion until catastrophic failure occurs �Fig. 1�c��. Usually

lure mode is fracture of the bearing cage leading to bearing

ing edge will be defined as the edge that deteriorates with
operation, whereas the spall’s leading edge is a portion of
does not liberate significant material during operation.
mpacts that occur between balls and the trailing edge of the
be the main driving forces of spall propagation �Fig. 2�. The
nly spall edge that is subjected to ball impacts and deterio-
is a relationship between the two.
cracks form only on the spall’s trailing edge �Figs. 3 and 4�
agating. This is another indication that more damage is
pacted edge in the form of cracks and not on the leading

all impacts are believed to encourage these edge cracks to
gments of material to liberate from the raceway’s surface.
ected by the Oil Debris Monitor in �13� were typically the
ge of the spall.
s loss of surface material increases the clearance between
and outer raceways, which creates enough space for the

salign. Severe vibrations, heat, noise, and eventual cata-
lure are then likely to occur.

BRANCH ET AL., doi:10.1520/JAI102529 59
ite Element Model

model must capture the geometry and physics of bearing
tely as possible. However, this analysis will not model the

uter rings, all balls, lubrication, temperature effects, and
e bearing cage. For this purpose, only a segment of the
odeled in the interest of computational efficiency �Fig. 5�.
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Virgin raceway. �b� Small spall. �c� Progressed spall.
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nt will include the trailing edge of the spall since we are
pes of damage this specific spall edge is likely to develop

the geometry of the spall’s edge, profilometer tracings were
trailing edge on four different raceways made of Pyrowear
dened and M50 through-hardened bearing steels �Fig. 6�a��.
ge slope of 45° is determined from the four profile measure-
d to the finite element �FE� model geometry �Fig. 6�b��. This
nstant during spall propagation �Fig. 6�b�� and suggests that
ontrolling material loss from the spall’s edge is the same
ength.
ent model will simulate three successive rigid ball impacts
dge at a ball velocity of 15.24 m/s �50 ft/s� �Fig. 7�. The ball
ed from the known rotational speeds of the cage and inner
m bearing used in Refs 13–15. Three impacts were chosen

no significant change in the stresses and strains within the
second and third impacts.
ot require a mesh and reduce the number of elements in the
the balls have the density of steel �8 g/cm3� and are ex-

ore energy into the spall than compared to a silicon nitride
allowed to spin and can only translate within the plane of

ntact is frictionless, the rotational kinetic energy of the ball
y affect the nature of impact between ball and spall edge.
ession tests were performed on M50 steel specimens �Fig. 8�
strain curve up to 0.013 plastic strain and compared well
from Carpenter �16�. Since the plastic behavior of this ma-
stic strain is unknown or unobtainable from other sources,

med to behave in a perfectly plastic manner after this strain
ly, very hard materials do not have a capacity to strain
or 303 stainless steel, so a perfectly plastic response is a

impact with spall’s edge influences propagation direction.

BRANCH ET AL., doi:10.1520/JAI102529 61
tion for this bearing steel and this analysis.
ar hexahedral mesh is designed around the spall’s edge be-
cal stresses and strains are forming within this small region
it solver within ABAQUS v6.8-2 was used since this is a
nd has time dependent properties �the velocity of the ball�
s �J2� failure criterion, associative flow rule, and isotropic
opriate for bearing steels and implemented here.
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amples of cracks on trailing edge of propagating spall.
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wo examples of close up images of spall’s edge cracks.

BRANCH ET AL., doi:10.1520/JAI102529 63
ssion

te element model results will be close up images of a spall
�Fig. 9�. The radial and hoop stresses within the spall during
ated �Fig. 9� and are mostly compressive as expected. The
pressure between a ball and spall edge can reach 7 GPa,
o cause subsurface yielding. Classical Hertzian contact so-
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FIG. 5—Finite element model geometry.
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y here since the spall edge is very sharp and is undergoing
ation during impact.

rest are the locations and distributions of residual tensile
edge of the spall. It is well understood that tensile residual

of spall edges from M50 and Pyrowear 675 bearing steels. �b�
during propagation and used in FE model.

BRANCH ET AL., doi:10.1520/JAI102529 65
ntal to the fatigue strength of a material because they en-
ck initiation and growth. The finite element model calcu-
l hoop stresses to occur on the surface of the spall’s edge

l impacts �Fig. 10�. This is significant because this location
tress agrees with where cracks are seen around the spall’s
s from Refs 13 and 15 �Figs. 3 and 4�.
nd magnitudes of residual hoop stresses within the spall’s

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



FIG. 7—FE mod

66 JAI • STP 1524 ON

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
BEARING STEEL TECHNOLOGY
el of ball impacting spall edge and finite element mesh.
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sults are shown in Figs. 10 and 11. Locations D and E best
l tensile stress at the surface mentioned earlier and the
e stresses just beneath the spall’s edge. The severity of the
reases going away from the spall’s edge as shown in profiles

, B, and C of the finite elements results match closely to the
rom XRD techniques �Fig. 12� and described in more detail
ts of Forster et al. �15� showed that the changes in residual
tive over millions of cycles in AISI 52100, AISI M50, and
XRD was done on bearing raceways that had experienced
les, whereas the model is only simulating three impacts.
litative comparisons can be made here.
e residual stress profile in Fig. 12�a� �15� is from a spall

ace indents and is quite different from the spall initiated
e without surface indents �Fig. 12�b��. This is not captured
l and may be a result of microstructure decay �15�. Also, the
rimental XRD measurement was about 3.2 mm �0.125 in.�
e spall in all cases. The spot size of the irradiated area is

FIG. 8—Flow curve, M50 steel.

BRANCH ET AL., doi:10.1520/JAI102529 67
al stress profiles are not a close match to profiles D and E
n where XRD was performed was not close enough to the
ure the residual tensile stresses shown in profiles D and E.
ken on locations D and E, unknown cracks within the spall’s
ieved residual stresses that XRD could not have picked up.
why the data is not an exact match for every location, but
are within the ballpark of what is determined from XRD.
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9—Radial and hoop stresses during impact.
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l stress profile in hoop direction after three impacts. �b� Locations

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



Many fatigue fail
velop in rolling conta
face. The finite eleme
within the edge of the

Radial tensile res
location matches the
plotted �Fig. 14� at t
Locations D and E c
spall’s edge, while B
the same depth as the
stress explains why th

The finite elemen
stresses in both the r
edge. Compressive re
�18� and consequentl
This is observed in ex

The location of re
cracks appear in spa
hydrostatic pressure a
of red as before. How
and showed that crac
pressure.

FIG. 11—R

70 JAI • STP 1524 ON

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
ure theories predict tensile radial residual stresses to de-
ct �4�, which lead to crack formation parallel to the sur-
nt results show that tensile radial residual stresses exist
spall after successive impacts �Fig. 13�.

idual stresses encourage fatigue cracks to form and their
spall depth �Figs. 13 and 2�. Residual stress profiles are

he same locations as the hoop direction plot �Fig. 10�.
apture the residual compressive stresses just below the
and C show subsurface residual tensile radial stresses at

depth of the spall. The location of residual tensile radial
e spall depth is consistent throughout spall growth.
t results in Figs. 10 and 13 show compressive residual
adial and hoop directions located just below the spall’s

sidual stresses below the spall’s edge retard crack growth
y keep material loss localized to the immediate surface.
periments and shown in Figs. 2–4.
sidual tensile hydrostatic pressure also agrees with where

esidual hoop stress profiles, finite element results.

BEARING STEEL TECHNOLOGY
lled bearings �Figs. 15 and 3�. ABAQUS defines tensile
s negative, which is why the tensile region is blue instead
ell et al. �19� studied rolling contact over a surface indent
ks are likely to initiate in regions of tensile hydrostatic
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pproaches summarized in Ref 18, such as Coffin–Manson,
tigue cracks are likely to initiate in a region of high plastic
ad cycles. A detailed quantitative fatigue life analysis cannot

RD residual hoop stress profiles; M50 spalled bearings.

BRANCH ET AL., doi:10.1520/JAI102529 71
the cyclic strain-life data for bearing steels is scarce, the
lated by the FE model are for a spall that has only suffered
the cyclic plastic strain amplitudes from the FE model are

the cyclic hardening law, which is also limited for bearing
a qualitative investigation it is worth comparing the distri-
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bution of plastic strai
actual bearings to see
by the FE model.

Large amounts o
face of the spall’s edge
in actual bearing spa
below the surface and

The distribution o
to the locations of re
stress �Fig. 13�, residu
strain �Fig. 16�. Crack
and also aided by the

To verify the assu
plastic strain, it is sh

FIG. 13—Residual stres
shown in Fig. 10.
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n within the spall edge with the location of cracks in the
if cracks form in the most damaged region as predicted

f plastic strain in the hoop direction develop on the sur-
�Fig. 16� and match closely to where cracks are observed

lls �Figs. 3 and 4�. The maximum hoop plastic strain is
is a likely site of crack initiation.

f maximum principal plastic strain �Fig. 17� corresponds

s state in the radial direction and locations of stress profiles

BEARING STEEL TECHNOLOGY
sidual tensile hoop stress �Fig. 10�, residual radial tensile
al tensile hydrostatic pressure �Fig. 15�, and hoop plastic
s are likely to follow this path of highly damaged material
tensile and compressive residual stresses within the spall.
mption that cracks follow the path of maximum principal
own that the distribution of maximum principal plastic
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inite element residual stress profiles in radial direction.
FIG. 15—Residual hydrostatic stresses.
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ial plastic strains. Radial plastic strain is mostly compressive
ocations of large tensile hoop plastic strain are close to where
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FIG. 17—Maximum principal plastic strain.

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



strain �Fig. 17� is also
6�. After a fragment o
edge profile left behi
distribution of maxim
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gation.

Spall edge geome
strains in the finite e
sidual stress gradient
and 19�. Two differen
ball velocity and mat
radial stresses within
residual hoop stress p
not as severe as the sh
similar helps show th

Conclusions

This analysis represe
strains that develop i
The validity of the fin
magnitudes of the res
the locations of crack
tion experiments.

It is well underst
of a material �4�. The
and hydrostatic tensi
same locations wher
puted residual compr
crack growth and kee
in experiments.

The distribution o
of crack growth which
propagation. This is
remains consistent th
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predict cracks to init
spall edges where the

Future research w
edge is affected by the
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bearing materials.
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similar to the profilometer tracings of the spall edges �Fig.
f material is liberated from the spall edge, the new spall

nd is a close match to the profilometer tracings and the
um principal plastic strain. This process repeats itself
spall edge profile does not vary throughout spall propa-

try is expected to influence the calculation of stresses and
lement model; however it can be shown that similar re-
s will develop regardless of spall edge sharpness �Figs. 18
t degrees of spall sharpness were modeled with the same
erial properties as before. Stress contours of the residual

the spall’s edge are shown along with a graph of the
rofiles. As expected, the stresses around a blunt spall are
arper spall edge, but the fact that the stress gradients are
e dependency of spall shape in the finite element results.

nts a first attempt to capture the critical stresses and
n a spall edge during and after successive ball impacts.
ite element results is strengthened by the locations and
idual stress profiles calculated from XRD techniques and
s on the impacted spall edges observed in spall propaga-

ood that residual tensile stresses decrease the fatigue life
finite element model determines residual hoop, radial,

le stresses to occur within an impacted spall edge at the
e fatigue cracks are observed in experiments. The com-
essive stresses below the trailing edge of the spall retard
p material loss localized to the immediate surface as seen

f plastic strain within the spall edge provides a likely path
leads to the liberation of material fragments during spall

supported by the observation that the spall edge shape
roughout propagation and closely matches the distribu-

ncipal plastic strain. Qualitative strain-life methodologies
iate in regions of high plastic strain. Cracks appear on
finite element model predicts large plastic strain.

BEARING STEEL TECHNOLOGY
ill investigate how the impact between the ball and spall
presence of the outer raceway and bearing cage. Changes

s due to microstructure decay are expected to occur in
this influence should be included. Future work will also
pagation rates differ between case and through-hardened
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al hoop stresses for blunt spall similar to that of sharp spall.
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ter images of sharp and blunt spalls. Similar radial residual
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Initiated Rolling Contact
fluence of Non-Metallic Inclusions,
History, and Operating

number of competing failure mechanisms are involved in
initiation. For well manufactured bearings operating under
controlled running conditions, sub-surface initiated fatigue is
iation form. Three mechanisms dominate the concept of sub-

initiation and growth: �i� The well documented slow struc-
of the steel matrix due to accumulation of fatigue damage in

rficially similar to tempering, �ii� stress induced generation of
process enabling the growth of butterfly micro-cracks and
ings at non-metallic inclusions, and �iii� surface induced hy-
causing hydrogen-enhanced fatigue damage accumulation

e development of butterflies as a function of contact stress,
non-metallic inclusion characteristics is presented, and the

allurgical cleanliness and processing history on this progres-
d. The results of laboratory conducted tests are compared to

applications where premature spallings have occurred. The
butterfly micro-cracks to extending cracks with non-etching

n studied. Special interest has been paid to the interaction
n-metallic inclusion composition and morphology and their
nerate butterfly wing formations, as this may affect the way

armfulness should be judged in rolling bearing steel quality
ts. Complex oxy-sulfides are the main butterfly initiators in
steels.

earing steel, steel making, hot forming reduction, non-
ns, fatigue
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fections and that this
tion load conditions w
opment of the sub-su

It seems well pro
moderately high con
which with accumula
long to very long servi
of bearings if stressed

In certain bearin
perienced. Such early
seen to the total bear
and for all heat treat
sub-surface structura
non-etching borders a

In order to incre
study of the origin,
transformations has b

Classic Sub-Surface

Lundberg–Palmgren
surface damages that
to the formulation of
dised and still the fun
the development of t
steel that still is the fu
Jernkontoret rating c
world-wide-used AST

Structural Decay in

In the late 1960s and
structural decay occu
generating a gradual
processes. The decay
structure into dark-e
bands aligned in two

The process invol
tempering, and in th
which tends to give th
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ll to a high extent is based on the Lundberg–Palmgren �1�
pacity to applied load relationships augmented with the

damage hypothesis �2�. These relationships were derived
tion that fatigue gradually develops at sub-surface imper-
development leads to spalling of bearings under applica-
here the running conditions do not supersede the devel-

rface initiated “classic” fatigue development.
ven that the natural way of bearings to fatigue under

tact stress conditions is a gradual decay of the matrix,
ting fatigue damages leads to a finite bearing life after
ce times �3�. This introduced the concept of an infinite life
below the fatigue limit �4�.

g applications today, however, premature failures are ex-
failures are application dependent and occur very rarely
ing population in use. They develop in all bearing types
ment processes used. They are generally associated with
l transformations where micro-crack developments with
re present.
ase the understanding of these phenomena, a detailed
morphology, and development of such micro-structural
een undertaken.

Initiated Fatigue

early realised that non-metallic inclusions initiate sub-
lead to crack growth and spalling. This did not only lead
the carrying capacity to load relationships later standar-
dament of bearing life calculations �Fig. 1�, it also led to
he procedures and ratings of non-metallic inclusions in
ndament for bearing steel purchasing specifications; the
hart �5� later developed into the refined and currently
M E-45-05e2 �6�.

Bearings under Moderately High Stresses

during the 1970s, focus was on the slowly developing
rring in bearings under moderate to high contact stresses
development of what superficially resembles tempering

BEARING STEEL TECHNOLOGY
was shown to be a stage-wise distortion of the matrix
tching regions followed by the development of ferrite
different directions towards the surface �Fig. 2� �7�.
ved is a gradual fatigue damage mechanism, quite unlike
e final stages this leads to a weakening of the structure,
e bearings a very long but finite life.
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experience this fatigue process, few or no sub-surface struc-
ns with non-etching crack borders have been observed.

s in Specific Applications

mstances specific applications generate unpredicted early

e failures generally are associated with sub-surface micro-
ations of a completely different nature than the slow ma-

etallic inclusions have initiated the growth of micro-cracks
lusions coupled with growth of non-etching areas at the
s.

—Bearing endurance tested and examined 1945.

LUND, doi:10.1520/JAI102559 83
rial decay, dark etching region, and white etching bands.
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is desired between th
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age we call the micro-crack development with associated
nts as “butterflies” �Fig. 3�. Frequently, the growth of such
n the form of propagating micro-cracks with non-etching
y occasions such micro-cracks start branching at pre-
aries into crack systems with non-etching borers.

ack systems with non-etching borders, which can develop
s, are denoted “white etching cracks.” This of course is a
denomination. The cracks are cracks, and cracks are just
rse do not etch. The branching crack systems develop
ch using the standard Nital etch in industrial use today in
gs” in butterfly formations. A more proper name for the
be “cracks with non-etching borders.” Or, if a distinction
e cracks that develop as butterfly wings and then propa-

ing cracks and the large branching crack systems called
systems should be called “branching cracks with non-

. 4�. Straight growing micro-crack formations with non-
not been given an accepted technical name and have

d �Fig. 5�. One reason for this is that the two phenomena
any to be different species and that butterfly wing devel-
rmations never were related to one another.

e Non-Etching Crack Borders

on microscope �SEM� and transmission electron micro-
e examination of the non-etching borders of initiating
ns associated with butterfly wings, developing large size

FIG. 3—Butterfly.

BEARING STEEL TECHNOLOGY
tions, straight growing cracks with non-etching borders,
ystems with non-etching borders �“WEC”� show that they
in different stages of development.
-sized ferrite cellular structures with the same morphol-
eir fine grained cellular structure, they have a very high
ardness is surprisingly similar to that of an aluminum

t 75 HRC �Fig. 7�.
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iated Butterfly Wing Development—Examination

e statistically significant data, two methods were used. A
having experienced early spalling damages in field applica-

d in order to assess the locations and the inclusion associa-
ack developments.

FIG. 4—WEC.

LUND, doi:10.1520/JAI102559 85
FIG. 5—Crack with non-etching borders.
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and their attempts to
tion.
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oratory test procedure was developed where self-aligning
ed as the test vehicle in a way similar to the method used
en in developing the bearing capacity-load relationship

relate this to sub-surface non-metallic inclusion initia-

nducted on self-aligning spherical ball bearings using the
icle. In doing this, a moderate load will generate contact
to 0 in the outer ring of the bearing �Fig. 8�.

FIG. 6—Butterflies, WEC in FEG-SEM.

BEARING STEEL TECHNOLOGY
FIG. 7—Butterfly wing and hardness.
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ings were sectioned using a circumferential cut through the
hich gives access to the sub-surface structural transforma-
all contact stresses experienced in one sample �Fig. 9�.
erformed under well lubricated, clean, well lubricated, and
itions.

nation of the field bearing examinations and the laboratory
0 micro-crack associated wing formations were studied as
ation in relation to their position in the stress field and the
n to their formation.

iated Butterfly Wing Growth: Micro-Inclusion

n types associated with the generation of butterflies is of
to the effectiveness of different inclusion types in generat-

FIG. 8—SABB testing and stresses.

LUND, doi:10.1520/JAI102559 87
FIG. 9—Sampling of test rings.
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in the evaluation of t
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From the evaluat
clusions where the s
source for non-metall
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This, however, on
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and thus are visible
quently generate only
cation, while pure ox
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�Fig. 10�.

In one field appli
plication conditions c

The difference be

FIG. 10—I
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ation and growth. This potency should affect the way
es are rated in the micro-inclusions standards employed

he fitness for use of the steels used for bearing applica-

ions performed, it is evident that complex oxy-sulfide in-
ulfide inclusions have encapsulated oxides are the main
ic associated micro-crack connected butterfly wing devel-

ly happens on the condition that the oxide inclusions
es are located in positions; here they have matrix contact

to the stress field applied. Such complex inclusions fre-
one-sided wing formations due to the encapsulation lo-

ides generally generate two-sided wing formations. Tita-
of the same size as oxides and present at positions
e stress conditions generally do not generate butterflies

cation, two bearings having experienced very similar ap-
ould be compared �Fig. 11�.
tween the bearings was that one had been produced to a

nclusions with and without butterfly formations.

BEARING STEEL TECHNOLOGY
. 11—Butterfly wing generating inclusions.
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lfur, while the other had been produced from a heat at the
ur range.
rings evidenced a similar number and size distribution of
ted wing developments, the bearing high in sulfur content
mber of sulfide inclusions present that did not.
ulfide inclusions having no oxide encapsulations thus did
tterflies.

o-crack associated wing former in modern bearing steel is
ns with oxide encapsulations having matrix contact in po-

stress field.
also are the vast majority of the inclusions present in mod-

s are also by far the largest present in bearing steel �Fig. 12�.

WIng driving non-metallic inclusions

ide Oxide No inclusion MnS Ti(C,N)

Inclusion and butterfly forming inclusion statistics.

LUND, doi:10.1520/JAI102559 89
FIG. 13—1309 butterfly map.
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ted Butterfly Wing Development: Contact Stress

ing ball bearing and the circumferential evaluation tech-
of micro-crack associated wing growth could be recorded.
ion of the wing formations to the contact stress experi-
aph for their formation could be developed �Fig. 13�.

s is of course not the factor deciding if a micro-crack will
allic inclusion; it is the local shear stress conditions pre-
on, its orientation in the stress field and the composition
he development of the butterfly is also dependent on the
gs, and thus there can be no way of establishing a direct

1309 butterfly map and delimiting shear stress.

Wing size distribution SABB tests

5 Mrevs
20 Mrevs
120 Mrevs

BEARING STEEL TECHNOLOGY
40 60 80 100 120

Size (micron)

FIG. 15—Butterfly micro-crack growth.
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n contact stress, number of load cycles, and butterfly wing
ack development. However, a delimiting shear stress for the
rflies is present and gives an indication of the boundary
rfly formation for the variant under test.
e lower bound for butterfly formation agrees well with a
MPa �Fig. 14�.

Subsurface depth andmedian wing sizes

0.2 0.4 0.6 0.8 1 1.2 1.4

Subsurface depth (mm)

FIG. 16—Wing size and stress conditions.
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FIG. 17—XL wings.
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ted Butterfly Wing Development: Growth

the micro-crack butterfly associated wing formations is
dent.
ressing, under constant loading conditions, the frequency
s that do grow increases.
by the ratio of micro-crack formations that deviate from
bution seen in bearing rings at early running stages �Fig.

ation between the developing micro-crack formations and
y have experienced �Fig. 16�.

FIG. 18—Tested variants.

ize distributions of wing forming inclusions

Variant B
Variant A
Variant C

BEARING STEEL TECHNOLOGY
40 60 80 100 120

Inclusion length (µm)

19—Butterfly generation in tested variants.
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tressing, the micro-cracks developed in association with the
n grow to considerable sizes. In the self-aligning bearing
ubricating conditions, micro-crack formations with non-
sizes approaching millimetres have been noted �Fig. 17�.

iated Butterfly Wing Development: Steel and Heat

k development and the associated wing growth could affect
early bearing damages. In order to evaluate the impact of

nclusions characteristics and heat treatment, a number of
aligning ball bearing procedure were used.
ing program, three variants were used. The standard bear-
tion, a high hardness, extremely well, hot forming reduced
ared to a high cleanliness variant where virtually all oxy-
d been removed, which had been given a high degree of hot

and a modern standard steel variant with a relatively low
ng reduction.
show that the variant where the oxy-sulfide inclusions had

only generated smaller butterfly wing associated wing for-
also was less tendency to micro-crack growth �Fig. 18�.
ced standard steel variant significantly deviates from the
in both respects �Fig. 19�.

Butterfly appearance in tested variants—Variant A.

LUND, doi:10.1520/JAI102559 93
Butterfly appearance in tested variants—Variant B.
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g formations also differ significantly in appearance �Figs.

matrix conditions to an extreme, a very lightly reduced
all as-cast dimension was used to produce test rings.
n from as-cast to tested product was only 2.2 times.
testing conditions as above, extremely short lives were
nt development of WEC formations developed �Fig. 23�.
gh hardened bearings, the development of butterflies is
by the heat treatment condition used. No significant dif-
etween bainite hardened and martensite hardened com-
ardness levels �Fig. 24�.

utterfly appearance in tested variants—Variant C.

BEARING STEEL TECHNOLOGY
tion under clean lubrication and constant loading conditions
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iated Butterfly Wing Development: Environmental

that hydrogen infusion can affect the development rate of
ansformations significantly �8�. The development rate of
nected wing formations is thus not only related to the local

ions experienced, size, type, and composition of the non-
n the stress field but can also be influenced by the environ-
xperienced by the rolling bearing.

ight growing cracks with non-etching borders, and branch-
with non-etching borders have the same origin, have the

and are different development stages of the same phenom-

k development associated with butterfly wing development
tial sizes and has mechanical properties that are similar to
ide inclusions.
sociated with butterfly formations pre-dominantly form at
lusions with oxide encapsulations located in positions with
do not generally form at plain sulfide inclusions or at tita-

.
ionship between contact stress and micro-crack formation
s this is related to applied stress, micro-inclusion alignment
ocal matrix conditions, and non-metallic inclusion compo-

—1309 butterfly maps for bainite and martensite.

LUND, doi:10.1520/JAI102559 95
conditions do not significantly affect the development of
ations in through hardened bearing components. The

e distribution and the hot forming reduction do however,
rable inclusion shape to delay micro-crack development is
ll spherical inclusions in a well hot reduced matrix.
icro-cracks at non-metallic inclusions into extending crack
tching borders occur, and with extending number of stress
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cently, it has been generally accepted that flaking life is de-
size of non-metallic inclusion under proper condition in bear-
ics of extreme values to predict the maximum non-metallic
d ultrasonic test to assess large non-metallic inclusions in a

re widely used as practical methods for the evaluation of
leanliness. Murakami’s formula is well known, which de-
tionship between non-metallic inclusion size and fatigue
er, the formula cannot be directly applied to rolling contact
of the difference in applied stress mode. While the equation
predict the fatigue limit in principal stress mode, rolling con-

ainly caused by shear stress. It is expected that the condition
ill be more critical due to the downsizing tendency in various

tomotive machine units. Thus the research on the flaking
omes more important from the viewpoint of global ecology
beneficial to the improvement in bearing life and methods for
luation. Due to the difficulty in experimental observation,
etails of the flaking mechanism in rolling contact fatigue
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sm is proposed in this paper.
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ring steel, rolling contact fatigue life, crack initiation,
n, non-metallic inclusions, oxides, hot isostatic

chine units tend to be downsized for the solution of the
. Thus the improvement of life and reliability has been
gs. Under a situation like this, the improvement of the
iness evaluation has been more important than before in
gh the rolling contact fatigue �RCF� processes should be
se improvements, they are not yet clear in detail. This is
of observations of crack initiation and propagation be-

rfaces suffer from wear by shear stress in a compressive

d, it is well known that the fatigue limit of steel can be
n-metallic inclusion size by Murakami’s formula �1�. The

the basis of principal stress and fracture mechanics,
-metallic inclusion is assumed to be the crack length and
ved from the threshold stress intensity to the crack propa-
ar stress dominates in RCF and the concerned property is

r than the fatigue limit in RCF, it is not appropriate to
RCF directly.
studied the relationship between the maximum non-
predicted by statistics of extreme value and RCF life, L10.

10 decreased as the predicted maximum inclusion size
life varied over one order of magnitude even at the same

supposed that the RCF life is affected not only by the
o by other factors.
er, flaking processes in RCF are attempted to be clarified

f initiation and propagation behavior of cracks originated
lusions. The first half of this paper will review the flaking
vious studies, and the latter half will verify the processes

Studies

e crack behavior in RCF are summarized as follows.
3� reported on the stress cycles spent for butterfly genera-
to find the fatigue limit of RCF. In this experiment, Japa-

ards �JIS� SUJ2 was chosen for the material of the speci-
e testers were applied to the RCF test. The maximum
as 3.43 GPa. It is reported that a butterfly generated at

5 cycles, which was about 1/1000 of L10. The report sug-
itiates at an extremely early stage of the life period, as the
ccompanied by cracks around the non-metallic inclusions
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investigated the behavior of crack initiation and propaga-
h frequency ultrasonic method. The testing material was
Steel Institute �AISI� M50, which contained many primary
arbides could be origins in RCF failure; the observation was
er. A high-speed twin-disk machine at Pmax=3.5 GPa was
test. In their report, the echographic analysis showed that
ted by 5�105 cycles and their very slow propagation fol-

�6� reported the crack initiation and propagation behavior
c inclusions by ultrasonic testing. JIS SUJ2 was chosen for
nd thrust-type testers were applied to the RCF at Pmax
dentified that the crack initiated at approximately 1
growth of a defect echo image in the specimen flaked at

ey made sure that such growth of a defect echo image cor-
ack initiation by a serial sectioning method in the previous

papers above, it is strongly suggested that the RCF life
llic inclusion consists of an extremely early crack-initiation
propagation stage. That is to say, the crack propagation

ls the RCF life.
the experimental results on the crack initiation behavior. In
iation behavior was estimated through the observation of a
ecimens contained artificial pores with a 25 �m or smaller
f scarce non-metallic inclusions as crack initiation sites.

by the powder metallurgy of hot isostatic pressing �HIP�.
en for the materials, and thrust-type testers in Fig. 1 were
at Pmax=3.95 GPa. Each specimen was cut along the tan-

Specimen
Ball

Lubricant
Rotating
shaft

Washer

Load

Weight

Specimen
Ball

Lubricant
Rotating
shaft

Washer

Load

Weight

Maximum Hertzian stress 3.95 GPa

Rolling contact frequency 1800 cpm

Lubricant (Room Temp., Clean) ISO VG10

Ball diameter 9.525 mm

ditions and schematic diagram of thrust-type RCF tester.

TSUNEKAGE ET AL., doi:10.1520/JAI102612 99
rack and observed mainly by scanning electron microscope
ows the SEM images of cracks initiated from pores at 5
s found that the cracks initiated from pores at a very early
reported in the papers above �3,5,6�, which used specimens
cts. Figure 3 shows the relationship between distance from
d frequency of occurrence of cracks around pores. 60 % or
ere accompanied by cracks regardless of pore size in the
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o 0.2 mm in depth. These observations showed that the
d not be described by the distribution of shear stress,
ominant factor of crack initiation in RCF �9,10�, and that
did not from pores at the same depth. It is suggested that

ks that originated from non-metallic inclusions in RCF
rolled by the original defect size especially in the crack

ress working on the crack initiation from pores was iden-
al simulation in the paper. Figure 4 shows the simulated
tress around pores with 20 �m in diameter at a different
ce. The depth of the high tensile principal stress area
that of the crack initiating area in Fig. 3. Moreover, the
with the rolling direction in Fig. 2 agreed to the simula-

Ball moving direction

(b) (c)

5µm 5µm 5µm

tron images of typical pores with cracks after the thrust-type

0% 0% 0% 0% 0% 0%
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0.1 0.2 0.3 0.4 0.5

ce from the surface of the specimen (mm)

ccurrence of cracks around pores after the thrust-type RCF of
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in Table 1 shows the physical and mechanical properties of
tallic inclusions, and pore. As the Young’s modulus of non-
ecreased, the tensile principal stress was likely to increase.
he tensile principal stress around non-metallic inclusions
onstituents.
atrix interface was presumed to be bonded in this simula-

ncipal stress around the inclusion was quite lower than that
is too low to initiate the mode I cracks especially from oxide
igh Young’s modulus. However it is known that there is a
ding between some types of non-metallic inclusions and the
case, tensile principal stress around the non-metallic inclu-
increase close to that of the pores, which is detrimental to

s were reviewed and the mechanisms of flaking processes in
d as follows.
nitiates at an extremely early stage of life period, approxi-
00 of RCF life, and the crack propagation period substan-
ates the RCF life.

ife control factor in RCF is the initial crack size “2a” in Fig.
the crack propagation rate “da /dN” is controlled by the
n fracture mechanics.

0.2 0.3 0.4 0.5

Computational simulation conditions
・Two-Dimentional Elastic-Plastic analysis
・Shape of the pore:Circle
・Maximum Hertzian stress:3.95GPa

of the pore from the surface (mm)

m principal stress around the pore 20 �m in diameter at different
ce.

E 1—The results of stress analysis around the pore.
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ck size is affected not only by inclusion size but also the
and interface condition of non-metallic inclusions

change of stress concentration around the non-metallic

e the hypothetical mechanisms, the following original
ted, where crack initiation behavior was expected to vary
t stress conditions around non-metallic inclusions.

d out on samples containing different size, chemical com-
e condition of non-metallic inclusions to vary their initial

cedure—The non-metallic inclusions as crack initiation
rally Al2O3 in aluminum deoxidized steels. Three heats of
red by different deoxidation methods in 100 kg vacuum
M�. The chemical compositions of specimens are shown

N CaO-Al2O3 MnS Pore

Computational simulation conditions
・Two-Dimentional Elastic-Plastic analysis
・Shape of the inclusions or pore:Circle
・Maximum Hertzian stress:3.95GPa

principal stress at the inclusion—matrix interface or surface of
d the pore are 20 �m in diameter and 0.12 mm deep from the

Inclusion

ck

Crack propagation rate: da/dN

BEARING STEEL TECHNOLOGY
itial crack size: 2a

k initiation and propagation originated from non-metallic
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TABLE 2—Physica

Young’s modulus �GP
Tangent modulus �MP
Poisson ratio
Hardness �HV�
Yield strength �MPa�

TABLE

Steel C Si
A 0.98 0.20
B 0.98 0.21
C 0.99 0.22
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ontent is decreased to minimize the effect of manganese
o RCF. Steels A and B were deoxidized by aluminum to
he oxygen contents of steel A and B are 11 and 30 ppm,

was not deoxidized by aluminum to provide SiO2 ·Al2O3
oxygen content of steel C is 28 ppm, which is close to that

ree heats were forged to 65 mm diameter bars at 1423 K,
K for 3.6 ks, air cooled to room temperature, and sphe-

t 1073 K maximum for 54 ks. After the heat treatment, they
the shape for a RCF test specimen, i.e., 60 mm in outer
inner diameter, and 5.8 mm in thickness. These specimens
t 1108 K for 1.8 ks, quenched into oil at 323 K, and tem-
.4 ks with the resultant Rockwell hardness test �scale C� of

ic inclusion size was evaluated by statistics of extreme value
the in-house standard �12�. A longitudinal section of forged
by microscopy to determine the each largest inclusion size
ntrol area of 100 mm2. The measurement was repeated for
sultant extreme values were statistically treated to predict

sion size, �AREAmax�1/2, in a reference area of 30 000 mm2.
f non-metallic inclusions were analyzed by SEM-energy dis-
rometer, and the inclusion-matrix interfaces of quenched
mens were observed by field emission-SEM after polishing
st-type testers were used to run the RCF tests, as shown in
ed maximum contact stress under Hertzian elastic theory,
Although the 5.3 GPa results in local plastic deformation, it
ptable for the evaluation of the RCF life associated with

l and mechanical properties of the matrix, inclusions, and pore.

Matrix Al2O3 TiN CaO–Al2O3 MnS Pore
a� 206 387 316 113 137 0
a� 85.8 ¯ ¯ ¯ ¯ ¯

0.30 0.25 0.192 0.25 0.25 0
700 �1900 �2400 �2200 150 0

1960�=�y� 3�y 3�y 3�y �5 /5 0

TSUNEKAGE ET AL., doi:10.1520/JAI102612 103
3—Chemical compositions of the specimen, mass %.

Mn P S Ni Cr Mo Cu Al O
0.39 0.015 0.001 0.10 1.39 0.03 0.10 0.013 0.0011
0.41 0.014 0.002 0.10 1.40 0.03 0.11 0.013 0.0030
0.41 0.017 0.002 0.11 1.41 0.03 0.11 0.001 0.0028
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sults—Table 4 shows the representative type and
xides in each heat. The basic chemical compositions of

steels A and B and SiO2 ·Al2O3 in steel C as designed. The
, 51, and 52 �m in steels A, B, and C, respectively. In this
size tends to be larger when the oxygen content is higher
tion methods. Figure 7 shows the SEM micrographs of
It was observed that there were apparent cavities around
·Al2O3-matrix interface was seemed to be closed.

le 5 show the results of the RCF test. As we expected, the
ger than that of steel B because the �AREAmax�1/2 of steel
at of steel B. Both of the heats contained the same Al2O3
e other hand, the life of steel C was longer than that of

eel C exhibited a similar oxygen content and large
of steel B.
proved by reducing the inclusions size when the chemi-
e non-metallic inclusions are the same. In addition, it is

e can be improved by changing the composition of non-
the reducing the cavities between the non-metallic inclu-

Treatment

edure—The results in the Oxide Modification section in-
the differences in physical properties and morphology of

Oxides type and predicted size by E.V.A., mass %.

Oxides Type Predicted �AREAmax�1/2 ��m�
Al2O3 26
Al2O3 51

Al2O3 ·SiO2 52

BEARING STEEL TECHNOLOGY
5µm 10µm

(b) SiO2-Al2O3 in Steel C3 in Steel A

tron images of typical oxides in the specimens after quenching
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s. In order to extract only the effect of the inclusion-matrix
on the RCF life, HIPed and non-HIPed steels were RCF

the HIP treatment was to close the interface between the
the matrix. The 65 mm diameter forged bars of steels A

re HIPed at 1423 K for 18 ks in 147 MPa. The specimens for
re prepared by the same process as in the Experimental

on of Oxide Modification. The hardness was 62 HRC. The
ure of the inclusion-matrix interface and test condition of
me as in the Experimental Procedure subsection of Oxide

1E+06 1E+07 1E+08 1E+09

Stress cycles to failure (Cycle)

Steel A
Steel B
Steel C

f the thrust-type RCF test with specimens including different oxide
GPa�.

50 of thrust-type RCF test with specimens including different oxide

TSUNEKAGE ET AL., doi:10.1520/JAI102612 105
L10 �cycles� L50 �cycles�
3.13�106 27.49�106

2.59�106 16.68�106

10.48�106 101.58�106
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Figure 10 and Tab
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the short life area in
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whole. It has become
gap between the inclu

Discussion

The experimental resu
propagation originate
sumed from the revie
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The crack initiate
1/1000 of the RCF life
already formed by RC
initiation stage �5,13,
stantial RCF life. In
depends on the stress
size and stress. The R
Since the initial crack
stress condition arou
sions and matrix is o
conditions of the bo
paper, it was observe
resulted in longer RC

From the viewpo
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FIG. 9—Secondary elec
HIP treatment.
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ults—The main chemical compositions of oxides were
B. Some cavities were observed around the oxides in the
P treatment, while it was confirmed that the cavities were
pecimens, as shown in Fig. 9.
le 6 show the results of RCF test. The life of steel A with

nd small �AREAmax�1/2 was improved by HIP treatment in
the Weibull distribution. The life of steel B with high

arge �AREAmax�1/2 was improved by HIP treatment as a
clear that the life can be improved by simply closing the
sion-matrix.

lts above proved the mechanisms of crack initiation and
d from non-metallic inclusions in RCF, which were pre-
w of previous studies including ours. Figure 11 shows the
mechanisms of RCF in the present paper.
s from non-metallic inclusions at the early stage around
period. It is supposed that the plastic deformation area is
F around the non-metallic inclusions prior to the crack

14�. Then the crack propagation stage follows as the sub-
fracture mechanics, the crack propagation rate “da /dN”
intensity factor range ��KII�, which is derived from crack
CF life is controlled by the initial crack size “2a” in Fig. 6.
size is affected not only by inclusion size but also by the

2µm 3µm

el A before HIP (b) Al2O3 in Steel A after HIP

tron images of typical oxides in the specimens before and after

BEARING STEEL TECHNOLOGY
nd it, the interface condition between non-metallic inclu-
ne of the critical factors affecting RCF life. Although the
nded/debonded interface were not fully verified in this
d that closing the gap identified by SEM at the interface
F life.
int of this mechanism, it may be said that a rational way
ife is to decrease the size of non-metallic inclusions in a
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er �15�. In addition, the reduction of stress concentration
o minimize the initial crack size by HIP treatment, for ex-
able for further improvement of the RCF life. It is an im-
evelop more advanced cleanliness evaluation methods in-

the inclusion’s composition to realize precise prediction of

previous studies, it was presumed that the size of an initial
m non-metallic inclusions at the very early stage of RCF life
tor of life since it influenced the crack propagation rate.

1E+06 1E+07 1E+08 1E+09

Stress cycles to failure (Cycle)

Steel A Steel B
Steel A + HIP Steel B + HIP

of the thrust-type RCF test with specimens treated by HIP �Pmax

TSUNEKAGE ET AL., doi:10.1520/JAI102612 107
nd L50 of thrust-type RCF test with specimens treated by HIP.

L10 �cycles� L50 �cycles�
38.53�106 88.21�106

17.28�106 161.82�106
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Furthermore it was su
ing not only on the s
between the inclusion
the stress field around
the two experiments

�1� RCF life was
sions to SiO2
tween Al2O3 t
were probabl
formability b
served aroun
that the RCF
and the matr

�2� To clarify the
inclusions an
Al2O3 type in
inclusions an
improvement
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Erratum for JAI102612, Journal of ASTM International, Volume 7, Issue 2

Initiation and Propagation Behavior of Crack Originated from Non-Metallic
Inclusion in Rolling Contact Fatigue, Dr. Norimasam Tsunekage, Mr. Kazuya
Hashimoto, Dr. Takeshi Fujimatsu, and Dr. Kazuhiko Hiraoka; Journal of ASTM
International Selected Technical Papers, STP1524, Bearing Steel Technologies:
Developments in Rolling Bearing Steels and Testing, 8th Volume.

Page 3, Paragraph 2, Sentences 5 and 6 were omitted. The paragraph should read:

“…shown in Table 1. It is strongly suggested that the tensile principal stress is
concerned with the crack initiation. Since it was unsure that natural non-metallic
inclusions might be treated as pores from the viewpoint of stress concentration, the
maximum principal stress around non-metallic inclusion was computationally
simulated with the results in Fig.5, where the inclusion-matrix interface was
assumed to be bonded.
Table 2… shows the physical and mechanical properties of matrix, non-metallic
inclusions and pore.”
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e Influence of Microstructure in
tact Fatigue

ck nucleation, first spall generation, and spall growth in roll-
ue �RCF� are known to be highly sensitive to the heteroge-
rostructure. Yet the current state-of-the-art in the design of
e bearing materials and microstructures is highly empirical
ntial lengthy experimental testing to validate the reliability
e of these new materials and processes. We have laid the
essary to determine the influence of microstructure in RCF to
opment and processing of bearing steels. Microstructure at-
y control the fatigue behavior are explicitly modeled in a

e methodology is demonstrated by studying the role of an
inclusion embedded in a matrix of tempered martensite and

ite. The matrix is represented by crystal plasticity, which pro-
listic accumulations of localized plastic strains with cycling
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It is well known t
sensitive to the micro
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the square-root of th
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consuming bench tes
cessing conditions.

In RCF, the crack
shear stresses are grea
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on the surface. There
with RCF. For examp
hard Al2O3 inclusions
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sion, matrix, and int
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Inclusions can appea
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icroscopic level. Features in the microstructure include
s, either hard �e.g., Al2O3 and TiN� or soft �e.g., MnS�, the
volume fraction of the different phases �e.g., martensite,

ainite patches�, and the crystallographic orientation of
ative to each other �1�. Furthermore, the elastic and plas-
crystalline scale are highly anisotropic. The typical as-
eous, isotropic material, even with consideration of em-

s often highly idealistic. Because of the difficulty in
ce of microstructural heterogeneity on RCF life, the cur-
n the design of high performance bearing materials and
nues to be highly empirical requiring substantial lengthy
ate the reliability and performance of new materials and

hat the empirical parameters correlated to bench tests are
structual attributes of the material �2�. Based on fracture
, the fatigue life is known to be inversely proportional to
e size of the non-metallic inclusions �3�. Many other at-
tructure can influence RCF. These include inclusion com-
tion, their distribution and volume fraction, interfacial/

ain size, morphology and distributions, microtexture,
ons �e.g., banding�, microhardness, percentage of retained
al stress. Experimental work to evaluate the influence of
s on bearing fatigue can be costly and can take long
mplete, and thus it desirable to have a numerical model

uence of different microstructural attributes on RCF. With
any different microstructural realizations can potentially
ficiently to help reduce the number of costly and time-
ts and hence to more quickly hone in on optimum pro-

often initiates at a subsurface location where the cyclic
test. Hence, the heterogeneity of the microstructure plays
compared to typical fatigue scenarios where cracks form

are key microstructural attributes known to be associated
le, the formation of “butterfly wings,” typically around
, as seen in Fig. 1, is driven by the accumulated deforma-
he difference in the mechanical properties of the inclu-
erface �1,4�. The location and orientation of the altered
ent to the inclusion is not random but is linked to the
cyclic deformation in the vicinity of the inclusion �1,5,6�.

r singly, as shown in Fig. 1, or grouped together in long
ngers. When grouped in close proximity, these are often

BEARING STEEL TECHNOLOGY
ongated inclusion. The orientation of such stringers can
ct on fatigue performance.
tained austenite �RA� affects the fatigue performance of

ading conditions, i.e., differently for RCF as opposed to
ending fatigue, higher amounts of RA are detrimental to
F�, while RA can be beneficial for low cycle, high strain

gests that RA should be detrimental for RCF. However, for
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ns, the fatigue life has been found to increase as RA in-
neficial role of RA in RCF is preventing fatigue cracking

most likely due to the compressive residual stress field that
ebris dents due to transformation of austenite to martensite
amounts of RA reduce the surface hardness, it is important

opriate amount of RA with the anticipated operating condi-
is critical, as the benefit of increased life in debris contain-
an be negated by transformation-induced distortion when
ntempered martensite during RCF conditions �1�. When RA
nsite, there is a volumetric transformation strain that needs
e it clearly alters the local residual stresses, which in turn
ivers.

RCF conditions, changes in the microstructure are often
bsurface regions undergoing the greatest loading. One

tion of microtexture, which is a preferred orientation of the
ins �9,10�. Generation of microtexture depends on loading,
umber of cycles. Bearings that run cool at extreme loads

G. 1—White etching near Al2O3 inclusion �5�.

ALLEY ET AL., doi:10.1520/JAI102629 113
ation textures, whereas bearings that run warm at nominal
ote recrystallization textures. Texture has been shown to

cter of the spall that forms under RCF �10�.
omprise a complex hierarchical heterogeneous microstruc-

artensite in austenite. Plastic deformation is driven by the
ved shear stress on individual slip systems. The resolved
s on the crystal structure and orientation with respect to the
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lline and multiphase systems, the resolved shear stress
tergranular constraints and anisotropic properties of the

s. Hence, a crystal plasticity formation is needed to cap-
niform cyclic strain field developed due to the heteroge-
. In HCF problems, crystal plasticity has been shown to be
tic model to predict the localized cyclic deformation

using a conventional J2 plasticity formulation to model
lysis almost always predicts the response remains elastic,
od that fatigue is driven by the accumulation of plastic
icrostructure �14�. Crystal plasticity captures these local

onditions when HCF life is known to be finite. Because of
e of steels that is comprised of multiple phases and struc-
challenging to model using crystal plasticity than other
reduce the complexity, polycrystal plasticity models typi-
l can be described by a single phase �i.e., all of the crys-
e same crystal structure and properties�. Single-phase
been used to model low carbon steels �15�, HSLA steels
teels �17�, austenitic stainless steel �15�, and martensitic

lations using crystal plasticity have been used to study the
n fatigue of a HSLA steel �19� and the influence of inter-
n both low carbon steel and austenitic stainless steel �15�.
howed the importance of the local ratcheting as a driver

w two-phase crystal plasticity model for martensitic bear-
RA is described. Prior crystal plasticity models of steels
le phase. This material model is coded as a User MATerial

or the general-purpose finite element code ABAQUS �20�.
nt approach described in a companion paper �14�, a fully
ite element simulation of RCF is performed to capture
ted aluminum oxide inclusions not possible with two-
ain models, providing for a more realistic assessment of
and arbitrary orientations. The scaling of the finite ele-

zed to capture the cyclic microplasticity around the inclu-
ficiently. The links between the microstructural attributes
d using fatigue indicator parameters. Using the new ma-
ence of the volume fraction of RA on RCF is examined.

ing Steel Microstructure and Properties

el was chosen as a representative bearing steel for this

BEARING STEEL TECHNOLOGY
ture consists of lath martensite formed in a prior auste-
f RA can remain between the laths depending on heat
se behavior of these steels can vary greatly by the initial
, heat treatment, and distribution of primary carbides.

th different carbon content, 4145 and 41100, were used to
l model. The heat treatment of 41100 steel was varied to
me fraction of RA, as illustrated in Fig. 2. Three different
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re used. The direct quench resulted in the greatest amount
, as measured by x-ray diffraction. A conventional heat

lted in 22 % RA and a special heat treatment resulted in 13
vels of RA were primarily due to the increasing amount of
at form during the re-austenitization step. The 4145 steel

g the CH.
of the microstructures are shown in Fig. 3. The 4145 mate-
artensitic, as indicated by the densely packed martensitic

us it can be reasonably treated as a single-phase martensite
used to calibrate the martensitic plasticity portion of the
e 41100 steel with 13 % RA, shown in Fig. 3�b�. As the
RA increases to 22 % �Fig. 3�c��, visible portions of RA
are detectable and when RA is 35 % �Fig. 3�d��, significant

en in Fig. 3�c�, the RA distribution is also often inhomoge-
rior austenite grain regions containing more RA than oth-
counted for and studied using the newly developed model
assigning individual elements or element regions different

ions of RA.
nical tests were conducted on cylindrical dog-bone speci-
iameter of 6.35 mm �0.25 in.� and gage length of 12.7 mm
axial and diametral strains were measured simultaneously

FIG. 2—Heat treatments for 41100 steel.

ALLEY ET AL., doi:10.1520/JAI102629 115
eters. The experiments were conducted at room tempera-
te of 1.0�10−4 s−1. The tensile response of the 4145 steel is
the responses of the three 41100 steels are shown in Fig. 5.
se of the fully martensitic 4145 steel is similar to the 41100

amount of RA. With increasing RA, the apparent yield
due primarily to the transformation of RA to martensite.
a volume change associated with the transformation, the
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of the transformation can be determined by tracking the
ation strain, as shown in Fig. 6. The volumetric transfor-
termined from the strain readings after subtracting the
g plastic strains do not cause any volume change, follow-

scribed in Neu and Sehitoglu �21�. The results shown in
he apparent yielding is due to transformation of RA to

pression response is shown in Fig. 7. The amount of
uced in compression compared to tension for the same
ial strain. This suggests that the transformation is prima-
stress-assisted mechanism and that hydrostatic stress,
r uniaxial compression than under uniaxial tension, plays
e transformation. In addition, cyclic deformation experi-

d to study the evolution of transformation with cycling.
le transformation diminishes to negligible levels per cycle
of cycles under constant amplitude cycling.

of �a� 4145 steel, �b� 41100 steel with 13 % RA, �c� 41100 steel
41100 steel with 35 % RA.

BEARING STEEL TECHNOLOGY
ion and Crystal Plasticity Model

rformance in multi-phase alloys, the effects of RA must be
nite can promote ductility and can also induce residual
lume expansion during the phase change. Thus, the two-
eloped to account for both stress-assisted transformation
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transformation model tracks the evolution of the volume
is transformed, as well as captures the volumetric strains
ctivity.
rtensite transformation deformation parameters are for-
r described by Gall and Sehitoglu �22�, with transformation

it plane normals relative to orientation of a single crystal
Based on the mechanical tests, the stress-assisted transfor-
osed by Suiker and Turtletaub �23� was identified as the best
nting transformation. Their formulation was chosen over
for steels such as that proposed by Karaman et al. �24�

ile experimental response and calibration of the two-phase crystal
145 steel.

ALLEY ET AL., doi:10.1520/JAI102629 117
re of the model is its multiplicative decomposition, consis-
ons of crystal plasticity models. A rate-dependent crystal
rmulated by Asaro �25� and McGinty �26� was chosen to
tion slip behavior.
hase hybrid model is built around a triple multiplicative
e deformation gradient F> , given as
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F> = F> e · F> p · F> tr �1�

or the volumetric strain produced by the austenite-to-
sformation, F> p accounts for polycrystalline plasticity, and

c deformations and rigid body translations. Plasticity and
along slip and transformation systems associated with
f the martensite and austenite. The evolution of the crys-

he formulation work of Asaro �25�. The model uses the 48
�bcc� slip systems to represent the behavior of the tem-
s is a reasonable assumption since during the early stages
dy-centered-tetragonal �bct� lattice of virgin martensite
ain a bcc symmetry. The transformation is controlled by

experimental response and calibration of the two-phase crystal
00 steel.

BEARING STEEL TECHNOLOGY
on Suiker and Turtletaub �23�. This is calculated on the
ic �fcc� transform systems for austenite-to-martensite

ation model, the unit vectors b̂> 0
��� and n> 0

��� correspond to
rection, also referred to as the shape strain direction, and
al, respectively, for the �th transformation system in the
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uration. Transformation is said to occur when a critical
given transformation system is reached. The driving stress
ation system � is related to the transformation and habit
uchy stress by

ftr
��� = �> :��T · b̂> ���

� n> ���� �2�

ation direction and habit plane normal are rotated into the
n by

��� e ���

lumetric transformation strain under uniaxial tensile loading and
-phase crystal plasticity model for 41100 steel with different initial
A.

ALLEY ET AL., doi:10.1520/JAI102629 119
b̂> = F> · b̂> 0 �3�

n> ��� = �F> e�−T · n> 0
��� �4�

e strain magnitude, a parameter which is uniform for all
tems. When the driving stress given by Eq 2 exceeds the
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fcr
��� for the transformation system, the rate of the volume

ation �̇��� on that system is given by

�̇��� = �̇max · tanh� 1

�tr
·

�ftr
��� − fcr

����
fcr
��� � �5�

ression experimental response and prediction of the two-phase
for 41100 steel.

BEARING STEEL TECHNOLOGY
ximum rate of transformation, as the hyperbolic tangent
s a maximum value of one.

ity parameter �tr controls the amount of rate dependence
. When all of the transformation systems are summed
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V̇trans = 	
�=1

Ntrans

�̇��� �6�

change of the volume fraction transformed from austenite
h is then multiplied by the time step, �t, to obtain the total
nsformed,

Vtrans = V̇trans · �t �7�

ransformation direction and habit plane normal �22�.

ALLEY ET AL., doi:10.1520/JAI102629 121
e system transform amounts ���� are based on the initial
f RA in the material, designated as RAinitial. The total
well as on any given system, cannot exceed the initial

e present, as governed by

0 	 Vtrans 	 RAinitial �8�
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0 	 ���� 	 RAinitial �9�

ansform rates �̇��� on the transformation systems drive the
transform deformation gradient according to

Ḟ> tr = 	
�=1

Ntrans

�̇��� · ��T · b̂> 0
���

� n> 0
���� �10�

sform rates control the evolution of the critical driving

ḟcr
��� = 	


=1

Ntrans

Q · 
�̇�
�
 �11�

hardening parameter of transformation. This accounts for
nce to transformation as more of the RA becomes
rmed martensite. The increase in resistance to transform
med to be the same.
sticity portion of the material model, unit vectors s>0

��� and
irection vector and the slip plane normal direction vector,
h slip system in the intermediate configuration. The values
cc martensite crystal plasticity are given in Alley �27�. The
on each slip system is related to the Cauchy stress tensor

���� = �> :�s> ���
� m> ���� �12�

tion and plane normal are rotated into the current

s> ��� = F> e · s>0
��� �13�

m> ��� = �F> e�−T · m> 0
��� �14�

of resolved shear stress, the shearing strain rates on the
due to dislocation slip depend on the resolved shear stress
cording to the flow rule,

��� = �̇0 · � ���� − 
���

g��� �m

· sign����� − 
���� �15�

BEARING STEEL TECHNOLOGY
aring rate coefficient.

t formation, the slip systems are always active, and rate
ed by m. High values of m can effectively make the model
nt. The drag stress, g���, and the back stress, 
���, on the �th

ording to
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ġ��� = 	
�=1

Nslip

Hdir · 
�̇���
 − g��� · 	
�=1

Nslip

Hdyn · 
�̇���
 �16�


̇��� = Adir · �̇��� − 
��� · Adyn · 
�̇���
 �17�

irect isotropic hardening coefficient,
ynamic recovery coefficient for drag stress,
atic hardening coefficient, and

ynamic recovery coefficient for the back stress.

gradient and its relationship to the plastic deformation
mediate configuration depends on the shearing strain rates

stems, �̇���, according to

L> 0
P = Ḟ> p · �F> p�−1 = 	

�=1

Nslip

�̇��� · �s>0
���

� m> 0
���� �18�

formulation is implemented via an implicit integration
as chosen because an explicit algorithm at the low
ses investigated would require extremely small steps and
al. The implicit martensitic crystal plasticity portion of the
he method laid out by McGinty �26,28� using a Newton–
technique and scaled error norm to judge iteration
rmulation is coded as an ABAQUS UMAT �20�. Details on the

this material algorithm can be found in Refs. �27,29�.
aterial parameters were chosen from published values in
ers require correlation to experimental data. Experimental
correlating a virtual test simulation with the experimental
parison to experimental measurements based on the
of the gage section volume, it is necessary to model the
f many grains. To facilitate this, a finite element model was
5 regions of 2�2�2 elements, shown in Fig. 9. Each region

set of Euler angles, which define the crystal orientation, as
sented in Fig. 9�b�. Past work �30� has shown that 125 grains
sent the average response. Increasing the number of grains
ly change the response. To allow for localized deformations
verall response of the grains collectively, special boundary
ied to the model, as described by Zhang �31�. This entails

ALLEY ET AL., doi:10.1520/JAI102629 123
node in the model, which is linked to surface nodes on the
constraint equations. Rather than requiring all nodes to

d amount on the surface, the collective movement of all tied
with the displacement of the reference node. The virtual

ucted by prescribing the displacement of the reference node
action force. This is then translated into stress-strain data
the dimensions of the cube. Reaction force is divided by the
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eturn average uniaxial stress, and displacement of the
ided by the cube side length to yield the axial strain.
train is measured by taking the averaged displacements of
to one another and dividing by cube side length. The

cement of the reference node replicates a
ed experimental uniaxial test.
odel requires constants to be fitted to both the crystal
ssisted transformation model. Since these deformation

ur simultaneously in both the experiment and simulation,
hanisms are driven by stress, the calibration process was
ps. First, the 4145 experimental response was used to

rtensitic crystal plasticity model. Using the ABAQUS UMAT
site only �i.e., RAinitial is set to zero�, virtual tests in
were conducted to match the experimental stress-strain
sible, as shown in Fig. 4. This involves taking initial guess
ers of similar steels, and using some trial-and-error to
ying each parameter on the curve’s appearance. Then the
eters are calibrated using the experimental response of

ontaining different amounts of RA, while the crystal
for the martensitic phase are held constant. In addition to

ading of the volume element used to calibrate the crystal plas-
e plastic strains, and �b� representation of the individual grains

scheme.

BEARING STEEL TECHNOLOGY
the evolution of the volumetric transform strain data was
e parameters of the rate equation of the stress-assisted
l. The calibrated responses compared to the experimental
in Figs. 5 and 6. Using the calibrated parameters, the

A predicted to have transformed at 1 % tensile strain are
in specimens with initial RA of 13 %, 22 %, and 35 %,

ray diffraction measurements of RA on these tensile

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



specimens after stra
respectively, which

Virtual compre
to the tensile respo
Fig. 7. Although all
data, the excellent
provide further val
crystal plasticity m
summary of the p
determining the ma

Fatigue Indicator

We are interested i
tion, assuming that
with dislocation sli
driver, we choose
�FIPs� that capture

Critical plane b
�13�, noting the orie
Here, we use the cy

where:

TABLE 1—Param

Parameter 41
C11

0 269 23
C12

0 115 38
C44

0 76 923
�̇0 0.001
m 5
g0

��� 770
Hdir 8500
Hdyn 0

0

��� 0 M
Adir 0 M
Adyn 0
RAinitial 0
�T N
�tr N

�̇max N

�fcr
����0 N

Q N
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ining to 1 % and then unloading were 12 %, 18 %, and 26 %,
is in good agreement with the model predictions.
ssion tests were conducted using the parameters correlated
nse and compared to the experimental response, shown in
of the parameters were calibrated to the tensile response
agreement with the experimental compression response

idation that the hybrid stress-assisted transformation and
odel correctly captures the physics of the process. A
arameters are given in Table 1. Additional details on
terial parameters are given in Refs. �27,29�.

Parameters

n assessing the drivers for local fatigue damage accumula-
it is related to the accumulation of plastic strains associated
p locally in the material. Since there is no one accepted
to evaluate several potential fatigue indicator parameters
the expected mechanism of crack formation.
ased FIPs are often used to represent HCF crack formation

eters for the hybrid crystal plasticity and transformation model.

45 41100 13 % RA 41100 22 % RA 41100 35 % RA
0 MPa 269 230 MPa 269 230 MPa 269 230 MPa
4 MPa 115 384 MPa 115 384 MPa 115 384 MPa

MPa 76 923 MPa 76 923 MPa 76 923 MPa
1/s 0.001 1/s 0.001 1/s 0.001 1/s

0 50 50 50
MPa 770 MPa 770 MPa 770 MPa
MPa 8500 MPa 8500 MPa 8500 MPa

0 0 0
Pa 0 MPa 0 MPa 0 MPa
Pa 0 MPa 0 MPa 0 MPa

0 0 0
0.13 0.22 0.35

/A 0.1809 0.1809 0.1809
/A 0.17 0.17 0.17
/A 0.003 1/s 0.003 1/s 0.003 1/s

/A 120 MPa 87.4 MPa 40 MPa
/A 650 MPa 450 MPa 150 MPa

ALLEY ET AL., doi:10.1520/JAI102629 125
ntation of cracks that form are related to the cyclic loading.
clic shear-based Fatemi–Socie parameter �32�,

PFS =
��max

p

2
· �1 + k ·

�n
max

�y
� �19�
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ximum plastic shear strain amplitude for the cycle,
eter found by fitting uniaxial test data against torsion

ta �here set to 0.5�,
ximum normal stress acting on the ��max

p plane, and
ld stress.

parameter is an effective measure of the driving force for
on in scenarios where cracks grow in planes of high shear
e scenario in RCF.

e mechanism for crack formation in RCF, we also
ng-based FIP, using the definition given by Ambrico and
eting plastic strain increment accumulated over one pass
s

�ratch = 
��ij
p�
end of cycle − 
��ij

p�
beginning Of cycle �20�

tcheting plastic strain increment, hereon referred to as

��ratch,eff
p =�2

3
���ij

p�ratch���ij
p�ratch �21�

n later, both of these FIPs give similar trends when
e RCF behavior. Other FIPs could also be considered. A
the effective cyclic plastic strain range �34� and a modified
he Fatemi–Socie parameter proposed by Zhang et al. �35�.
similar trends as those exhibited by the ERPSI and FS

e effect of initial volume fraction of RA on the fatigue
ducted. An elongated aluminum oxide inclusion, assumed
E=300 GPa and �=0.2, was embedded in a small-scale
0�150�150 �m3, as shown in Fig. 10. The dimensions
e 10�10�50 �m3 with its long axis oriented in the
also the axis of the roller, as depicted in Fig. 10. The
he inclusion �110�70�70 �m3� was represented by the
n-crystal plasticity model. The remaining elements were
element size throughout the volume was 5�5�5 �m3.

n the inclusion and matrix was assumed to be a perfect

BEARING STEEL TECHNOLOGY
olume was located at the depth of the maximum Tresca
ertzian pressure of 2.026 GPa and contact half-width of
was selected as representative of a typical bearing bench

nite life. It is of interest to note that a conventional J2
not capture any localized plastic strains for this loading
e localized response adjacent to the inclusion remains
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pic yield strength �27�. This in itself demonstrates the utility
l plasticity model in capturing localized plastic strains for
cularly when the desire is to have a physics-based approach
f microstructure on life. All of the simulations utilize the
me initial random orientation of the grains �i.e., random

sses were simulated by prescribing the time-varying trac-
the small-scale volume. For each roller pass, nine load steps
tractions were obtained from an elastic Hertzian analysis at
�14,27�. Here, the volume was assumed to be sufficiently

of volume element containing embedded inclusion showing coor-
ling direction.

ALLEY ET AL., doi:10.1520/JAI102629 127
prescribe uniform tractions. The inhomogeneity of the mi-
volume element controls the inelastic response. Each ele-

lume was assumed to have a fixed crystallographic orienta-
ially sets the size of the prior austenite grain. Several
nducted starting with a microstructure seeded with differ-
actions of RA between 0 % and 22 %, the latter typically the
ound in practical bearing manufacturing. The initial critical
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nd the direct hardening parameter of transformation, Q,
itial RA by the following relations:

cr
����0 = �167.38 − 363.76 · RAinitial� MPa �22�

Q = �947.55 − 2275.2 · RAinitial� MPa �23�

RPSI after the third pass of the roller are shown in Fig.
22 % initial RA. The figures show the view of the region

sion along the y-z plane, based on the coordinate system
ditionally, only the region in the mesh that contained

ree passes of the roller for �a� 0 %, �b� 13 %, and �c� 22 % initial
ned austenite.

BEARING STEEL TECHNOLOGY
y the hybrid transformation-crystal plasticity model are
to the differences in the response of the isotropic elastic
the hybrid model region, some edge effect exists within

oundary. Hence, there are artificial stress concentrations
uter edges of the microplastic zone. For this reason, the
raph comparisons do not include these outermost crystal
he effect of initial volume fraction of RA on ERPSI is
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values are shown: the maximum ERPSI found anywhere in
y region �excluding elements on the outermost boundary�,
ue of this FIP in this region �also excluding the elements on
dary�.

the distribution of plastic strain accumulation, it is helpful
unt and distribution of transformation, expressed as a per-
e volume, after the three passes, shown in Fig. 13. Of inter-
hile some localized regions in both cases exhibit volume

mation near 4 %, there is much more comprehensive trans-
g in the higher RA case. This is apparent in the maximum
tages of volume fraction transformed for different initial RA
14. As expected, there is an increase in transformation with
, as there is a decrease in the threshold for transformation

tenite. The left-hand side of both graphs is anchored at the
ormation can occur in the 0 % initial RA case. While the
pear to reach a saturation value between 3.5 % to 4 % when
ater than 10 %, the average value steadily increases nearly

fter three passes of the roller vs initial volume fraction of RA.

ALLEY ET AL., doi:10.1520/JAI102629 129
sing initial volume fraction of RA.
ress field is also of interest to examine. Here we examined
c and von Mises effective stresses. First, the residual hydro-
own in Fig. 15 for the 0 %, 13 %, and 22 % initial RA cases.
ss field in the 0 % initial RA case exhibits a distinct pattern
is the central feature controlling the residual stress field.

RA cases exhibit a more inhomogeneous response, with the
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on transformed for �a� 13 % and �b� 22 % initial volume frac-
te after three passes of the roller.

BEARING STEEL TECHNOLOGY
on transformed after three passes of the roller vs initial volume
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ins playing a more significant role than the inclusion in
dual stresses. Note that the “hot spots” for the residual hy-
nd to occur in areas other than immediately adjacent to the
ases. The maximum positive, maximum negative, and aver-
sidual hydrostatic stresses are shown in Fig. 16 for different
rostatic state of stress at 0 % initial RA as depicted in Fig.

s the compressive stress state above and below, and tensile
sides of the inclusion. The symmetry of the positive and
ets an average residual hydrostatic stress of approximately
l region as the maximum positive and negative values are

trend continues until about 5 % RA when the average be-
as previously shown that significant portions of the auste-

tible to transformation for initial RA greater than about 5
e fractions above 5 %, there is a significant shift in the

drostatic stress after three passes of the roller for �a� 0 % RA
al cut view, �b� 0 % RA showing z-plane normal cut view, �c� 13

e normal cut view, �d� 13 % RA showing z-plane normal cut view,
x-plane normal cut view, and �f� 22 % RA showing z-plane normal
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e between the positive and negative maximum values, with
ressive� maximums becoming much larger. The average
compressive, because the transformation of RA causes a

thereby compressing grains adjacent to regions with higher
tion.
the residual von Mises effective stresses for 0 %, 13 %, and
r the third roller pass are given in Fig. 17. The maximum
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the residual von Mises stress are shown in Fig. 18 for
ial RA. It can be seen that for the case of no initial RA, the
sidual stress is greatly reduced surrounding the inclusion,
of hydrostatic stress that the inclusion creates. With in-
RA, the residual von Mises stress increases, and the dis-
ual von Mises stress is inhomogeneous similar to the hy-

study is that the polycrystalline structure leads to local-
umulation in regions that are not necessarily immediately
sion. When there is no RA, the inclusion is the primary
ted by the residual stress field shown in Fig. 15�a� and

ostatic stress after three passes of the roller vs initial volume

BEARING STEEL TECHNOLOGY
containing metastable RA, transformation of the RA in-
eity of the residual stress field. This tends to blunt the
n’s ability to induce plastic strain accumulation which
o RCF. However, the distortions and high residual stresses
transformation strains do nevertheless raise the magni-
n there is increasing amounts of RA that can transform.
of residual stress becomes much more inhomogeneous,
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to stress concentrations resulting in regions in the micro-
contribution to the driver for dislocation slip is increased.

the local accumulation of plastic strains due to dislocation
ith increasing amount of transformation.

tion case showed that increasing amounts of RA lead to
nd thus lower relative fatigue life. Even though a compres-
should be beneficial, the distortion caused by the transfor-
ally contributes to the driver for dislocation slip plasticity,
ced accumulation of plastic strain under repeated roller
to be an alterative explanation for the reduction in life with
istent with the known influence of RA on HCF life �7� or
, well-lubricated environments �1�. Other explanations have

n Mises effective stress after three passes of the roller for �a� 0 %,
% initial volume fraction of retained austenite.
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e cyclic plastic strain accumulation within the austenite it-
lausible if �i� the transformation is strain-induced or �ii� the
saturated and the remaining RA, now having a much re-
for transformation coupled with an increase in residual

n, deforms by a dislocation slip mechanism. But here, the
n the early stages of cycling for which experiments suggest
d transformation mechanism is dominant. Hence, these al-
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were assumed to be negligible in this study.
evelop a set of tools that can be used to investigate mi-

ters and relate them to performance, thus reducing the
physical bearing testing required. The work presented

itial attempt to capture key microstructural attributes on
mittedly, even though the present model represents an
use of conventional homogeneous plasticity models, the

el does not capture dislocation slip in austenite, partially
rmation on relative influence of transformation and dis-

ation mechanisms within the austenite. Presently, the
he nonlinear behavior of the austenite is completely con-

Mises effective stress after three passes of the roller vs initial

BEARING STEEL TECHNOLOGY
ted transformation. Certainly, there is some dislocation
compatibility accompanying the transformation. None-

ns of the model to the experimental deformation response
s particular bearing steel. This suggests that the magni-
rain in the austenite is negligible in comparison to the
and that the influence of these plastic strains is effec-

fit of the parameters of the stress-assisted transformation
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sonable assumption for the behavior during the first couple
long-term evolution of the transformation and local defor-

volve considerable dislocation slip in the austenite. In that
ex coupled transformation and dislocation slip model of the
uld be needed.

ents of the approach are also desirable and left for future
, the effect of varying composition through the depth, for
e carburization, should be considered. In addition, the ini-

could be prescribed based on processing calculations. Cer-
of a compressive residual stress at the location of the maxi-
ould reduce the FIP values, as one might expect. One could

allographic texture instead of assuming random texture in
. Studies �9,10� have clearly shown that texture can form in
olumes during operation of a bearing and that this texture

behavior, manifested by the spall characteristics. Crystal
l tool to study and understand this behavior and potentially
ted in spall growth analyses.
between phases and grains in the microstructure were as-
erfect bonds. In reality, this is not always a good assumption
uminum oxide inclusions. Debonded inclusions have been
han perfect bonded in related gear steel analyses �36,37�. In
e interface condition has been shown to be more significant
hology �36�. However, making the interface weak is a more

onal problem due to the instabilities that can arise, which is
e limited our scope to the simpler perfect bond condition.
should focus on the interface condition between the non-

and crystal plastic matrix.

clusions

ented to determine the relative RCF performance as a func-
ural attributes. Several challenges were addressed. First,
onal finite element modeling allows for end effects to be
not previously possible with two-dimensional plane-strain
onal capability provides for a more realistic assessment of
gy and arbitrary orientations. In addition, the new hybrid
mation and crystal plasticity model captures the intense
accumulation that can develop in pockets within the poly-
ucture of bearing steels.
for the volume fraction evolution of the RA, the residual

ALLEY ET AL., doi:10.1520/JAI102629 135
the inelastic transform strains are accounted for and their
t accumulation of the cyclic plastic strains is determined.
ks between the initial volume fraction of RA and FIPs �and
e performance� considering initial phase distributions can
approach. It was observed through this study that initial
RA above about 5 % increased the magnitude of the fatigue

rs which corresponds to a reduction in the relative fatigue
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of the fatigue lives predicted by the model are compared
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e experimental distributions determined by fatigue tests

asher machines. Finally, it is shown that the model is able

ence of the orientation of stringers on the fatigue lives.

lling contact fatigue, bearing steel, inclusions,
ion of fatigue lives

ns are known to have a detrimental effect on the fatigue
strength steels, but producing steels with perfect cleanli-
r mass productions at competitive costs. However, inter-
uch as ISO 281 �1�, do not include explicitly inclusion
methods of calculating the basic rating life. Hence, pre-
of inclusions on bearing lives remains a major challenge
earing manufacturers, and machine industries. In previ-
hysically based model for predicting the distribution of
veloped on the basis of spherical inclusions distributed
. In fact, due to the elaboration process of bearing steels,
omplex shapes and are often lined up, thus forming so-
prove the relevance of such a physically based model,

hould be taken into account, especially to be able to de-
f the forming process on fatigue properties. This is the
aper.
a new methodology has been developed. It is based on �i�
the concentrations of detrimental inclusions in the steel
asonic testing; �ii� the study of the morphologies of single
s by X-ray micro-tomography, which now enables one to
onal �3D� images of inclusions, thanks to the high flux
ided by synchrotrons of third generation; �iii� the charac-
anical properties, in terms of elasticity and plasticity, of

o-indentation; and �iv� the random distribution of inclu-
in the bearing steel according to the concentrations pro-

ata and the computation of the resulting fatigue lives by
ed model for crack nucleation and crack propagation up

conditions are described in the first part of the paper. In

experimental results are illustrated, especially for micro-

ions. Then, the modeling conditions are described, and
atigue lives predicted by the model are compared to the
rived from fatigue tests performed on flat washer ma-
fluence of the orientation of stringers on the fatigue lives
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carried out on various heats of 100Cr6 steel, heat treated
rd conditions: 20 min austenitization at 850°C followed by
ng at 220°C and 1 h tempering at 170°C. The resulting 0.2
360 MPa at room temperature. Additional details about the
ies of the studied material can be found in Ref 2. It should
died heats were selected with poor cleanliness according to

work.

s commonly used to detect and estimate the concentration
usions in steel. The main advantage of this technique arises
can a large volume of material �5�. Details about the tech-
in dedicated literature �6�. In the present work, this tech-
for the purposes of �i� estimating the inclusion population

s that have been tested in fatigue and �ii� detecting and
lusions prior to the X-ray micro-tomography observations.
an Epsilon® device from Metalscan,7 equipped with an 80
ducer, has been used. With this equipment, inclusions of
r located in the focal zone can be detected. However, the
f the technique does not enable one to reveal the detailed
s. Such a goal can be reached by using X-ray micro-
cribed in the following section.

raphy

aphy is a 3D imaging technique that is increasingly used in
–10�. It allows one to visualize the inner constituents �pores,
etc.� of a material, provided they exhibit an X-ray absorp-
rent from that of the matrix. Although several papers deal-

t particles in aluminum alloys can be found in the literature
ef 11�, to the best of the authors’ knowledge, the detailed

inclusions embedded in a high strength steel matrix has not

f observations presented in this work have been obtained on
he European Synchrotron Radiation Facility �ESRF�. This
an X-ray beam with high brightness and high spatial coher-
to perform micro-tomography with a spatial resolution in

STIENON ET AL., doi:10.1520/JAI102532 143
nge. Figure 1 shows the experimental micro-tomography
beam line ID19 �12�. It includes a monochromator that al-
photons with a suitable energy, a scintillator converting
light, and a digital camera to record the radiographs ob-

l Echography: www.metalscan.fr.
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angular positions of the specimen mounted on a rotating
lusions with the high spatial resolution required for this
samples has to be limited. This limitation arises mainly
t, the size of the specimen affects the choice of the energy
ule of thumb, a minimum of 10 % of the intensity of the
remain transmitted throughout the specimen to get good

h plays in favor of an increasing energy of the photons
ze of the specimen. But, in contrast, a lower energy tends
p a good contrast of absorption between inclusions and
od efficiency of the scintillator used to detect X-rays. For
ions, these conflicting requirements were fulfilled by set-

incoming photons to 35 keV. Second, the image of the
n within the field of the charge-coupled device detector of
ends on the size of the specimen, the optical magnifica-
voxel size in the reconstructed image. With the optical

, the effective voxel size in the reconstructed 3D image is
Altogether, these conditions inferred a cross section of
r needle-like specimens. Once reconstructed by the soft-
F �classical filtered back projection method�, the 3D im-

et-up available at line ID19 for micro-tomography experiments.

BEARING STEEL TECHNOLOGY
ed using ImageJ8 and Amira9 softwares. 3D renditions of
en obtained by the region growing segmentation method

ih.gov/ij/.
.
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ons through X-Ray Micro-Tomography

f non-metallic inclusions most often met in bearing steels
successfully by X-ray micro-tomography: isolated inclu-

ar shape, stringers constituted of lined up inclusions, and
ed inclusions. Examples of such observations are shown in
lusions. The 3D renditions are presented after image pro-
les one to make the matrix transparent and visualize only

10 µm

(d)

100 µm

(b)

(c)
10 µm

s of typical inclusions observed by X-ray micro-tomography in
-fragmented elongated inclusion; �b� fragmented elongated inclu-

lusion with adjacent conical ends; and �d� same inclusion as �c�
have been removed by image processing.
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virtual parallelepiped box showing the limits of the volume
the inclusion.
s an example of elongated inclusion that appears as a long

�length�1 mm�, with its main direction almost parallel to
from which the specimen was cut. Its section is approxi-

oughout the ribbon, typically 8�20 �m2. Furthermore, the
fectly straight but rather undulating around its main direc-
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phasized that due to this undulating character, the conti-
inclusion could not be easily evidenced by standard two-
aphic observations. By means of destructive energy
ysis, such inclusions have been identified as manganese
s of steels investigated in this work.

an example of a stringer with lined up inclusions. For a
e of the constituent inclusions is widely scattered �from a
m in the case presented in Fig. 2�b��. The distances be-
clusions are also widely scattered and were found to vary
to a few tens of microns for the investigated samples. It
t that such detailed characteristics of the stringers could
ltrasonic echography. Besides, in such stringers, destruc-
own that the constitutive inclusions are alumina inclu-
minate inclusions, sometimes with some coating of cal-
.
an example of an isolated globular inclusion. It should be
ften include two conical ends, as the one selected for the
through the two tips of the cones is nearly a revolution

ect and is parallel to the rolling direction of the bar. The
nical ends, darker than those of the steel matrix and the
sts that they are cavities. This contrast can be used to
ds by image processing �Fig. 2�d��. Such globular isolated
identified either to alumina or calcium aluminate inclu-

the tomography representation is illustrated in Fig. 3. It
virtual tomography cuts of the inclusion shown in Fig.

dian planes. The inclusion is globally spherical but exhib-
ularities. The aforementioned cones are also visible in Fig.
zone�.
ws a comparison between a virtual tomography cut and a
n a polished section of the same inclusion. This compari-

lity of tomography to depict all the details of inclusions
ion close to that of optical microscopy.

rization of Stringers from X-Ray Micro-Tomography

in the section devoted to modeling, the detrimental char-
linked to the interaction between constitutive inclusions.
inked to the distance between neighboring inclusions,
red, as mentioned above. Moreover, the size of the inter-

BEARING STEEL TECHNOLOGY
s also an important role. Hence, the edge-to-edge distance
boring inclusions has been normalized by the average of
sions Rm= �Ri+Rj� /2 �see Fig. 5�. In order to characterize
l 3D images of stringer were analyzed to establish statis-
e tested heats. The histogram of the parameter d /Rm thus
ig. 6. It shows that the maximum of the distribution of the
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e occurs for d /Rm values close to one. For further use of
e seen that the distribution can be reasonably fitted by a
tion �continuous curve in Fig. 6�.

on Obtained through High Frequency Ultrasonic Testing

e easily detected by using the ultrasonic equipment refer-
us section. For that purpose, parallelepiped samples were
inated bars, machined, and then scanned with the point

obe. The scanning plane was parallel to the bar axis. Figure
of a C-scan image thus obtained. As pointed out previously,
technique does not enable one to distinguish the details of

(a)

x

z
15 µm

(c)

y

x
15 µm15 µm

d tomography slices of the globular inclusion shown in Fig. 2�c�
endicular median planes. y axis is parallel to the rolling axis of the
r in darker gray in �b� and �c� on each side of the inclusion. The
�c� corresponds to the observation plane in Fig. 4.
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ts total length L �see Fig. 5� can be estimated. Thus, the
nd the X-ray micro-tomography technique appear quite

rthermore, for each heat tested in this work, a total volume
s been investigated. The stringers have been classified ac-
gth. An example of histogram of the length of the stringers
Most of the stringers have a length shorter than 200 �m,
d to belong within categories of longer length.
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10 µm

10 µm

tween �a� X-ray micro-tomography and �b� optical micrography

BEARING STEEL TECHNOLOGY
be mentioned that, up to now, the ultrasonic testing was
the nature of inclusions in the detected stringers. Hence,
usions, or at least the majority of them, has to be known
ue.

n shown in Figs. 2�c� and 3.
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deling of the Distribution of the Fatigue Lives

for predicting the distribution of fatigue lives in the present
roducing the effects of interaction of neighboring inclusions

odel initially designed for isolated spherical inclusions,
sented in previous works �2–4�. This is made possible due to
haracteristics of the stringers provided by X-ray micro-

e statistical data provided by ultrasonic testing.

dij

Ri Rj

L

Schematic of a stringer: Definition of parameters.

.5 1.5 2.5 3.5 4.5 5.5 6.5
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Normalized distance d/Rm

f the normalized distances between inclusions in the stringers �for
ce axis, numbers refer to the medium value of each class whose
ponding distribution is fitted by a log-normal function �continu-
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al modeling of the bearing lives distribution includes two
of determinist nature: It aims at calculating the number
duced by a given inclusion. This problem is solved by
nucleation and the crack growth stages successively. The

h the statistical aspect of the problem: The inclusions are
d in the bearing steel �position, size, etc.�.

100µm

of a stringer detected by high frequency ultrasonic echography.

BEARING STEEL TECHNOLOGY
5 125 175 225 275 325 375 425 475 525 575 625 675
Length (µµ m)(µm)

he lengths of the stringers in the heat D �for the length axis,
dium value of each class whose width is 50 �m�.
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or Crack Nucleation and Growth �2�

ed cyclically under the repeated contact pressure produced
s. Crack nucleation originating from inclusions arises from
ation around the inclusions. This induces cyclic micro-
the accumulation of dislocations. Finally, crack nucleation
al density of dislocations is reached in this area.
work, the contact stress field is that produced by circular
diameter� on a plane surface. The resulting contact stress,
he fatigue tests on flat washers described in the last section
tress concentration around the inclusions has been com-
the Abaqus finite element software, as described in Ref 14.
eference, it has been shown that the real geometry of the
by the 3D images from micro-tomography can be reason-
plified shapes in order to derive by finite element a realistic

he inclusions �for instance, the inclusion shown in Figs. 2�c�
ly modeled by a spherical core associated with two conical

The elasto-plastic behavior of the 100Cr6 matrix and the
given in this reference. The accumulation of dislocations in
sions is characterized by the damage accumulation factor f�

d the criterion for crack nucleation can also be found in Ref
le number for crack nucleation is Nn. The orientation of the
by the direction of the maximal shear stress for dislocation
th is taken equal to that of the zone where localized dislo-

occur, i.e., the stress concentration zone around the inclu-

ion is calculated by considering a physically based model as
is assumed to grow in mode II with a circular shape. The

ress intensity factor for crack growth is calculated by con-
shear stress that accounts for friction of the crack lips due

stress normal to the crack plane. To account for the limited
rtzian loading, the width extension of the crack is bounded
of the rolling ball. The current crack length, a, is calculated

grating the local crack growth rate da /dN, which is updated
resent crack length and the crack position in the loading

ch numerical step. The number of cycles to bearing failure,
cessary for the crack to reach the surface. This means that
s from the surface breaking stage of the crack to complete
.

l cycle number to failure, NR, is given by the sum NR=Nn

STIENON ET AL., doi:10.1520/JAI102532 151
raction between Inclusions

cess of harmfulness of stringers has been assigned to the
n neighboring inclusions, which reduces the number of
leation Nn. Indeed, the superposition of the stress concen-
d the neighboring inclusions enhances locally the stress
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(c)(b)

aps for a stringer oriented perpendicularly to the contact surface
etween constitutive inclusions: �a� d /Rm=8; �b� d /Rm=2; �c�

ina inclusions; and applied stress taken at the center of the
ressure of 4.2 GPa.

BEARING STEEL TECHNOLOGY
echanism is illustrated in Fig. 9 for a simple stringer
ical inclusions of equal diameter, with the axis of the
pendicularly to the contact surface. Figure 9 shows the

a plane passing through the axis of the stringer for dif-
tances d /Rm between the inclusions. It appears clearly
creases markedly when d /Rm is decreased down to 0.5. It
that any local stress increase generally induces a stronger
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cyclic micro-plasticity that governs the damage accumula-
s been shown elsewhere �15� that the number of inclusions
not influence significantly the maximal value of the local

rds, for a given inclusion the stress concentration in the
is mainly influenced by the next neighboring inclusion.

ne to characterize the interaction between constitutive in-
g simple stringers made of three inclusions.
stress enhancement factor has been defined for the string-

Kr =
��Tr

max�stringer

��Tr
max�single I

d ��Tr
max�single I=maximal values of the Tresca stress in the

ence of interaction between neighboring inclusions and for
f the same type, respectively.
ncement factor, Kr, for alumina stringers has been plotted

2 4 6 8 10

Normalized distance d/Rm

90°

60°

30°

0°

ncement factor, Kr, for alumina stringers as a function of the
between neighboring inclusions for various orientations of the
o the contact surface; 90°=perpendicular to the contact surface�.
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ed distance between neighboring inclusions in Fig. 10 for
s of the stringer with respect to the contact surface. As al-
he stress enhancement increases steeply as the normalized
Moreover, Fig. 10 shows that Kr is also markedly influenced
f the stringer, the orientation perpendicular to the contact
of 90°� being the more detrimental. It is worth mentioning

ancement factor has to be calculated prior to the statistical
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in the following paragraph. Thus, the stress concentra-
be computed again for every particular stringer, but they

from a single constitutive inclusion. This method drasti-
putation time for the statistical predictions.

f the Distribution of Fatigue Lives

entation of the model for predicting the distribution of
carried out in the following way.

idered steel heat, a series of virtual flat washers is built
Carlo method for drawing successively the number of

iven type in each flat washer, the position of each stringer
m distribution�, its total length, and the corresponding
er. It should be specified that the number and the total
stringer are drawn according to the experimental distri-
ined by ultrasonic echography �see example in Fig. 8�,

parameter is drawn according to the distribution deter-
y micro-tomography �see Fig. 6�.
er is subjected to a virtual fatigue test, and the number of
atigue failure is computed by applying the models for
n and growth described above for every stringer in every
cording to the weakest link rule, the fatigue life NF of a
is defined as the minimum value among all the values
to the various stringers; once they are analyzed, all these
es form the distribution of lives related both to the heat
ions of fatigue testing.

arison with Experimental Data

e methodology for predicting the distribution of fatigue
out by comparing the computed fatigue lives to experi-
been achieved by investigating eight different heats cho-
nliness levels. For that purpose, on the one hand, rolling
ave been carried out on flat washer specimens using SNR
test rigs �16�. On the other hand, the cleanliness of every

terized by ultrasonic testing, as explained previously �see

l tests were conducted according to the “sudden death
. Thus, 50 washers were tested by groups of five units
tzian pressure of 4.2 GPa. For time reasons, fatigue tests
unning 1000 h or so were interrupted.

BEARING STEEL TECHNOLOGY
n side, for a given heat, first a series of 10 000 virtual
ilt up and the corresponding lives have been calculated.
back, the constitutive inclusions in the distributed string-
e alumina inclusions in the presented computations. This
e overall rolling fatigue properties of the heat, which can
umulative probability of failure versus life, in a classical
Figure 11 shows an example of such a representation for
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d in Fig. 8. As shown in earlier works �3�, the overall cumu-
f fatigue lives exhibits a typical � shape. The tendency of
res to saturate well below 100 % is linked with the signifi-
have washers with no detrimental stringers in the core of
field.
to compare simulations with experimental data, the simu-

e analyzed according to the “sudden death” method. More-
experimental test exhibits a random character, the scatter-
sults has to be determined. For that purpose, 100 virtual
of 50 washers were built up from the 10 000 virtual tests.

tribution function of each number of failure �Nos. 1–5� can
se results. Then, the scattering range of the results with a
of 90 % was obtained from these distribution functions.
erimental data points and the computed scattering range
same Weibull diagram for every heat. Four examples are

een that the computed scattering ranges are generally wide.
in Fig. 12 the scattering range appears to be narrower for
lean than the other heats. Such a relationship between the

10 100 1000 10000

Bearing life (h)

umulative probability of failure versus life for 10 000 flat washers
agram for heat D; 1 h�675 000 cycles.
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d the inclusion concentration can be explained easily. For a
ability to find a harmful inclusion in the stressed region

is low, and hence fatigue failure is a quite random process.
ss clean heat the probability to find harmful inclusions in
close to one, thus reducing the randomness of the fatigue
e experimental data fall well within the computed scattering
some interrupted tests �open symbols in Fig. 12�. In fact,
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etween the experimental cumulative probability of failure ver-
tests plotted in a Weibull diagram and the computed scattering

interval of 90 %: Examples of heats labeled C, D, E, and G. The
hat the corresponding tests were interrupted.
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n consistent with the predicted ranges because an inter-
lly refers to a real life longer than the number of cycles to
ilar agreement was obtained for all the investigated heats.
ments show that the new model presented in this section is

sonably well the statistical distribution of fatigue lives of
with the steel cleanliness characterized by high frequency

nd X-ray micro-tomography. It is worth pointing out that
tering ranges by means of the experimental fatigue tests
years for one heat with seven rigs running continuously.

t advantage of the modeling route.
ng the influence of the stringer orientations, Fig. 13 shows
ween the distributions of fatigue lives for stringers oriented
dicular to the contact surface. It appears that for the per-

ion �90°�, the first failures occur significantly earlier than for
tion �0°�. This is mainly due to the higher stress concentra-
icular orientation, which has been shown in Fig. 10. In fact,
significantly reduces the number of cycles to crack nucle-

ot influence the tendency to saturate as much. This is not

10 100 1000 10000

Bearing life (h)

Alumina 90°

Alumina 0°

between the predicted cumulative probability of failure versus
nted parallel or perpendicular to the contact surface �inclusion
ose of heat D�.
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as mentioned above, the saturation level of cumulated fail-
d to the concentration of stringers, which was the same for
should be mentioned that this influence of the orientation
t with the trend observed experimentally, which exhibits a

ut five times longer for washers machined from a bar to
orientation” of the stringers than for those machined from
in the “perpendicular one.” Unfortunately, for these results,

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



the high frequency u
and hence, the corres

Conclusion

A new methodology h
tigue lives of bearing
lation in the steel.

This work has sh
able data on concentr
tomography has been
sions and stringers. T
the high frequency ul
details of stringers, b
sonic testing enables
distinguishing interna

The physically ba
cleanliness of the ste
comparing the predi
carried out according

Moreover, this mo
orientation with resp
bution of fatigue live
tions of bearings used
fatigue tests performe

Furthermore, it s
cability of the model
initiated damage is th
this excludes applicat
metal fatigue or with
lubricant.

In the future, th
process of bearing ste
for manufacturing be
ticularly of stringers.
predict the fatigue pr
forming process.

Acknowledgments

The ASCOMETAL com
port. The writers als
fruitful discussions an

�1� ISO 281, 2007, “R
national Standard

�2� Vincent, A., Lorm

158 JAI • STP 1524 ON

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
ltrasonic characterization of the heat was not available,
ponding simulation was not possible.

as been developed for predicting the distribution of fa-
s from appropriate characteristics of the inclusion popu-

own that high frequency ultrasonic testing provides reli-
ations of harmful stringers in bearing steels. X-ray micro-
used for the first time to visualize the 3D shape of inclu-

his new technique appears to be quite complementary of
trasonic testing. Indeed, it is able to provide the internal
ut it is limited to small volumes, while in contrast ultra-
one to investigate larger volumes of material but without
l details of stringers.
sed model presented here makes a clear link between the
el and its fatigue performances. It has been validated by
cted distribution of lives with a set of fatigue test data

to the sudden death method.
del is able to �i� account for the influence of the stringers

ect to the contact surface, �ii� make predictions of distri-
s for large batches of bearings representative of popula-
in industry, and �iii� estimate the scattering of results for
d on reduced numbers of parts.

hould be pointed out that, in its present form, the appli-
is limited to operating conditions for which inclusion
e controlling process for bearings failure. For instance,

ions with extremely high contact pressures involving bulk
very clean steels and surfaces indented by pollution of the

is methodology could be used to optimize the forming
els. For instance, the reduction ratio of bars or tubes used
arings governs the characteristics of inclusions and par-
Using the presented methodology would enable one to

operties of the final product versus the parameters of the

BEARING STEEL TECHNOLOGY
pany is gratefully acknowledged for its continuous sup-
o wish to thank Dr. G. Baudry and Dr. E. Henault for
d encouragements.

olling Bearings—Dynamic Load Ratings and Rating Life,” Inter-
s Organization, Geneva, Switzerland.
and, G., Lamagnère, P., Gosset, L., Girodin, D., Dudragne, G.,

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



and Fougères, R
Nucleation in B
C. Hoo and W. B
pp. 109–123.

�3� Lormand, G., M
G., “From Clea
ASTM STP 1327
Conshohocken,

�4� Fougères, R., L
Baudry, G., and
Fatigue Life Dis
ASTM Internati

�5� Auclair, G. and
sessment,” AST
shohocken, PA,

�6� Birks, A. S. and
book �American
Ronald Press Co

�7� Buffière, J.-Y., C
Tomography St
MRS Bull., Vol.

�8� Kak, A.-C. and S
Press, New York

�9� Baruchel, J., Bu
Material Science

�10� Banhart, J., Adv
Oxford Universi

�11� Maire, E., Greni
titative 3D Char
by X-Ray Micro

�12� Ludwig, W., Buf
a Short Fatigue
Microtomograp

�13� Russ, J. C., The
1994, p. 399.

�14� Stienon, A., Faz
New Methodolo
trations Around
515, 2009, pp. 3

�15� Courbon, J., Lor
Inclusion Pairs
Limit of Bearin

�16� Baudry, G., Du
“Fatigue Proper
Casting,” Winter
ASME, New Yo

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
., “From White Etching Areas Formed Around Inclusions to Crack
earing Steels Under Rolling Contact Fatigue,” ASTM STP 1327, J. J.
. Green, Eds., ASTM International, West Conshohocken, PA, 1998,

eynaud, P., Vincent, A., Baudry, G. L., Girodin, D., and Dudragne,
nliness to Rolling Fatigue Life of Bearings—A New Approach,”
, J. J. C. Hoo and W. B. Green, Eds., ASTM International, West
PA, 1998, pp. 55–69.
ormand, G., Vincent, A., Nelias, D., Dudragne, G., Girodin, D.,

Daguier, P., “A New Physically Based Model for Predicting the
tribution of Rolling Bearings,” ASTM STP 1419, J. M. Beswick, Ed.,
onal, West Conshohocken, PA, 2002, pp. 197–212.
Daguier, P., “Appropriate Techniques for Internal Cleanliness As-

M STP 1419, J. M. Beswick, Ed., ASTM International, West Con-
2002, pp. 101–112.
Green, R. E., “Ultrasonic Testing,” Nondestructive Testing Hand-
Society for Non-Destructive Testing�, Vol. 7, P. McIntire, Ed.,

., New York, 1991.
loetens, P., Ludwig, W., Maire, E., and Salvo, L., “In Situ X-Ray

udies of Microstructural Evolution Combined with 3D Modeling,”
33, No. 6, 2008, pp. 611–619.
laney, M., Principles of Computerized Tomographic Imaging, IEEE
, 1988.
ffiere, J.-Y., Maire, E., Merle, P., and Peix, G., X-Ray Tomography in
, Hermes Science Publication, Paris, 2000.
anced Tomographic Methods in Materials Research and Engineering,
ty Press, Oxford, UK, 2008.
er, J. C., Daniel, D., Baldacci, A., Klöcker, H., and Bigot, A., “Quan-
acterization of Intermetallic Phases in an Al–Mg Industrial Alloy
tomography,” Scr. Mater., Vol. 55, 2006, pp. 123–126.
fière, J.-Y., Savelli, S., and Cloetens, P., “Study of the Interaction of

Crack with Grain Boundaries in a Cast Al Alloy Using X-Ray
hy,” Acta Mater., Vol. 51, 2003, pp. 585–598.
Image Processing Handbook, 2nd ed., CRC Press, Boca Raton, FL,

ekas, A., Buffière, J.-Y., Vincent, A., Daguier, P., and Merchi, F., “A
gy Based on X-Ray Micro-Tomography to Estimate Stress Concen-
Inclusions in High Strength Steels,” Mater. Sci. Eng., A, Vol. 513–
76–383.
mand, G., Dudragne, G., Daguier, P., and Vincent, A., “Influence of

STIENON ET AL., doi:10.1520/JAI102532 159
, Clusters and Stringers on the Lower Bound of the Endurance
g Steels,” Tribol. Int., Vol. 36, 2003, pp. 921–928.
plomb, G., Giroud, G., Bulit, J. H., Girodin, D., and Jacob, G.,
ties Evaluation of Bearing Steel Produced by Rotary Continuous
Annual Meeting of the American Society of Mechanical Engineers,

rk, 1991, Vol. 28, pp. 27–39.

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



Claude Bathias1

Gigacycle Fa
Steels

ABSTRACT: The c
by Wohler in 1850
sidering the fatigu
engines that run ty
mances in terms
an issue, although
current design pro
derstanding of fati
to approach this i
ultrasonic frequen
52100 steels com
heat treatments h
tensite and bainite
to 1011 cycles, ha
at 20 and 30 kHz
only. A set of spe
serve the effect of
testing has been
the influence of in

KEYWORDS: gig
flaw effect

Introduction

According to the tech
components should b

• Low cycle fati
�bulk-plasticity

Manuscript received Au
online April 2010.
1 Emeritus Professor, U
e-mail: claude@bathias.

Cite as: Bathias, C., ‘‘Gig
7, No. 4. doi:10.1520/JA

Copyright © 2010 by AS
Conshohocken, PA 1942

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
tigue Properties of Bearing

oncept of a fatigue limit at 106 cycles that was introduced
seems nowadays to be the wrong magnitude when con-

e life of modern industrial applications such as automotive
pically billions of cycles. The necessity to increase perfor-

of lifetime and safety in steel fabricated products remains
testing is becoming more time consuming and costly with
ducts. It is the aim of our research to develop better un-
gue properties of steels in the gigacycle domain. One way
s to use a piezoelectric fatigue testing system working at
cy. This paper will describe the research done on several
ing from Europe �NF100C6� and Japan �SUJ2�. Different
ave been applied to obtain different microstructures: Mar-

with and without residual austenite. The fatigue tests, up
ve been carried out using piezoelectric machines working
under tension-compression, tension-tension, and torsion

cimens has been tested also with a circular notch to ob-
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stress concentration. Finally the thermal dissipation during

determined using an infrared camera. It is confirmed that
clusions is a key problem.

acycle fatigue, SN curve, bearing curves, fish eye,

nical applications, a modern approach of the fatigue of
e divided into three domains.
gue �LFC� when the fatigue life is less than 105 cycles
�
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tigue �MCF� between 105 and 107 cycles �surface plastic-

tigue �GCF� beyond 107 cycles �local-plasticity�
to point out that most of the structural components are

4 and 1011 cycles. The fatigue life of a car engine is ranging
the large diesel engines for ships work up to 109 cycles. It
that, currently, the technical limit for fatigue life is about

that LCF is predicted using a Coffin–Manson law, and MCF
hler curve concept. But there is no general model for GCF.
al point of view, it was said for the first time �1984–1997� by
rs �1–3� that metals can fail between 107 and 108 cycles.
cycle fatigue failure in many alloys was experimentally
y �1990s� up to 1010 cycles by Bathias and co-workers �4,5�.

curve �stress-number of cycles� is still assumed to be a
, but in reality the asymptote is not horizontal. This means
n mechanisms from 106–109 cycles is a new topic of great
d technologies, and SN curves that are not asymptotic must
rder to guarantee the real fatigue strength in high cycle

ot be forgotten that the fatigue strength is strongly depen-
r of cycles chosen to stop the test.
focused on investigating the gigacycle fatigue properties of
, using three different frequencies, 35 Hz and 20 and 30
ll loading, tension-tension loading, and torsion loading. A

e Japanese results using a rotating bending fatigue test and
search using axial loading demonstrates a difference be-
SN curves.

edure

r determining gigacycle fatigue properties have been devel-
y many researchers around the world. In 1950, Mason and
t 20 kHz piezoelectric machine. Thanks to the ultrasonic
we can establish the typical life of a great number of com-
e 109–1010 cycles during its life in service �6–14�.
ars, our laboratory has carried out diverse fatigue life inves-

aterials with the use of a piezoelectric fatigue testing ma-

BATHIAS, doi:10.1520/JAI102712 161
ich has approved capability for producing fatigue property
gime.
ctric fatigue machine with 30 kHz was used to explore the
of bearing steel AISI-SAE 52100 in the domain of the
ere a comparison of fatigue testing with different frequen-
g a 20 kHz piezoelectric fatigue machine, it takes us around
cycles, 6 days for 1010 cycles, and 58 days for 1011 cycles.
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principle is the same for both at 30 kHz as 20 kHz piezo-
nes, where the vibration of the specimen is induced by a
ter, which generates acoustical waves in the specimen
entrator �horn� in order to obtain a desired material dis-
plification of the stress �10,11�. The resonant specimen
concentration factor were calculated by FEM for 20 and

e performed in an open environment at 20 and 30 kHz
fatigue machine using a symmetrical cyclic stress �R=
compressed air at 20°C to keep the temperature of the
.

placement amplitude of the specimen end face is con-
sensor and computer control in order to keep the stress
est.
atically stopped when the frequency reduced to 19.5 kHz
racks development prior to fracture. Both the specimen
ribed in other papers �10�.
e torsion fatigue limit of the alloy up to 1010 cycles, an

igue system was designed. Attached to the transducer are
to amplify the longitudinal mechanical displacement and
ify the torsion angular displacement. A torsion fatigue
run in resonance with the system is then attached to the
were designed so that the maximum strain is located in
ction.

pecimens

of specimens made in steel type 52100 were used in this

imens to be tested at 20 kHz come from three different
00C6�, NF 100C6��, and JIS SUJ2�. These specimens

ape with a minimum diameter of 3 mm and a radius of
ced section �notch radius� of 31 mm. The fatigue results
roup of specimens were compared in order to investigate
processing method.
imen to be tested at 30 kHz was machined by only one
0C6��, an axisymmetric specimen with a minimum diam-
ing a hourglass-shape radius of 16 mm.
specimen from only one manufacturer �NF 100C6�� with
of 6.4 mm and 60° notch with a round notch radius of 2
ate the intrinsic resistance of the microstructure and the

BEARING STEEL TECHNOLOGY
atory fatigue.
akers have manufactured the specimens independently
sed the steels with similar chemical compositions and
eatments and machining operations. Tables 1 and 2 show
itions and some measured mechanical properties for the
steels.
ness �Ra� was measured to be 3.21 �m maximum in the
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ion on all specimens. Some temperature measurements
amera were carried out to evaluate the thermal effect on
20 kHz.

r of Bearing Steels

ined from all the fatigue tests are shown in Figs. 2–8. Re-
F 100C6�, it is very important to obtain its fatigue property
ber of cycles. It is essential to point out that this kind of
il up to 2�1010 cycles in tension-compression. The main
to demonstrate that the shape of the SN curve is continu-
m the mega- to the gigacycle regime. No step is observed in
the load condition is tension-compression.
ined using different kind of specimen at different frequency
igue rupture can occur beyond 109 cycles, and the differ-

b)

c)

Dimensions in
mm

sed in gigacycle testing for bearing steels. Tension of 20 kHz with
t notch �b�. Torsion �c� at 20 kHz.

BATHIAS, doi:10.1520/JAI102712 163
Chemical composition �wt %� of tested bearing steels.

C Si Mn P S Cr Mo Ni

c �wt %� 1.0 0.2 0.3 0.001 0.008 1.4 0.03 0.14

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



ence of fatigue resist
and 1010 cycles unde
fined with a statistica
safe design.

As to the notch
smooth specimen, wh
at notch surface. Aga
creasing after 106 cy
means that the differ
than that at 106 cycl
notched specimens is
stress concentration a
gigacycle regime �Fig

In order to obtain
the staircase method
NF 100C6� smooth
1010 cycles and a fati
hand, to compare the
dard �12,13�, a new c
which it is possible t
fatigue resistance �14

TABLE

NF 100C6 martensitic
NF 100C6 bainitic

FIG. 2—Fatigue

164 JAI • STP 1524 ON

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
ance can decrease by 150 or even 200 MPa between 106

r these conditions. The fatigue limit of bearing steels de-
l analysis between 106 and 107 cycles cannot guarantee a

specimen, fatigue resistance is far lower than for the
ich is due to the existence of a larger stress concentration
in, the SN curve for the notched specimens is slowly de-
cles if compared with the smooth specimens curve. It

ence between the two SN curves at 109 cycles is smaller
es �about 150 and 300 MPa�, but the fatigue strength for

ranging at about 600 MPa. It seems that the effect of
t the tip of a notch is similar in the megacycle than in the
. 7�.
the experimental fatigue limit at 2�106 and 1010 cycles,
was used for calculating the fatigue resistance. The

specimens have a fatigue strength of 809.82 MPa at
gue strength of 939.1 MPa at 2�106 cycles. On the other

fatigue resistance results according to the ASTM stan-
alculation was made using another statistical method in
o avoid the use of the staircase method to find out the
�.

2—Mechanical properties of tested bearing steels.

Es

�GPa�
�y

�MPa�
UTS

�MPa�
P

�kg ·m−3� HV30 HRc
210 1158 2316 7860 778 63.2
210 1179 2358 7860 703.9 60.3

BEARING STEEL TECHNOLOGY
SN curve NF 100C6 bainitic, R=−1, 20 kHz, and 30 Hz.
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ng, it is said that �f−3s gives a probability of fracture close
, the standard deviation �s� is close to 10 MPa; the true

t should be �f−30 MPa. Thus, we can get the fatigue limit
the fatigue resistance at 106 cycles, which is calculated to
the statistical method. The experimental fatigue limit at
MPa. This differs by 100 MPa if compared with the calcu-

martensitic steel NF100Cr6, R=−1, 30 Hz, 20 kHz, and 30 kHz.
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urve for SUJ2 in rotating-bending loading. Results from Sakai

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



lated results. Consequ
most effective way to
regimes.

Figure 8 shows th
20 kHz. Fatigue lifeti
the life range of 106

MPa in the very high

600

650

700

750

800

850

900

950

1000

1050

1,E+04 1,E+0

σm
ax

(M
Pa

)

FIG. 5—Typical SN

0

200

400

600

800

1000

1200

1400

1600

1800

1,E+03 1,E+04

σm
ax

(M
Pa

)

FIG. 6—Comparison o
�original and after corre

166 JAI • STP 1524 ON

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
ently, it seems that the high frequency fatigue test is the
obtain the materials fatigue strength in the high cycle

e SN curve of 100C6 steel for torsion fatigue test results at
me increases as the shear stress amplitude decreases in
�1010 cycles such that the life is between 380 and 390
cycle regime.

Courbe S-N, acier 100C6 martensitique SUJ2, 20 kHz, R =-1

5 1,E+06 1,E+07 1,E+08 1,E+09 1,E+10 1,E+11

NCycles

curve for SUJ2 in tension-compression. R=−1 at 20 kHz.

JIS SUJ2 steel SN Curve

JIS SUJ2 smooth specimen, 20 kHz, R= -1

JIS SUJ2 rotating bending

JIS SUJ2 rotating bending correction

BEARING STEEL TECHNOLOGY
1,E+05 1,E+06 1,E+07 1,E+08 1,E+09 1,E+10 1,E+11 1,E+12
N Cycles

f tension-compression and rotating bending results for SUJ2
ction�.
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icroscopy observations show that the fatigue crack initia-
F100C6� bearing steel appeared in two typical rupture
urface between 105 and 106 cycles, and within the speci-

cycles where the initiation site is principally associated with
ons like Al2O3, CaO, and SiO2.

F100C6�� bearing steel, failure was always initiated within
cipally located at nonmetallic inclusion like Al2O3, SiO2,
er tension-compression.

, acier 100C6 martensitique, éprouvette lisses sous différentes fréquences d'essai, et
éprouvettes entaillées (20 kHz), R= -1

04 1,E+05 1,E+06 1,E+07 1,E+08 1,E+09 1,E+10 1,E+11 1,E+12

Nf Cycles

es entaillées (20 kHz)

NF100C6 steel without notch �35 Hz, 20 kHz, and 30 kHz� and
in tension-compression �R=−1�.
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1,E+07 1,E+08 1,E+09 1,E+10

Life / (cycles)

igacycle SN curve in torsion for 100C6 steel �20 kHz�.
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ring steel, there are also two typical rupture modes, with
t the surface and within the specimen. The fracture ini-
hed specimen NF100C6 is always located at the surface of
ing machining marks of the notched specimen accelerate

pecimen tested under the lower cyclic stress, the internal
oincides with the internal rupture mode. Figure 9 shows
smooth specimen made from NF 100C6� steel that was

a cyclic stress. The fatigue life is up to 3�109 cycles,
site is below the surface and associated with an Al2O3
, we find the optical dark area found by other researches

b

rtensitic steel. ��a� and �b�� Internal rupture mode fish eye at
�max=865 MPa, Nf=3.5429�109 cycles, R=−1, and f=20 kHz.
13 % Al2O3+28.1 % CaO+50.1 %SiO2� NF 100C6 bainitic steel.
ode �max=929 MPa, Nf=2.6608�107 cycles, R=−1, and f=20
ssion the critical inclusion is an oxide.

BEARING STEEL TECHNOLOGY
s the internal inclusion rupture mode of a smooth speci-
100C6�� steel tested under 965 MPa cyclic stress with a
p to 2.6�107 cycles. X-ray microprobe analysis �Energy
vealed that the inclusion consists of 54 % Al2O3, 9.95 %
10.4 % MgO.
clusions within the specimens are seen as the main rup-
d in the very high cycle regime. We can see for the smooth
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ue failure continues to occur between 107 and 1010 cycles.
after 1010 cycles has occurred using 30 kHz vibratory fa-
100C6� steel under a maximal stress of 750 MPa.

ue tests that were conducted using a cyclic shear stress just
it, a uniform cracking behavior in the failed specimens has

mall crack is nucleated on one of the planes of maximum
to propagate up to a length of several hundred microns.
anching occurs with propagation on one of the planes cor-
aximum normal stress that grows and eventually leads to

der torsion, the fatigue crack initiation starts at the surface
plitudes, but there is a transition where crack initiation
ce to subsurface mode. The fatigue crack initiation under

a

c

b

c

ck initiation from the subsurface in torsion. In torsion the critical
�a� Fatigue fracture surface, �b� fish eye, and �c� MnS inclusion
3.06�107 cycles�
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specimens is due to a subsurface inclusion as shown in Fig.
rea region� The EDS analysis shows that the composition in
n zone corresponds more often with a MnS type inclusion
lic oxide inclusion.

crack initiation was observed in most fatigue tested
tigue life between 107 and 109 cycles. The fatigue fracture
l fish eye appearance; however, it is different from the fa-
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At this point, it is inte
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been reported for JIS
been found by Japan
appears after a plate
compression. The sam
other steels tested wi

Whereas the SUJ
the stepwise SN curv
rotating bending beha

The SUJ2 has be
mode at 20 kHz, and
assumed that this step
is decreasing from the
4–6�.

Since the maximu
the specimen, a corre
with internal crack m

Figure 4 shows th
can observe the form
short fatigue lifetime
the stress is realized b
for finally obtaining a
of them is shown at w
sidering the bending

Finally, the correc
under tension-compre

This correction is
relationship that allow
using an experiment
rotating bending curv

Thermal Dissipation

Investigations were m
rupture. This was don
reveal a heating at th
testing. The intention
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imens subjected to axial cyclic loading, where the fatigue
at subsurface or near to the specimen surface and not

ns, although it has very high cycle fatigue life. Also, the
inclusion is not circular but sometimes more elliptical

han that observed on the fatigue fracture surfaces sub-
lic loading �1–4�.

ternal Crack Stress Correction

resting to compare the fatigue curves in rotating bending
ression �16�. In Japanese literature, a lot of results had
SUJ2 by Sakai �3�, Murakami �2,10,17�, and others. It has
ese researchers that the internal failure initiation that

au is more important in rotating loads than in tension-
e kinds of curves have been produced by Nishijima �1� in

th rotating bending loads.
2 is not exactly the same as NF100C6 steel, it seems that
e is common for both and therefore more related to the
vior.
en tested in our laboratory under tension-compression

no step in the SN curve could be derived. Thus, it is
depends on the calculation of the nominal stress, which
surface to the center to get zero for a given loading �Figs.

m stress in rotating bending is located at the surface of
ction of the stress should be considered for the specimens
ode in function of the distance to the surface �Fig. 6�.
e curve originally obtained by professor Sakai, where we
ation of two straight lines, the first corresponding to a
at a high stress level followed by a step. A correction of
y considering the distance of the inclusion to the surface
continuously decreasing curve. The comparison of both
here we can obtain a correction value of 110 MPa con-

effect.
ted values could be used to develop a part of the SN curve
ssion for the same steel �Fig. 6�.
aimed to give differences between the curves to obtain a
s us to identify and predict the lifetime in the future. By

al curve and the derive relationship, we can develop a
e without making experiments and vice versa.

BEARING STEEL TECHNOLOGY
ade to study thermal effects on the occurrence of fatigue
e by producing an infrared thermograph that allows us to
e tip of the notched specimens, during high frequency
being to find an explanation on why the fatigue strength
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Those results c
strength steels load
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materials containin
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defect dimension �
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that it is applicable
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other literature do
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imens is higher that if the notch specimens notch speci-

e possible using an infrared camera, which converts the
nto numeric signals. These signals show the thermal image
bject. The temperature, which we will consider later, is the
ture for a pixel of the resonance zone. In order to increase
lso to avoid different reflection problems, the specimen was
soot.” The resultant emissivity was accordingly kept at 0.9.
we observed a rise in the surface temperature of the speci-
ortant heating is slightly localized below the notch, where
hest. This confirms the results obtained by FEM �ANSYS�,

stress is not located at the notch bottom as during classic
ce of 0.4 mm above and below the notch.
the specimen, the temperature at the tip of the notch in-

wever, it is strongly dependent on the cyclic stress and the
ortant to notice that the maximum temperature is less than

ress around 600 MPa in the gigacycle regime. Without cool-
re of the notched specimens loaded under tension-
MPa and 20 kHz, stays constant at 45°C between 5�107

in the megacycle regime the temperature is not exceeding

onfirm that the heating dissipation is quite low in high
ed at 20 kHz. The measured temperature shows that it is
for bearing steels if the design of the specimens is correct

the piezoelectric machine is accurate. The heating dissipa-
ay to detect the fish eye initiation in bearing steels during

an infrared camera, which detects the temperature increase.

del allows the prediction of the material fatigue limit for
g three-dimensional defects like nonmetallic inclusions or
ssary input data are Vickers hardness of material �HV�, the
area in �m, and the loading criterion R. Murakami based

fatigue steel tests under rotational bending, but he affirms
to other metals.
not specify the number of cycles since the model considers

unlimited. Previously, it has shown that the “fatigue limit”
y between 107 and 1010 cycles. Results from Murakami and
not originate generally from high frequency fatigue tests,
se that the maximum number of cycles is lower than
re, the necessity to predict a fatigue limit at long lifetime
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and verify the Murakami model efficiency into this regime
sing NF 100C6 bainitic data

�w =
1.56�HV + 120�

��area�1/6 �1 − R

2
��

�1�
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C=1.56 for the in
�w=fatigue resist
R=loading ratio

Because loading ratio

Table 3 shows the re
Murakami using NF
error percent is betwe
defect constant, the e

Figure 11 shows t
where the difference

It shows that the M
predict the fatigue re
crack.

Fish Eye Formation

The Murakami mode
strength of bearing st
that covers both crac
that the gigacycle fati

TABLE 3—Application o
�R=−1�.

Experimental
Fatigue Strength
�MPa� �A
912 1
907 2
949 2
929 2
956 2
903 2
980 1
929 1
967 1
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ternal defects,
ance �MPa�, and

� = 0.226 + HV � 10−4

is R=−1, Eq 1, will be changed as follows:

�w =
1.56�HV + 120�

��area�1/6
�2�

sults between our experimental results and those from
100C6 bainitic data representing long lifetime, where the
en 11.1 % and 24.2 %. However by changing the internal
rror can be between 0.1 % and 5.9 % using Eq 3.
he modified SN curve data using NF 100C6 bainitic steel,
between Eqs 2 and 3 can be illustrated

�w =
1.83�HV + 120�

��area�1/6
�3�

urakami model can be useful into gigacyclic regime to
sistance, taking only care of inclusion size at nucleation

f the Murakami model for the gigacycle fatigue of bearing steel

rea

Murakami
Model
Fatigue

Strength �w

�MPa�

Murakami
Error

�%�

Murakami
Modified
Model �w

�MPa�

Error
Percent

After
Correction

6.7 803.9 13.4 943.1 3.3
1 773.8 17.2 907.7 0.1
1.6 770.2 23.2 903.5 5.0
1.1 773.2 20.2 907.0 2.4
1.7 769.6 24.2 902.8 5.9
0.4 777.5 16.1 912.1 1.0
4 827.9 18.4 971.2 0.9
3.2 836.1 11.1 980.8 5.3
7.8 795.4 21.6 933.1 3.6

BEARING STEEL TECHNOLOGY
l is a good empirical approach to predict the fatigue
eels depending on the defect size. However, the fatigue life
k initiation and crack growth is not evaluated. Assuming
gue is related to the fish eye formation, it is reasonable to
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r of cycles for propagation by the integration of the Paris–
ed to a circular short crack. In gigacycle fatigue regime, the
h eye initiation is a circle, which collapses arriving at the
men.
his, one should refer to the general behavior pattern of the
urve as illustrated by the equations in Fig. 12. It is assumed
ch as those growing from small inclusions do not exhibit

ese equations in terms of �Keff apply fairly well. They form
ack growth rates for the small cracks in the “fish eye” range
sure is minimal.
life for a crack of this type beginning just above threshold, it
to consider the growth law as

da

dN
= b	�Keff

E�b

3

�4�

lar crack growing in a fish eye the stress intensity factor

modified S-N data NF100C6 bainitic

1,E+06 1,E+07 1,E+08 1,E+09 1,E+10

Number of cycles to failure Nf

urakami modif ied model

urakami model

pplication of the Murakami model for NF100C6 steel.
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�K =
2

�
����a �5�

determine the crack growth life will begin here with the
orner �as indicated by the star in Fig. 12�, which we shall

responding to an initial circular crack of radius, a0. It is

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



This will result in the
to eventual failure for
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the integration of crac
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Nf =
�E2

2����2 �6�

approximate number of cycles from the threshold point
an initial crack size a0 as expressed above. For the com-

ults, let us consider the number of cycles, which can be
th below the threshold point. The relation becomes

Nf �
�

12
	 E

��

2

�7�

g of the fish eye formation from the Paris–Hertzberg law.

BEARING STEEL TECHNOLOGY
that crack growth before the threshold point is of little
ycle fatigue.
sented in Tables 4 and 5, one may observe the numerical
ments from fractographic evidence that verify reasonably
k growth laws for bearing steels. The number of cycles of

bout three orders of magnitude smaller or much less than
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tact Fatigue Life Test Design and
pretation Methods Maintaining
ty of Efficiency and

this report, several methods for both rolling contact fatigue
esign and result interpretation are introduced. These meth-
sults using random numbers followed by Weibull distribution
dom number�. The first method illustrates a relationship be-
um number of test specimens and the suspension time in a

equired at L10 and L50 lives with an arbitrary reliability. This
seful to maintain the qualitative reliability and avoid exces-
testing. The second method can clarify a relationship be-
number of test specimens and resultant significant differ-

d L50 lives in an accelerated test with an arbitrary reliability.
p is also useful to estimate the appropriate number of test
ed on statistical logic. Of note, calculations employing the
number can apply to not only RCF life test design but also
e test results. The third method enables the determination of
nd L50 lives with an arbitrary reliability even if the number of
is too small to estimate L10 or L50 lives from the Weibull plots.
od can determine significant differences of L10 and L50 lives
o given lots and allow a quantitative estimation of the mini-

between their lives from data obtained by experiments.
provide techniques that are easier to understand as com-

ent mathematical model, and they show enough flexibility to
all types of testing. These systems will therefore eliminate
lified experiences related to the statistical design and result

r RCF life testing.
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ing contact fatigue, Weibull, statistics, Weibull ran-
te Carlo simulation

e �RCF� life testing is one of the essentials prerequisites
ce estimation. Generally, the probability density distribu-

ow a Weibull distribution �1,2�, and wide variations in life
erefore, conservative estimation of RCF life is extremely
avoid potential quality problems regarding RCF life in

s classified into two main groups. The first is where con-
practical use. The second is where conditions are severe
The first group is called a fixed time test to estimate RCF

w failure data. In the fixed time test, a determination
e required RCF life is derived from the suspension time
se the testing rarely causes failure in a short duration. The
d an accelerated test, and the test conditions are more
fixed time test. In the accelerated test, differences in RCF
as compared with L10 or L50 lives between any two given

e test condition causes several failures enough to estimate
L50 lives through Weibull plots.
t, it is not easy to clearly illustrate a statistical and quan-
een the number of test specimens and the suspension
sically understood that a better RCF life is established by

umber of test specimens and the suspension time without
lem, several mathematical solutions based on statistics
�3–5�. However, the methods used in the mathematical

using to interpret the content of formulas and to apply to
st results.
test, it has been a complex problem to determine the

ve number of test specimens, although it can be expected
ife difference, the greater the number of test specimens
life difference with a high reliability. For this problem,

series of diagrams for varying several conditions to esti-
ference between two lives �6�. However, this method was
ctual examination because the diagrams were not well
ditions.

pical methods for RCF life test design and result interpre-

d. These methods use random numbers followed by
i.e., Weibull random number�. These techniques are uti-
re that equations are based on universally accepted math-
ver, it is a rare case to apply calculation results obtained
s to the practical testing strategies, especially to RCF life
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duce solutions for all contents in Table 1 by using Weibull

ABLE 1—Calculable contents by this method.

assification Calculable Contents
sign number 1 How to determine the number of test

specimens in order to finish testing before a
required time limit

sign number 2 How to determine a suspension time when
either the number of test specimens or the
number of test equipments is fixed

sign number 3 How to renew a suspension time when
failures of several specimens occur before
designated suspension time without failure

sign number 4 How to determine whether the testing should
be stopped or not when several specimens are
failed at an extremely brief time

interpretation
umber 1

How to estimate L10 and L50 lives from a
suspension time without failure

interpretation
umber 2

How to estimate the ranges of L10 and L50

lives from a few failure data

sign number 5

How to determine the number of test
specimens in order to determine significant
difference at L10 and L50 lives between any
two given lots with an arbitrary reliability, or
how to determine required the minimum
difference at L10 and L50 lives with an
arbitrary reliability when either the number of
test specimens or the number of test
equipment is limited

interpretation
umber 3

How to estimate the significant difference at
L10 and L50 lives between any two given lots
with an arbitrary reliability from a set of L10

and L50 lives
interpretation
umber 4

How to estimate the minimum difference at
L10 and L50 lives between any two given lots
with an arbitrary reliability from a set of L10

or L50 lives

the classifications with underlines are carried out in this paper.

FUJITA, doi:10.1520/JAI102492 181
he basic idea to produce the solutions is the same in all
and parallels applications of RCF life testing simulation

random numbers to the RCF life test design and the result

ng Weibull random numbers, three parameters in the
n must be defined. The probability density function of

is shown as follows:
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f�x� =
e

�
�x − �

�
�e−1

exp�− �x − �

�
�e� �1�

er �Weibull slope�,
er, and

eter. Thus, Weibull distribution has the three parameters
and �. Therefore, three conditions related to the param-

order to define a Weibull distribution function. The con-
below.
lope “e” approximated to 10/9 in ball bearings and 9/8 in
s was established from the many past testing data �1,2,7�.
between the location parameter “�” and the L10 life was

� from the many past testing data �9–12� as follows:

� = 0.05 · L10 �2�

ameter “�” is calculated as a relationship of ��L10� Eq 3.
uation is obtained by substituting the relationship of Eq 2
l cumulative distribution function of Eq 4. The scale pa-
n then be evaluated from the resulting Eq 3 because a
of 10/9 or 9/8 is already fixed and a L10 life is assumed for
of simulations on all testing

��L10� =
0.95 · L10

	Ln�10/9�
1/e �3�

F�x� = 1 − exp�− �x − �

�
�e� �4�

n with the Weibull slope value approximated at 10/9 and
t 100 h, the probability density function of Weibull distri-
ined as follows:

x� =
10/9

720
�x − 5

720
�1/9

exp�− �x − 5

720
�10/9� �5�

density function of Weibull distribution is prepared in
ibull random numbers. Once a probability density func-
ution is identified, Weibull random numbers can be ob-

random numbers by one of two well-known approaches:
13� or �2� the rejection sampling �13�. At this juncture, the

BEARING STEEL TECHNOLOGY
bers are essential to maintain high quality in terms of
dicity within the specified subject range. Accordingly,
od is adopted to generate the required high-quality ran-

219,937−1 random numbers �14�. Of note, the calculation
ontain a statistical error of approximately 5 % due to the
ers. This paper presents only basic contents in Table 1,
tions with underlines.
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esign and the Result Interpretation

um Required Number of Test Specimens and a Suspension

art to show the design process for establishing the number
a fixed time test. In order to establish a flowchart proof of
y in practical RCF life testing was carried out. For purpose

ngs having a L10 life of greater than 500 h were considered,
limit was set at 3 months �about 2100 h�. Following these

rt to design the number of test specimens in fixed time test.

FUJITA, doi:10.1520/JAI102492 183
design the number of test specimens to complete an actual
to 2100 h. It is a common belief that having a greater

imens and a longer testing time without failure will ensure
herefore, it is logical to prepare both a sufficient number of
RCF life test equipments in order to achieve a L10 life of

in the limited time scenario. In the following, we consider
testing of the realistically selected six test specimens is
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L10 life of greater than 500 h up to the limited time of
sider the rationale for establishing the appropriate num-

, assuming that the six test specimens do not achieve the
n 500 h up to the limited time of 2100 h.
e Weibull probability density distribution with a L10 life
ll slope e value of 10/9. The Weibull slope e value of 10/9
a common value applied to the probability density distri-
all bearings. This procedure allows for the use of Weibull

owed by the above probability density distribution. First,
umbers are generated by a computer, which correspond to
ife testing for the six test specimens with a L10 life of 500

inimum datum is obtained from the generated six ran-
he generating of the six Weibull random numbers and the
imum datum are repeated at a minimum of 1000 times,

can obtain a relationship between the minimum data
ns and its associated frequency. Of note, increasing the
e improvement of the statistical error. This relationship is
ulative distribution in Fig. 3.
at at least one of the generated six Weibull random num-
h at the probability of 90 %, i.e., a suspension time of

is case results in ensuring the L10 life of greater than 500
f 90 %. Therefore, the suspension time for six test speci-

robability density distribution for L10=500 h and e=10/9.

BEARING STEEL TECHNOLOGY
in order to ensure the L10 life of greater than 500 h. This
99 h is consequently acceptable because it is within the
The procedure for the case study can be applied for an
d an arbitrary probability of failure such as L1, L10, or L50
ly the easiest calculation was presented in the case of

roach can be applied for the others such as the calcula-
ign No.3 in Table 1. For example, when observing one
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nd of the test, a second suspension time can be obtained
ip between the second minimum data and its associated

the suspension time prior to failure depending on the num-
ns and values of Weibull slope. The suspension time de-
ly with an increase in the number of test specimens. This
that the greater the number of test specimens can remark-

ting time. Additionally, the suspension time decreases expo-
crease in the value of Weibull slope because Weibull prob-
ibution with the same fixed L10 life is distributed toward a
increase in the value of Weibull slope. For purpose of effi-

he number of test specimens and/or selecting such condi-
or an increase in the value of the Weibull slope, is important
g time.

g Contact Fatigure Life from Fixed Time Test Results

art showing the steps required in order to estimate L10 life
ime prior to failure. As explained in the previous section, a
cal RCF life testing was carried out. In the previous section,
onclusion that the suspension time for six test specimens
order to ensure the L10 life of greater than 500 h. In this
r the estimation of a L10 life when the suspension time

ins 3000 h, exceeding the designed suspension time of 1499
ection. This will go without saying that these data are re-

distribution to estimate a suspension time prior to failure �re-
, e=10/9, and number of test specimens=6�.

FUJITA, doi:10.1520/JAI102492 185
0 life of greater than 500 h pre-calculated in the previous

ll random numbers followed by a Weibull distribution with
an 3000 h are generated by computer. At the points, the
of 10/9 is used, and the L10 life is set at less than 1/10 of the

3000 h. Subsequently, the minimum datum is obtained from
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bull random numbers. Both generating of the six Weibull
obtaining the minimum datum are repeated at a mini-

Consequently we can obtain a probability that the mini-
x Weibull random numbers exceeds 3000 h. In the other

confirms the probability that all the data obtained from
th L10 life of 300 h exceed 3000 h.

e prior to failure depending on the number of test specimens
ope. �a� Dependence of suspension time on the number of test
life=500 h and e=10/9�. �b� Dependence of suspension time on

pe �required L10 life=500 h and number of test specimens=6�.

BEARING STEEL TECHNOLOGY
e process is applied over a gradually increasing L10 life
, we can obtain the probability of exceeding the suspen-
all six test specimens for each additional L10 lives in their

stributions. This relationship in Fig. 6 is represented to
m the suspension time prior to failure. Figure 6 shows

istribution produces a clear L10 life of 975 h at which the
3000 h in the all six test specimens is representative of
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re, we conclude that the suspension time exceeding 3000 h
ecimens ensures a L10 life of greater than 975 h. This ap-

ied for the case with a few failures, such as the calculations
etation No. 2 in Table 1.

esign and Result Interpretation

rt to estimate L10 life from suspension time prior to failure.

FUJITA, doi:10.1520/JAI102492 187
um Required Number of Test Specimens in Accelerated

art to explain the rationale for the design process required
f test specimens in an accelerated test. As explained in the
case study in practical RCF life testing is carried out. In the

esting, the life differences among several lots are discussed.
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least 1000 times, and
plotted as in Fig. 8. Fr
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onsider first how to clarify the minimum required life
ignificant statistical difference between any two given lots
imens. A Weibull slope value of 10/9 is employed in below

e Weibull random numbers followed by a Weibull distri-
ry L10 life is generated by a computer. Subsequently, a set
ed by Weibull plots for each of a set of three Weibull

a series of Weibull plots, median ranks are set by
, and the estimation of regression curve is carried out by
hod with regard to location parameter in the Weibull dis-
ing this, a ratio of L10 lives is then calculated from the set

ess as stated above, to find a L10 life ratio, is repeated at
a resulting cumulative distribution of L10 life ratio is

om Fig. 8, a wide variation of the L10 life ratio from 0.042
d with a reliability of 90 %, even though the estimated L10
m Weibull random numbers with the same L10 life. It is
t testing containing a small number of test specimens,
ns, produces results with a wide variation of L10 life ratio
ith a reliability of 90 %. In other words, either the life
han 21.8 times or that of less than 0.042 times is required
reliable significant statistical difference between any two

ed to only three test specimens.

tribution to estimate L10 life from the suspension time prior to
ber of test specimens=6�.

BEARING STEEL TECHNOLOGY
in the L10 and L50 life ratios are calculated with an in-
of test specimens. Figure 9 shows a relationship between
ecimens and the variations of L10 and L50 life ratios with
he variation illustrates an exponentially decrease with an
er of test specimens. From these results, it can be con-
test specimens are required in order to create a rational

'l (all rights reserved); Tue May  6 11:51:24 EDT 2014

echnology pursuant to License Agreement. No further reproductions authorized.



comparison for res
between any two g
difference.

Figure 10 show
=0.8, 10/9, and 3 be
the L10 life ratio. As
are as follows.

1� The L10 life
increase in
cant differe

2� The numbe
L50 life rath

FIG. 7—Flowchart to

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
pective L10 life and L50 life when the significant difference
iven lots is judged by the standard of the twice the life

s the relationships for each of the Weibull slope value e
tween the number of test specimens and their variations in

determine the number of test specimens for an accelerated test.

FUJITA, doi:10.1520/JAI102492 189
explained before, the essential points in accelerated testing

difference between any two given lots decreases with an
the number of test specimens in order to establish a signifi-
nce.
r of test specimens can be reduced by comparing results at
er than that at L10 life.
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f test specimens can be reduced when the test conditions
gher Weibull slope value.

ant Difference and the Minimum Life Difference in Accel-

equired life difference to establish a significant difference
. For example, when preparing ten test specimens, we can
quired life difference of five times according to the simu-

L10 life in Fig. 9. However, Fig. 9 does not allow for an

istribution of L10 life ratio �e=10/9 and number of test

BEARING STEEL TECHNOLOGY
etween the number of test specimens and the variation of L10

a reliability of 90 % �e=10/9�.
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inimum life difference between any two given lots. In this
r how to clarify the minimum life difference after confirm-
ference between two specific lots.
owchart showing the steps involved in estimating the mini-

of any two given lots with respect to accelerated test re-
in the previous sections, a case study in practical RCF life
out to form the basis of the flowchart. Initially, we suppose

times life difference between L10 lives can be confirmed by
pecimens. At this juncture, it is easy to ascertain the signifi-

een two specific lots from Fig. 9.
to estimate the minimum life difference between any two
e as that of obtaining Fig. 8 in the above section, with the
ting ten Weibull random numbers. Figure 12 shows a cu-
n of the L10 life ratios as applied to ten test specimens.
clear that a variation of L10 life ratio produces a decrease
cumulative probability of 0.95 as a result of the greater test

rasted with Fig. 8. Subsequently, in the same steps as ob-
cumulative distribution of L10 life ratios is calculated for

ibull random numbers with respective 1.1, 1.2,…,3 times
L10 lives. Here, the same cumulative distribution plots can
y to L50 life. Accordingly, the variations of L10 and L50 life
lity of 90 % are obtained for the respective given sets of the
different L10 lives, as shown in Fig. 13. Figure 13 shows
nd L lives between the variations in horizontal axis and

p between the number of test specimens and the variation of L10

bility of 90 % �e=0.8, 10/9, and 3�.

FUJITA, doi:10.1520/JAI102492 191
50
n sets of the 1.1, 1.2,…,3 times different L10 lives in vertical

this diagram, it is pointed out that a ten times life differ-
rare result when testing a set of ten test specimens with less

difference. According to conservative estimate with a reli-
eater than 2.1 times life difference can be concluded from a
ife difference between L10 lives.
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5 are the data plots to estimate the minimum life differ-
arying the Weibull slope value and the number of test
ly. These results allow us to conclude that the greater the

en and the greater the value of Weibull slope acquire a
.

estimate the minimum life difference of any two given lots with
st results.

BEARING STEEL TECHNOLOGY
per require the three assumptions listed below, which are
st testing data �1,2,9–12�.

ws the Weibull distribution.
parameter can be obtained from Eq 2.
slope is fixed at 10/9 in ball bearings and 9/8 in roller
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erms of these assumptions is being investigated by Shimizu
iversally accepted RCF life distribution is clarified on the

mental result or theorem, then the calculation processes as
allow for modification. In such cases, the random number
easily applied for the other distributions, although the

ribution will still need to be determined on the basis of new
or theorem.
resented in this paper, that the RCF life follows the Weibull
ect of location parameter and Weibull slope on the suspen-

distribution of L10 life ratios �e=10/9 and number of test
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ots to estimate the minimum differences of L10 and L50 lives with
d test results �e=10/9, number of test specimens=10, and
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FIG. 14—Diagram plot
accelerated test results
reliability=90 %�.

FIG. 15—Diagram plot
accelerated test results o
reliability=90 %�.
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s to estimate the minimum L10 life differences with respect to
�e=0.8, 10/9, and 3, number of test specimens=10, and
s to estimate the minimum L10 life differences with respect to
f two lots �number of test specimens=5, 10, and 50, e=10/9, and
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n can be considered by the well-known equation �4� as fol-

T = �LP − �� · � ln�1 − 0.01R�
n ln�1 − 0.01p��

1/e

+ � �6�

time with no failure,
fe at cumulative probability p,
probability �%�,
pecimen,
ameter, and

�.
etween the location parameter � and the L10 life was estab-
many past RCF testing data �9–12� as shown in Eq 2. The
n parameter on the calculation results produce relatively
the suspension times in the case of �=0 and �=0.05L10 are
spectively, in order to ensure the L10 life of greater than 500
of 90 % for the six specimens, assuming a Weibull slope of

nd, Eq 6 shows that the calculation result is affected expo-
certainty of the estimated Weibull slope. Therefore, in all
fe test design and result interpretation, it is critical to em-
ssible, to an actual Weibull slope as determined from real
discuss only a practical rational process needed in order to
te value of Weibull slope from actual test results by using

lculations.
value of Weibull slope in RCF life distribution changes de-

mple of RCF life test result �point contact Pmax=5.88 GPa�.

FUJITA, doi:10.1520/JAI102492 195
e of the contact stress and/or the mode of failure, i.e., the
ope changes depending on the test conditions. Figure 16
ple of an RCF life test result where the contact and lubrica-
point contact at Pmax=5.88 GPa and oil film thickness pa-
considering Hertzian contact condition, respectively. The
pe in Fig. 16 is estimated to be 2.88, which is greater than
ted values of 10/9 and 9/8 in their respective ball bearings
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hus, it is obvious that the RCF life test conditions practi-
of Weibull slope in RCF life distribution. Accordingly, the
used in all calculations should be adequately determined

ing condition. Figure 17 illustrates a relationship with a
etween the number of test specimens and variations of
The plots are obtained by 1000 times simulations of

eibull random numbers at a preset Weibull slope value of
f the Weibull slope value in Fig. 17 are defined at both

it of 5 % and upper confidence limit of 95 %. The data
s clearly show asymptotic relationships to 10/9. Addition-

ehavior for both variations is pronounced until the num-
increases to about ten test specimens. Figure 18 shows

ential values of both the variations of the Weibull slope
he number of test specimens. The normalized differential
decrease to about 0.2 at ten test specimens and reach

ecimens regardless of the Weibull slope values. Therefore,
ll slope value used in the calculations is established from
the Weibull slope at ten test specimens, and the accuracy
can be further enhanced with 20 test specimens. If the
slope cannot be obtained from more than ten test speci-
employ the estimated values of 10/9 for ball bearings and
s in hypothetical testing because the use of the smaller
in a conservative estimation of life and numbers of speci-

between the number of test specimens and variations of
10/9�.

BEARING STEEL TECHNOLOGY
RCF life test design and result interpretation methods
th efficiency and reliability. The methods provide tech-
r to understand than currently accepted mathematical
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Hydrogen on Rolling Contact
ponse of Rolling Element

generally accepted that the rolling contact fatigue �RCF� life
onents is strongly reduced when the hardened steel matrix
en. Although frequently reported in the literature, a physically
on to this phenomenon has not yet been presented. In recent

understanding around the nature of the RCF damage pro-
reported on the development of a physically based fatigue
Here we discuss an attempt to interpret the role of hydrogen
stic fatigue damage mechanism on the basis of this concept.

the role of hydrogen on the RCF response has been studied
evidence for and to determine its weakening effect on hard-
emperature tempered �bearing� steels. In order to perform
t was put in controlling the hydrogen content in bearing com-
testing using an electrochemical hydrogen charging process.
aring tests were performed clearly showing differences in

e with different amounts of hydrogen present in the micro-
esults of testing of bearings with hydrogen-containing steel
en. It was found that increased hydrogen content in bearing

Reprinted from JAI, Vol. 7, No. 2
doi:10.1520/JAI102543

Available online at www.astm.org/JAI
�by weight� will significantly promote bearing spalling failure
e formation and growth of so-called white-etching crack sys-
rimental information is interpreted in the light of the physi-
ue damage model.

ydrogen, bearing steel, fatigue life

May 26, 2009; accepted for publication November 13, 2009; pub-
er 2009.
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a number of rolling contact fatigue tests of bearings that
tents of hydrogen. The effect of hydrogen on the strength
has been reported in a many of publications �1,2�. The

here hydrogen plays a role in decreasing the fatigue
include wide ranges of steel grades, including bearing

y indications in the literature that hydrogen does not only
t of materials leading to delayed brittle fracture under
t also enhance local plasticity phenomena �3–10�, which

his enhanced micro-plastic effect may also play a role in
s also under conditions when the load is not excessively

exposure to structural or rolling contact fatigue under
ading to strongly reduced fatigue lives. In this contribu-

omistic description for the role of hydrogen on the high-
ism and aim at demonstrating the effect of hydrogen on
igue damage mechanism in hardened bearing steels, lead-
ion of the fatigue damage. This tends to promote early
ion and accelerated growth of fatigue cracks, resulting in
. Rolling contact fatigue can manifest itself in many ways,
e will be on the initiation and growth of characteristic,
ng crack systems,” leading to the development of exten-
branching cracks in the Hertzian shear stress zone under

Similar crack systems are often observed in bearing fail-
where hydrogen is suspected to be accumulated in the
The formation of such crack systems has earlier been
strating a link between the pick-up of atomic hydrogen in
the bearing operating environment. This contribution

n of the formation of white-etching crack systems in roll-
sting under running conditions resembling those of bear-
e applications. In order to investigate the effect of hydro-
ay, an electrochemical process was used to introduce a
gen content in bearing steel test elements. With this
taining hydrogen-charged components can be prepared
mparison with standard bearings.

e observations made during these tests and in the light of
ism for the hydrogen-enhanced fatigue damage mecha-
the effect of hydrogen on rolling contact fatigue damage

BEARING STEEL TECHNOLOGY
we have reviewed the theoretical basis and experimental
micro-plastic damage mechanisms are active during high-
fatigue in hardened �bearing� steels. In the early stage of
mall-scale �classic� obstacle-controlled dislocation glide,
ominates the damage accumulation. The yielding mecha-
ion of large quantities of crystal defects like dislocations
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17� and a range of vacancy-carbon clusters �18,19�. This
work hardening such that the yielding mechanism is re-
lly comes to a standstill. This stage of the bearing life cycle
edown” stage. In rolling contact fatigue of bearings, this
ore 104–105 inner ring revolutions, corresponding to less
total bearing life.
down stage, the steady-state fatigue damage stage com-

y which the micro-plastic damage accumulates during this
ers of magnitude slower than during the shakedown stage,
y comes to expression during prolonged exposure to fatigue.
resented in our earlier work �13� is that this slow damage
y climb-controlled dislocation glide, that is, by a cyclic
echanism. This damage mechanism entails that a gliding

has become trapped by an obstacle, only can continue its
that it is freed from the obstacle by stepwise climb of the
t around the obstacle. This climbing process requires local
e matrix atoms around the dislocation core, which means
ess will be rate-controlled by iron self-diffusion �20�. Self-
d steel is normally not possible at low temperatures, that is,
mperature and at typical bearing operating temperatures,
ly 150°C. The reason to this is that diffusion, that is, a

p from one lattice position to the next, requires two se-
vents: The formation of an empty lattice position �that is, a
bsequent jump of the vacancy to a neighboring iron atom
in other words, that the iron atom concerned moves in the
into the earlier vacant lattice position�, the well known

ange mechanism �21�. The thermal energy available at low
high enough to realize both these steps �22�, thereby pre-

fusion.
s, with their non-equilibrium microstructure, already in

state contain high presence of various crystal defects. The
tions and vacancies are further strongly increased during
during the shakedown stage and the subsequent fatigue

he fatigue-exposed bearing steel matrix therefore already
ntrations of vacancies and other point defect clusters. This

-diffusion to occur; it is only necessary to thermal activate
of a vacancy to an iron atom lattice position. The thermal
low temperature is sufficient for this to occur, but still, the
ful jumps remains low at low temperatures �22,23�. This
rall dislocation climb mechanism and the fatigue damage
quite slow under these conditions, corresponding to the

VEGTER AND SLYCKE, doi:10.1520/JAI102543 203
ties we are used to see in hardened bearing steels.
ect is here the availability of mobile crystal point defects.

e generated during dislocation glide or in interaction be-
cations �14–17�, they tend to cluster in different configura-
when interstitially dissolved elements like carbon �18,19�
8� are present. In hardened steel matrices most vacancies
rbon atoms, making the resulting carbon-containing point
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cally immobile �22�. Only a limited fraction of the total
remains as free single or double vacancies that are mobile
2,23�. The reason to that the carbon-containing clusters
hat if the vacancy tends to jump, it has to drag along its

atom�s� or to dissociate from its companion�s� to suc-
s jump. This would require additional thermal energy,
e at low temperatures. The presence of carbon therefore
umber of mobile point defects and therefore to enhance
of �bearing� steels. This is the likely atomistic explanation
on of bearing steels over the years has evolved towards
bon contents �around 1 %�.
rogen is present in iron, it will, just like carbon, interact
ending to strongly increase the equilibrium concentration
so the lower the temperature is �25,26�. In carbon-
rogen will tend to further increase the total concentration
, the point defect spectrum will broaden to also include
cancy-carbon-hydrogen clusters, etc. This means that
nts of atomic hydrogen, the number of mobile point de-
hile vacancy-carbon pairs are essentially immobile �22� at
cancy-hydrogen pairs are, due to the small size and low
n atom, likely to retain some degree of mobility and may
o the overall self-diffusion. In conclusion, the presence of
tend to strongly promote the iron self-diffusion process

ration of the fatigue damage process.
ibution �29�, a detailed description of the formation of
tures at oxide inclusions in hardened bearing steels will
f, the mechanism involves accumulation of highly local-
eel matrix in contact with the debonded oxide inclusion.
ced by nano-scale rubbing action across the inclusion/
ing to a sequential �diffusion� bonding and debonding
ue stress cycle. During the rubbing action between the
nd the steel matrix, material is transferred from the steel
on the inclusion surface. With continued rubbing damage
r continues, almost by an atom-by-atom mechanism,
rack-like gap between the unchanged matrix and the de-

e inclusion surface. This constitutes the early develop-
feature with its �in the optical microscope� white appear-
sited material� and its associated crack �separating the
ged steel matrix�. This sequence clearly demonstrates the
the growth of the butterfly wing and its crack, as it is also
-etching crack systems that will be shown in this paper.

BEARING STEEL TECHNOLOGY
butterfly wing areas undergo �dynamic� recrystallization
n, resulting in nanometre sized and essentially equiaxed
ain sizes in the range of 10–30 nm. This structure is iden-
cture as formed along the white-etching cracks. The fact
occurs is a strong direct indication that iron self-diffusion
tterfly formation process �29�. The butterfly cracks do not
e manner like classic cracks but migrate instead sidewise
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during their development through material transfer across
is leads to the deposition of white-etching material on the
e �butterfly� crack. Butterflies �rolling contact fatigue�, just

�structural fatigue�, only develop in hardened and low-
red steels and grow �if at all formed, depending on loading
anliness, etc.� only quite slowly during more than 99 % of

e �30�, preceding the final stable crack growth to unstable

of atomic hydrogen in the steel matrix, the butterfly forma-
gly accelerated. This leads to that butterflies form at lower
than otherwise needed to generate these damage features.
gen diffusivity is considerably lower in the hardened micro-
ft iron or steel, the diffusivity in hardened bearing steel is
w hydrogen transport over millimetres or even centimetres
bearing �weeks, days, or years� at typical operating condi-
llows diffusion of hydrogen, for example, from the raceway
e-exposed Hertzian subsurface zone. This also means that

hydrogen content in the steel matrix is low �ppm range�, it
iderably higher by redistribution within the matrix. Since
binds to various crystal defects �5–8,25–28�, atomic hydro-

to areas of local plastic deformation where the densities of
ocations and vacancies� are high. As mentioned, hydrogen
er promote the formation of yet more vacancies, which
dislocation climb-controlled damage process. This leads to

mage localisation process. This is particularly apparent in
jacent to oxide inclusions, which is exposed to the above
action between debonded inclusion and the steel matrix.
chanism that governs the hydrogen-enhanced butterfly for-
ent further cooperative growth of the butterfly cracks and
features. Eventually these cracks develop into longer and
ite-etching� crack systems, leading to early bearing failures
operating environments. The white-etching decoration of
longer cracks in presence of hydrogen is the result of rub-

the crack faces. This leads to transfer of material from one
nd deposition of this material �at atomistic rates� on the
e crack during course of the continued fatigue exposure.
e crack “meanders” back and forth through the microstruc-
at is highly characteristic for crack growth in hydrogen-
components. This is signalled by the presence of more or
ecoration along the fatigue cracks and by frequent branch-
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this investigation was a Deep Groove Ball Bearing �DGBB�
plastic snap-cage. The bearing was made of ASTM 52100
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ich was martensitically hardened and tempered �165°C�
f 63±1 Hardness Rockwell C. The bearing inner ring was
nt.

arged with hydrogen using an electrochemical process.
charging process consists of a glass container filled with

ic diagram is shown in Fig. 1. The work piece, in this case
and a counter-electrode were positioned in the electrolyte
urrent source. For this charging experiment, a specially
trode was used to conform to the shape of the DGBB
he electrical current between the work piece and the

s supplied by a Keithley 2400 stabilized current source.

c set-up for hydrogen charging of inner rings of a DGBB.

BEARING STEEL TECHNOLOGY
stable current even if the impedance of the charging cell
, due to the changing chemical composition of the elec-
ce is cathodically charged with hydrogen using a current
ely 10 mA/cm2. The electrolyte used for hydrogen charg-
ine solution based on NaOH and with additions of thio-

ring test elements were charged for testing, a series of
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as carried out on identical rings to determine the distribu-
ound the circumference of the ring and in the centre or the
ging at the selected conditions, in this case made at a tem-
ith a charging time of 24 h. The results from these pre-trials
. On the basis of these results, it was decided to charge the
test elements using these conditions. With reference to the
ontents in the raceway-near material in the rings in the

nclude that the hydrogen content in the surface zone of the
art of the test was 4.8±0.5 ppm. Information on the exact
hydrogen content during the test is not available.

s of the tested bearing inner rings were investigated after
tioning, polishing, and chemical etching �Nital etchant�
ical microscopy and scanning electron microscopy �SEM�.
content was measured using the ELTRA ONH-2000 hydro-
yser. Calibration of this instrument was made using stan-
m Alpha Resources, having a hydrogen content of
hydrogen desorption rate as function of temperature was
emperature-programmed induction furnace equipped with
mass-spectrometer for hydrogen detection.

bearings were mounted on a double-sided standard �R2�

en content distribution in a hydrogen-charged DGBB inner ring.

H-Content Surface,
ppm

H-Content Core,
ppm

4.58 3.20
5.96 5.66
4.30 3.21
4.72 4.80
4.66 5.17
4.64 4.95
4.75 4.95

4.80 �0.53� 4.56 �0.97�
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to the selected test conditions during pre-determined run-
test run one standard bearing �without hydrogen-charged
bearing with a hydrogen-charged inner ring were run in

g conditions used are given in Table 2. The temperature of
measured on the outside of the ring. The actual inner ring
t measured. It is expected that this is higher. Therefore, the
s an indication.
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Results

Hydrogen Desorption

A hydrogen desorptio
dissolved in hardened
tures, so-called “diffu
ened ASTM 52100 be
conditions as mentio
programmed vacuum
the rate of hydrogen
analysis was repeated
content �5.8 ppm�. Th
shown in Fig. 2. It can
steel sample already a
around 400°C are re

TABL

Applied load
Contact pressure
Test temperature outer
Speed
Lubricant
Viscosity at operating
temperature 88°C �calc
Kappa

FIG. 2—Hydrogen deso
with cylindrical sample
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Analysis

n analysis was carried out to verify that the hydrogen
bearing steel remains essentially mobile at low tempera-

sible” hydrogen. In this case, a sample of a bainite hard-
aring steel was charged with hydrogen using the same
ned above. The sample was put into a temperature-
induction furnace, and during the linear heating process,

desorption was recorded using a mass-spectrometer. This
for a hydrogen standard sample with known hydrogen

e applied heating rate was 25°C/min, and the results are
be seen here that the hydrogen desorbs from the bearing

t temperatures lower than 200°C, while temperatures of
quired for the hydrogen standard sample. The analyses

E 2—Testing conditions for the bearing tests.

25 kN radial load
3.2 GPa

ring 83°C outer ring
6000 rpm

Shell TT100

ulated� 14.8
2.42

BEARING STEEL TECHNOLOGY
rption as function of temperature. Experiments were carried out
of 4 mm diameter and 7 mm length.
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therefore clearly sh
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that the total hydro
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interaction with the

Rolling Contact Fat
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range of pre-determ
was found that it w
exposures due to ea
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The results fro
hydrogen-charged
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reached. In all case
face initiation char

The microstruc
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3 shows a cross-sec
bearing was charge
graph from a cross-
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TABLE 3—Test set-up

Test Number Pla
1a
1b
2a
2b
3a
3b
4a
4b
5a
5b
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ow that hydrogen in the charged bearing steel sample is
to weak hydrogen traps, such as dislocations, crystal point
hile hydrogen in the standard sample is, as expected, much
ly bound to strong hydrogen traps or even as hydrides. The
ents are represented in Fig. 2 by the area under the curves.
en that the areas for the two samples are similar; verifying
gen content in the charged bearing steel sample is around 5
of this hydrogen remains mobile and thereby available for
fatigue damage mechanism.

igue Tests

tegy was to expose the bearings to the test conditions for a
ined numbers of revolutions �or running times�. However, it
as not possible in all cases to reach the pre-determined

rly failures of the test bearings. In total ten bearings were
l tests. In each test run, a standard bearing was mounted on
e double-sided test rig, and a bearing with a hydrogen-
was mounted on the other position of the test rig. An over-
lts is given in Table 3.
m the test series show that three of the bearings with
inner rings did not reach the pre-determined number of
so happened in the case of one standard bearing, test num-
which failed before the required number of revolutions was
s, the failures occurred in the inner ring and had a subsur-

and results of the hydrogen-charged �a� and standard bearings �b�.

nned Number of Revolutions
Actual Number of Revolutions

�Suspended/Failure�
2.6�104 2.6�104�suspended�
2.6�104 2.6�104�suspended�
2.6�105 2.6�105�suspended�
2.6�105 2.6�105�suspended�
2.6�106 1.9�106 �failure�
2.6�106 2.6�106�suspended�
2.6�107 4.0�106 �failure�
2.6�107 2.6�107�suspended�
2.6�108 1.5�106 �failure�
2.6�108 1.6�107 �failure�
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acter.
tural features developing in the Hertzian zone of the inner
ted and selected observations will be discussed here. Figure
tion of the inner ring of bearing no. 3a �cf. Table 3�. This
d with hydrogen and failed after 5.3 h testing. The micro-
section of this inner ring shows a significant development of
ck system, several millimetres in length and is, in this sec-
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tion, oriented in par
made on metallograp
inner ring of bearing
this case, a parallel se
graph is displayed in
present in the micros
way surface. They al
crack being inclined
radial direction. The
bearing 4a �cf. Table 3
This micrograph rev
below the raceway su
in Fig. 4.

Discussion

In this test program,
rings, were tested for
observed that severa
determined numbers
curred in hydrogen-c
ring of a standard be
inner rings show that
crostructural features

FIG. 3—Microstructure
1.9�106 revolutions be
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allel to the raceway surface. Similar observations were
hic sections that were taken from the hydrogen-charged
no. 4a �cf. Table 3�, which had been running for 11.1 h. In
ction was made through the raceway surface. The micro-
Fig. 4 and shows that white-etching crack systems are

tructure at more or less regular intervals below the race-
l have a typical morphology, with the upper part of the
to the surface and the lower part being oriented in the
microstructure of the hydrogen-charged inner ring from
� is also shown in Fig. 5, where a cross-section is shown.

eals several, more or less parallel, white-etching cracks
rface at depths corresponding to the crack systems shown

ten bearings, five of which had hydrogen-charged inner

of the inner ring of bearing 3a, hydrogen charged, tested for
fore failure �equivalent to 5.3 h�, cross-section.

BEARING STEEL TECHNOLOGY
a range of pre-determined numbers of revolutions. It was
l failures occurred during the test before the pre-
of revolutions were reached. Three of these failures oc-

harged inner rings and one failure occurred in the inner
aring. Investigations of the microstructure of the bearing
subsurface cracks, often decorated by white-etching mi-

, develop early in the hydrogen-charged inner rings, while
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these features are
inner rings exhibit m
The most advanced
and 4a �cf. Table 3�,
failed prematurely.
�Figs. 3 and 5� show
millimetres, have fo
axial direction. The
raceway surface un
conclude that the w
raceway surface app
where the alternatin
bearing geometry
192 �m. Although
part of� the white-e
non-metallic inclus
butterfly cracks �29
slowly and remain a
ing part of the bea
further growth of th
the crack growth; it
microstructure. Du
wards deeper depth

FIG. 4—Microstructu
4.0�106 revolutions
section taken 180° op
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absent in the standard inner rings. All hydrogen-charged
ore or less well developed systems of white-etching cracks.
states of such crack systems were observed in bearing 3a
which were run for 5.3 and 11.1 h, respectively, and which
In both these cases, the cross-section of the inner rings
that the white-etching crack system, extending over several
rmed and grown in parallel to the raceway surface in the
white-etching crack systems do not reach contact with the
til the point of spalling failure. From our observations, we
hite-etching crack systems originate at depths below the
roximately corresponding to the z0-depth, that is, the depth
g shear stress reaches its highest value. For the DGBB 6309

and for the applied loading conditions, the z0-depth is
not directly observed in this study, it can be assumed that �a
tching cracks initiate early in the fatigue process at �small�
ions located around the z0-depth and initially develop as

re of the inner ring of bearing 4a, hydrogen charged, tested for
before failure �equivalent to 11.1 h�. Inner ring circumferential
posite to the spalling failure.
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�. While butterflies in standard bearings only grow quite
s �almost� non-propagating cracks through the overwhelm-
ring life, the presence of hydrogen strongly promotes the
e butterfly cracks. The presence of hydrogen will accelerate
will itself not change the appearance of the newly formed

ring the development of the crack systems, they grow to-
s below the raceway surface. The cracks can grow to con-
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siderable sizes before
trigger spalling failur
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has developed in the
�DER�. The DER over

For comparison w
not charged and that
�106�, bearing 3b �cf
shows that the micro
to DER formation als
sizes the quite strong
growth processes, me
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�cf. Table 3�, which w
revolutions �43 min�.
cal microscopy indica
they were too small to
that very small cracks
the cracks do not sh
small patches scatter
seen in the SEM micr
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FIG. 5—Microstructure
4.0�106 revolutions be
180° opposite to the spa
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they eventually find their ways to the raceway surface and
e. The location of the white-etching zone can also be seen
hows that some degree of general microstructural change
overall Hertzian zone, the so-called dark-etching region
laps in part with the white-etching crack system.
ith the hydrogen-charged rings, an inner ring that was
reached the pre-determined number of revolutions �2.6

. Table 3�, was also investigated. The micrograph in Fig. 6
structure does not exhibit any cracking, while a tendency
o can be seen in this inner ring. This observation empha-
effect of hydrogen in enhancing the crack initiation and

chanisms that are orders of magnitude slower in absence

tions using SEM was performed on bearing inner ring 2a
as hydrogen charged and had been running for 260 000
SEM analysis was employed to this specimen since opti-

of the inner ring of bearing 4a, hydrogen charged, tested for
fore failure �equivalent to 11.1 h�. Inner ring cross-section taken
lling failure.

BEARING STEEL TECHNOLOGY
ted that cracks were present in this inner ring, but that
allow proper documentation. It was observed in the SEM
occur at the z0-depth and deeper. The detailed images of

ow formation of larger white-etching areas, only a few
ed along the crack faces could be identified. This can be
ograph in Fig. 7, showing an approximately 100 �m long
stances of branching. This demonstrates that these are
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high hydrogen con
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ady after short time of running and constitute the early
etworks of white-etching cracks that are observed in bear-
running during longer times. The inner ring 5a has been

�106 revolutions �equivalent to 4.2 h�, that is, it has only
longer fatigue exposure than inner ring 2a. Still, the inner
uch more progressed white-etching crack system. This il-

ly the white-etching crack systems develop when hydrogen
crostructure. It can therefore be concluded that the forma-
the white-etching crack system is very fast in presence of
tents. This is further emphasized by the fact that the

nner rings 3a and 4a �5.2 and 11.1 h running times� have an
ed state of the white-etching crack system, as compared to

nds to remain mobile during the bearing operating condi-
lso effuse out from the hydrogen-charged test element dur-
ing times. This makes it potentially more difficult to draw

re of the inner ring of bearing 3b, not hydrogen charged, tested for
�equivalent to 7.2 h�. The inner ring cross-section was taken at
failure was observed in the bearing.
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to the progress of the crack systems. The measurement
Table 1 indicates a relatively homogeneous distribution of

gh the ring section and from ring to ring, representing the
ons. However, the effect of changing hydrogen content due
ns �temperature and microstructure changes� remains an
dicated, hydrogen effusion may occur, but this process can
retarded by the generation of more crystal defects in the
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one failure was obse
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ss zone, as the fatigue damage accumulation progresses,
he hydrogen. So far, no systematic relation between the
ent and the content after testing of the bearing has been

itative relation between white-etching crack system devel-
er of revolutions is difficult to establish at this stage, the
quite clear. It is obvious from our observations that the
radually develop with increasing exposure to fatigue. The
ess and its relation to the �varying� hydrogen contents
estigated.
ve standard bearings were tested as a reference. Although
rved in this set, there was no indication that a white-
was formed. The microstructure development showed the
n of DER in the Hertzian subsurface zone. It should be
he failed standard bearing exceeded the calculated L10 life

and for the running conditions used �Nf=16 Mrevs

of the inner ring of bearing 2a, hydrogen charged, tested for
uivalent to 43 min�. Circumferential section, image taken with

200 �m below the raceway surface.

BEARING STEEL TECHNOLOGY
is clear that the crack that developed in this inner ring has
arance than the white-etching crack systems observed in
and can therefore be characterized as a traditional sub-

ue crack. In this project, no residual stresses were mea-
that such measurements would show a gradual build-up

ual stresses in the subsurface microstructure, in accor-
gs of Voskamp �32�. The fact that no white-etching crack
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2001, a Brazilian bearing seamless tubes producer started a
arch and development �R&D� program to upgrade the global
0Cr6 bearing tubes, nowadays becoming in line with the
first class producers. This work describes the quality func-

t methodology applied to understand the customer’s needs
quired knowledge was used to promote changes and devel-
production process, to improve quality control procedures on
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mstances, a Brazilian bearing seamless tubes producer
comprehensive 5-year-long research and development

01 to upgrade the global quality of 100Cr6 bearing tubes
become, in a short period of time, in line with the require-
aring steel producers.

ing and execution of this R&D program, the quality func-
D� methodology �1–3� was applied, which allowed the
am to understand well the customer’s needs and priori-
acquired knowledge obtained through the trials and ex-
e changes in the production process, to improve quality
f the key process, and to establish the investment prece-
le manufacturing line �steel plant, tube rolling mill, and

mer Needs and Definition of Quality Planning Matrix

ths after the beginning of the project, a series of meetings
r’s quality, production, and purchase managers and their
ers from the producer was planned and executed.
eetings, the managers discussed together carefully and
ll quality and logistic aspects related to the product, en-
to understand deeply the main necessities of each cus-

into two levels of specification, defining explicitly the
racteristics, to well define the customer targets to those
luate the producer performance against its best competi-
ining such information, it was possible to establish the
nning matrix for each customer �Fig. 1 exemplifies part of
mers 1 and 2� and to define the relative priority between
ments.
duct itself, which was delivered to the market for many
the same for all customers, it could be noted at the end of
that besides some common requirements, many of the
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ustomer were different from each other.
le for customer 1 the most important point was related to
achinability, for customer 2, the focus was to decrease the
ances. Customer 3, on the other hand, asked for lower
lower variability of mechanical properties, and customer
steel, with low level of micro- and macroinclusions.
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roduct quality requirements, being necessary to act at dif-
lopment and quality improvement simultaneously in order
the whole market and have a first class product at the end
process.
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duct quality characteristics, which must be improved or
eir target values were defined, it was necessary to confirm
ty of the process to achieve such targets, planning in detail
and controlling steps.
onsisted in registering all previous operational standards
rocess capability to produce the bearing tubes and to cor-

quality characteristics of the interme-diate and final prod-
ion was used afterwards as a comparison base to evaluate
ficiency of all process and control changes proposed along
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al quality improvement, were afterwards incorporated into

uction standard for 100Cr6 steel.

evolution between 2002 and 2004—oxygen content in steel.
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d focused R&D plan based on QFD methodology, a Bra-
ss tubes producer achieved a significant success concern-
a premium 100Cr6 bearing tubes producer. Present cus-
uality reports demonstrate the increase in customer
the company to sustain and sell with great competitive-

first class markets worldwide.

tion between 2002 and 2006—microcleanliness analysis,

Quality Evolution - Macrocleanliness

Dl > 20
10 < Dl ≤ 20
0 < Dl ≤ 10
0

Macroinclusions
Linear Density
(mm/dm3)

BEARING STEEL TECHNOLOGY
19 32 8 17 100 217 236

Jun. Jul. Aug. Sep. Year Year Year

2004 2004 2005 2006

number of specimens

Period of time

lution between 2002 and 2006—macrocleanliness analysis.
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y, the cleanliness assessment of bearing steel is usually
g standard metallographic methods such as ASTM E45,

e Internationale ISO 4967, ASTM 2283, etc. These meth-
the estimation of indexes, and they use either reference
harts �Plate I-r for use with ASTM E45� or the principle of
s. The obtained indexes contribute to the quality assess-
all these methods do not give the same results, they must
etermine the following: First, what the most appropriate
case is and, second, what the reliability of each obtained

ly impossible to answer these questions on the basis of a
l measurements coming from these methods. Indeed, this

ably time-consuming and does not offer any guarantee as
. The main reason is that no standard sample exists with
properties. To solve this problem, we have developed a

ch. In this case, the different methods of cleanliness as-
ulated on virtual samples. The inclusion populations are
this kind of sample �number of inclusions per mm3, sizes,
create them, the characteristic parameters of these popu-

bution, elongation distribution, etc.� must be precisely ob-
periments. To carry this out, an automatic system of mea-
n developed using a scanning electronic microscope and
ive spectrometer system. The model in this simulation ap-
account the experimental conditions �detection limit, ob-
and gives numerical results according to the typical chart
ndard methods. So, it is possible to compare and to evalu-
f the results from the different methods or to quantify the
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meter of a method on the results. Moreover, it provides the

experimental result to meet the requirement of a given cus-

precise way.

inclusions, cleanliness, standard metallographic
tion, reliability

ess assessment of bearing steel is performed by using stan-
c methods such as ASTM E45 �1�, DIN 50602 �2�, Norme
4967 �3�, ASTM 2283 �4�, etc.
are based on the estimation of an index using reference

arts �Plate I-r to be used with ASTM E45 �1�� or on a statis-
reme values �ASTM 2283 �4��. In the latter method, the ob-

represented by a morphological parameter of the largest
robably” present in a volume superior to the examined vol-
be estimated through the principle of the statistics of the
�.
ontribute to the quality assessment of a heat.
ods show different results, it is worth evaluating their reli-
most appropriate method for a given case �7�.

ossible to evaluate this through a set of experimental mea-
from these methods. Indeed, this approach is always time-
hout any guarantee as to the conclusions. The main reason
sample exists with known cleanliness properties.
an approach that is based on simulations, and which can
ies, is presented.

e Simulation Method

le of the simulation method is described in Figs. 1 and 2.

mple is created, defined by its dimensions.
on populations are introduced in the volume by a Monte
od: The position of each inclusion depends on the criteria of
istribution. The diameters of the inclusions follow a per-

ed histogram. A virtual sample is obtained for which you
the cleanliness parameters.

aphic method to assess the inclusions is described.
ion, the distribution of the results obtained on a lot of ran-

is defined.
oach, the different methods can be tested by calculation on

ith a lot of measurements in a very short time.
method can be assessed by its ability to classify different

is of the differences between the measured indexes.
method permits one to evaluate this property �Fig. 2�.

nner and the more separated the histograms are �with no
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ore efficient the method is to classify samples.
g, by using simulation, it is possible

he three-dimensional �3D� density �number of inclusions
the real size distribution of the inclusions according to

nsional �2D� parameters,
mean and the standard deviation of an inclusion index,

he different rating methods, and

G. 1—Principle of the simulation method.
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the distributions of the I parameter �e.g., 10 000 values, for the
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�4� To define the smallest area that should be analyzed to obtain a precise
result.

As is often the case the quality of the results of the simulation is going to
depend on the quality of the data of entrances to the model. In our case, it is
mainly about the description of the population of inclusions in samples. It is
partially for this reason that we have developed a system for precise measure-
ments.

The Characterization of Inclusion Parameters

In bearing steel, the main inclusion populations are composed of oxides, sul-
fides, and nitrides �and bi-phased inclusions�. Inclusions are always present in
steel �examples in Fig. 3� but their densities �number of inclusions per mm3� or
their sizes can vary greatly.

Regarding oxide inclusions, they appear during the steel-making and cast-
ing process. So, endogenous inclusions are formed during the de-oxidation
process in liquid steel and exogeneous inclusions are produced by “incident.”
For example, contact between the liquid steel and the refractoric bricks can
produce this second type of inclusion.

According to the probabilities, the inclusions observed in an area have gen-
erally equivalent diameters ranging from one or several micrometres to several
dozens of micrometres. We can often describe these micro-inclusion popula-
tions by considering their sizes, which follow a log-normal distribution. For the
inclusions that are likely to be deformed �sulfides�, it is necessary to have the
curves of elongation distributions to describe the populations.

To compare the rating methods, it is necessary to have accurate data about
the different inclusion populations present in bearing steel heats. For that, it is
better to use the system of measurement that best suits our needs.

So, an optical microscope is generally used to observe and characterize the
inclusions on polished areas according to a rating method. An image analyzer
system can sometimes be used to obtain results automatically �8�. But the main
limits of the inclusion characterization by optical microscopy are caused by the
following:

• A lack of discrimination among the different types of inclusion �the mor-
phological criteria are often insufficient�,

• Problems caused by the artifacts �dust, scars, etc.�, and
• Problems caused by the poor depth of field.

FIG. 3—Examples of inclusions in a bearing steel sample.

HÉNAULT, doi:10.1520/JAI102834 235

 

Copyright by ASTM Int'l (all rights reserved); Tue May  6 11:51:24 EDT 2014
Downloaded/printed by
Rochester Institute Of Technology pursuant to License Agreement. No further reproductions authorized.



To avoid these ris
following:

• A signal stabil
• A stage contro

representative
• A magnificatio

size of the inc
• A chemical c

phases,
• A chemical co

populations,
• A resolution su
• An improved d
A field-emission

tions. In particular, its
The accuracy of the m
the inclusions with va

The functions nec
population’s characte
these functions has b
24 h a day and 7 day

So, more than 10
with a low density o
inclusions to get resul
analytical measureme
data can be post-trea

An Example of the Us

The sample is observe
to detect and measur
nification is chosen so
In the method used, t
images per mm2.

The defined thres
objects are measured

The objects whos
analyzed automatica
measurement accura
with a higher magnifi
�defined during the s
inclusion is placed at

The morphologic
compositions are the
isolate oxide and sulfi
greatest magnification
of the different phase
These measurements

236 JAI • STP 1524 ON

 

Copyright by ASTM Int
Downloaded/printed by
Rochester Institute Of T
ks of errors, the features of an ideal system have to be the

ity to obtain comparable images,
l to be able to scan a sufficient area in order to obtain
results,
n control to obtain accurate inclusion sizes whatever the
lusion,
ontrast to discriminate among the various inclusion

mposition to discriminate among the various inclusion

ited to detect inclusions smaller than 1 �m, and
epth of field to maintain image clarity.
scanning electron microscope provides these specifica-
beam can operate for hours without any signal variation.
otorized stage motion allows one to detect and to observe
rious magnifications.
essary to develop the general application of the inclusion
rization have been defined. A general algorithm using
een developed. Thus, an apparatus running automatically
s a week has been set up.
0 inclusions can be characterized per hour on a sample
f inclusion �for example, it is necessary to measure 300
ts with an error lower than 10 %�. The morphological and
nts of each inclusion are saved in a result file. So, this

ted according to the needs.

e of the Method of Measure

d with a scanning magnification, which makes it possible
e inclusions larger than 3 �m in size �Fig. 4�. This mag-

that enough area can be observed in a reasonable time.
his magnification is equal to 400, which corresponds to 11

holds permit one to segment the image. The sizes of the
on the obtained binary images.

e size is sufficient �small diameter superior to 3 �m� are
lly �Fig. 4�. Under these conditions of observation, the
cy is not sufficient. So, each selected object is observed
cation. This magnification of analysis is higher than 2000
etting in data�. The stage moves so that each selected

BEARING STEEL TECHNOLOGY
the center of the acquired image.
al parameters of each inclusion and the various phase
n measured. A threshold with two levels permits one to
de phases. If the inclusion width is larger than 3 �m �the
accuracy allows one to determine it�, a chemical analysis

s is made. The analysis time is equal to a few seconds.
are made for each phase either in the center of the objects
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te erosion operator� or on the whole area by scanning it.
are carried out on a sufficient area to reach the quality of
m a statistical point of view.
ns of the morphological parameters of the different inclu-
ve been determined by this automatic system. These accu-
e to define the inclusion properties of bearing steel heats.
ontinue the study and, in particular, to describe virtual

d Simulation

e we developed to simulate the different rating methods. In
e of its functions are used to evaluate a rating method:
on of the distribution of the real sizes of the inclusions,
tion of a virtual sample,
ations of the sample and of the inclusions �reduction ratio,
ed in this article�,
tion of the rating methods,
ted measurements, and
ent of the data.

ion and analysis of an inclusion by an automatic system.
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eal Inclusion Size Distribution

n inclusion population in a sample can be done by assess-
distribution of the morphological parameters of the inclu-

time, it is a matter of defining the distribution of the real
rs and the distribution of the elongations. However, when
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n is estimated by observing a sectioning plan, the appar-
than or equal to the true diameter of the inclusion �Fig.

principles shown in Fig. 6, calculation and simulation
te the distribution of the real diameters and the volume
ons �number per mm3� from data obtained by measure-
ng electronic microscope.
aracteristics are known, it is possible to constitute virtual
t well bearing steel heats.

. 5—3D/2D effect on diameters: definitions.

BEARING STEEL TECHNOLOGY
6—Evaluation of the real size distribution.
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ample, it is necessary to describe at least the following data:
ry of the sample and
r of inclusion populations.
clusion population:
density of the inclusions �number of inclusions per mm3�,
tion of the real diameters, and
tion of the elongations �if the inclusions are deformable�.

ethod, all the samples you need for a study can be created.
in an unlimited number of populations. You can introduce
simulate a reduction of the sample geometry taking into
cations of inclusion geometry �another function, not de-
le�.

ing Method

software permits one to describe the different rating meth-

is possible to define the standard method Norme Interna-
this case, the inclusions must be rated in a sectioning plan

ion. This method is based on the comparison of an observed
types of images. So, the parameters of the charts are con-
he software �rating limits and inclusion thickness param-
fined parameters are the detection limit �the thickness of the
etected� and the observed area.
you need for a study can be described.

hod, each parameter can be modified to study its effect �e.g.,

ents

simulated measurements is to be as similar as possible to
easurements. So, in the case of the Norme Internationale
method, an area is determined. The characteristics of the
d in this area are calculated �positions, apparent sizes, and
e elementary images are defined to be compared with stan-
. The indexes of each elementary field corresponding to an
m charts are obtained by calculation.
ers of the rating method are saved in a data file. Thus, the
alues of an index can be obtained.

ata, the time you need for calculation does not exceed a few
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s consist mainly of obtaining the distribution of the values
In Fig. 8, you can see the distributions obtained for two
ed in the Norme Internationale ISO 4967 method:
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s index �I73� and
he worst field for the B thick type inclusion �I77�.

possibilities of the simulation software, two examples of
the following paragraphs:

on of ASTM E45, DIN 50602, and Norme Internationale
exes and

of the elementary area on the extreme value statistical
M E2283�.

. 7—Example of a simulated measurement.

BEARING STEEL TECHNOLOGY
FIG. 8—Example of a data treatment.
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lts of Simulation

es, only one virtual sample has been created containing five
clusions. The inclusion populations in this sample are typi-
d in a bearing steel �Fig. 9�.

ison of ASTM E45, DIN 50602, and Norme Internationale

istical data �worst field method for Norme Internationale
E45 methods� are obtained through 1000 simulated mea-

imulation versus 1 man-year experimental measurement�.
average, standard-deviation, maximal value, minimal value,
re evaluated.
e that the data obtained through the two standard methods,
le ISO 4967, and ASTM E45, are similar.
an be used to determine the uncertainty related to each

ig. 10�, in the same sample, according to the random sec-
hick=1�80 %� or D thick=1.5�20 %� can be obtained.
o these data, it is possible to determine the best method to
d heats. Presently, this aspect is studied according to spe-

service applications.

ption of the five inclusion populations: experimental data.
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uence of the Elementary Area on the Results of the Extreme
thod

statistical methods are more and more commonly used. A
283, has been in use since 2003. Through this method, we

ea than for the other standard methods.
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In this case, the c
data analysis are obta

• 25 mm2,
• 150 mm2 �sta
• 900 mm2.
The other parame
• The inclusion
• The detection
• The size param

TABLE 1—Results obta
E45, and DIN 50602 me

A Thin
Average 0.64
Standard
deviation 0.14
Min 0.60
Max 1.00
Median 0.60

A Thin
Average 0.68
Standard
deviation 0.16
Min 0.60
Max 1.00
Median 0.60

K0 Sulfide
Average 36.89
Standard
deviation 13.36
Min 30.90
Max 101.30
Median 36.55
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tage is the time needed to obtain a result. So, it is inter-
possible to change the size of the elementary area or the
entary areas without changing significantly the quality of

ulation approach, it is possible to study the influence of
ers of the method.
alculations and graphical representation of extreme value
ined for the following elementary areas equal to

ined by simulation with Norme Internationale ISO 4967, ASTM
thods.

Norme Internationale ISO 4967

A Thick B Thin B Thick D Thin D Thick DS
1.22 0.66 0.30 1.09 1.12 0.23

0.30 0.16 0.28 0.19 0.23 0.30
1.00 0.60 0.00 1.00 1.00 0.00
2.00 1.00 1.00 1.60 2.00 1.00
1.00 0.60 0.60 1.00 1.00 0.00

ASTM E45
A Thick B Thin B Thick D Thin D Thick

1.07 0.72 0.46 1.04 1.00

0.17 0.26 0.26 0.14 0.19
1.00 0.60 0.00 1.00 0.60
1.60 1.00 1.00 1.60 1.60
1.00 0.60 0.60 1.00 1.00

DIN 50602

K0 Oxide K0 Total K4 Sulfide K4 Oxide K4 Total
23.52 90.41 16.42 0.15 16.58

3.98 13.96 9.19 0.87 9.24
16.10 48.00 0.00 0.00 0.00
33.70 131.40 35.70 5.10 40.80
23.10 90.55 15.30 0.00 15.30

BEARING STEEL TECHNOLOGY
ndard ASTM E2283 requirement�, and

ters are set as follows:
s=all types,
limit=2 �m,

eter=equivalent diameter,
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ry areas are analyzed,
m likelihood analyses are used to represent the best-fit line
and
alculated for a Aref.=36 000 mm2.

l data are obtained by 100 simulated measurements �10 min
everal man-months experimental measurements�.
xample of SEV curves for the three conditions of measure-
Each point represents the biggest inclusion observed on

ea.
impact of the elementary area on the obtained results. The
re not the same according to the elementary area. The ob-
istribution of the size of the inclusion is not the same.

results obtained from the same samples �1000 measurements�.
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FIG. 11—SEV curves.
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eq�max� distributions can be observed according to the
tary area. Deq�max� has been calculated for an area of
lation of the lines�.
uence of the elementary area on the results for Deq�max�
are different results, it is necessary to verify if they have
e same measurement conditions.

spectives

on simulation has been developed to study the reliability
ods that permit one to assess the cleanliness in bearing

re thus defined according to experimental data obtained
t areas.
ning electronic microscope permits one to obtain more

nclusion populations for a heat.
usion populations are described thanks to the distribution
rs, the distribution of elongations �for sulfide or silicates�,
f the stringers �length, number of particles, and sizes of

lation and simulation, it is possible to obtain 3D data on

of Deq�max� distributions according to the elementary area

BEARING STEEL TECHNOLOGY
le can be characterized by numerous simulations accord-
f the different standard methods that are based on com-
rt diagrams or on the estimation of an extreme value, and
n a very short time �minutes versus months or years�.

standard methods �Norme Internationale ISO 4967 �3�,
IN 50602 �2�� can be compared on different samples ac-
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