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It has been well known that the flaking failure in rolling contact fatigue (RCF) originates from
nonmetallic inclusions in steels, and their apparent size is one of the important factors affecting
RCEF life. However, the influence of inclusion shape on the RCF life has not been fully clarified.
In this study, attention was paid to the influence of the inclusion shape on the RCF life. This
was evaluated by using carburized JIS-SCM420 (SAE4320) steels that contained two different
shapes of MnS—stringer type and spheroidized type—as inclusions. Sectional observations were
made to investigate the relation between the occurrence of shear crack in the subsurface and the
shape of MnS. It was found that the RCF life was well correlated with the length of MnS
projected to the load axis, and the initiation of shear crack in subsurface was accelerated as the

length of MnS increased.
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I. INTRODUCTION

RECENTLY, there is an increasing demand for
reduction of CO, emission to protect the environment.
To solve the problem for CO» emission, it is important
for steel products to be energy saving, compact, and
lightweight. Bearings are one of the automotive parts
subjected to rolling and sliding contact under high
loaded conditions. To realize the need to be compact
and lightweight, the fatigue strength of bearings, espe-
cially rolling contact fatigue (RCF) strength, must be
improved. It has been well known that the flaking failure
in RCF originates from nonmetallic inclusions in
steels,'"’ and the oxide inclusions are harmful to the
RCF life.”™ Therefore, many studies!'®'” have been
carried out to clarify the effect of oxide size,!'>!'!! oxide
composition,'> ¥ and matrix—oxide interface condi-
tion*'*1% on RCF life.

For example, Nagao er al'”) studied the relationship
between the RCF life and the maximum inclusion
square root area calculated by the statistics of extreme
value. They suggested that the calculated maximum
inclusion size was the dominant factor in the RCF life
regardless of the inclusion type. Hashimoto er all'”
investigated the relationship between the RCF life and
the oxide composition and matrix—oxide interface con-
dition. They indicated that the oxide inclusion/matrix
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interface cavities were created during plastic deforma-
tion, and the fatigue crack was initiated from the cavities
at the early stage of RCF life due to the local stress
magnitude induced around the oxide inclusion/matrix
interface enlarged. According to the previous results, the
RCF life was improved by reducing the oxide size and
the cavities, and by tuning the chemical composition of
oxide. In the RCF life of a material containing similar
sized oxide, the chemical composition is the more
affecting factor.

Moreover, many finite elements models for material
fatigue localized around inclusions have been developed
to make clear the quantitatively effect of material
parameter on the crack initiation and propagation in
rolling contact.'8 24

Based on these results, the total amount of oxygen
content in steels for bearing use has been reduced
remarkably by improvements in steel production pro-
cesses. As a consequence, the quality of cleanliness for
the bearing steel has been improved, and the RCF life of
steels has been prolonged every year.

On the other hand, decreasing the amount of oxide in
steel has caused another problem in which another
inclusion such as MnS may grow larger than the oxide.
To ensure the excellent RCF life, the effect of the MnS
shape on the RCF life should be clearly understood
because MnS is a deformable inclusion. However, there
is little research regarding the MnS shape effect on the
RCF life.” 2% It is assumed that the influence of
sulphides (MnS) on the RCF life is similar to that of
oxides. The remarkable features of sulfides are as
follows: (1) deformable inclusion and (2) no inclusion
matrix interface cavities are present around sulfides.!'®

In this study, attention was paid to the influence of the
inclusion shape on the RCF life. This was evaluated by
using carburized JIS-SCM420 (SAE4320) steels that
contained two different shapes of MnS—stringer
type and spheroidized type—as inclusions. Sectional
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observations were made to investigate the relation
between the occurrence of shear crack in the subsurface
and the shape of MnS. It was found that the RCF life
was well correlated with the length of MnS projected to
the load axis, and the initiation of shear crack in the
subsurface was accelerated as the length of MnS
increased.

II. EXPERIMENTAL PROCEDURE
A. Material

In order to understand the influence of the inclusion
shape on the RCF life, carburized JIS-SCM420
(SAE4320 equivalent) steels that contained two different
shapes of MnS have been prepared. Steel A contained
stringer-type MnS and steel B contained spheroidized-
type MnS. Two different steels were produced by
vacuum-induction melting, and their ingots were forged
at 1523 K (1250 °C) into 80-mm-diameter bars. The
forged bars were normalized at 1173 K (900 °C) for
3.6 ks. The chemical compositions of both steels are
given in Table I, and the typical shapes of MnS
observed in the forged bars are shown in Figure 1.

After the normalized treatment, the forged bars were
machined into two different types of specimens: for the
RCF test and for the ultrasonic fatigue test. The
dimensions of each test specimen are illustrated in
Figure 2. RCF test specimens were taken from the
center of the forged bar in the longitudinal direction. On
the other hand, ultrasonic fatigue test specimens were

taken from the middle portion of the forged bar in the
transverse direction.

Both specimens were gas carburized at 1203 K
(930 °C) for 32.4 ks in a sealed quench furnace to a
surface carbon content of 0.8 pct, and then these
specimens were directly quenched in oil from 1093 K
(820 °C). After quenching, all specimens were tempered
at 453 K (180 °C) for 7.2 ks. The schematic illustration
of heat pattern of gas carburizing and tempering is
shown in Figure 3. The hardened specimens were
finished to the final shape as shown in Figure 2.

The hardness profiles of the RCF test specimens are
shown in Figure 4. The hardness profile was measured
in the plane that was parallel to the tangential line of the
rolling track center. Hard layer thickness is defined as
the depth from the surface where hardness reaches a
value of 550 HV. The surface hardness of the specimens
was around 750 HV and the hard layer thickness was
1.5 mm for each steels.

The gas-carburizing and tempering treatment devel-
ops the residual stress at the surface of the specimen.
The residual stress distribution in the subsurface of
specimens was measured by X-ray diffraction method.
A Rigaku PSPC-RSF diffractometer with a CrKo
radiation tube was used. Residual stress was measured
in circumferential direction. Residual stresses were
measured at the exposed surface and five different
depths: 10, 30, 50, 100, and 200 um below the surface.
The residual stress distributions are shown in Figure 5.

Residual stresses of both steel specimens showed
similar distribution, and the value of stress at all depths
is compressive. Therefore, it was concluded that even if

Table I. Chemical Composition of Steels (Mass Percent)

Mark C Si Mn P S Cr Mo Ca
Steel A 0.20 0.19 0.78 0.015 0.018 1.18 0.20 —
Steel B 0.20 0.19 0.78 0.013 0.017 1.18 0.19 0.0026

Steel A Steel B -

- - Stringer type o Speroidized type

A of MnS ‘3 o & of MnS-
—-‘_‘ 2 . B
" —— 20pm —— 100pm — 20pm —— 100pm

Fig. 1—Optical micrographs of typical shapes of MnS inclusion.
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Fig. 2—Dimensions of test specimens: (¢) RCF test specimen and (b)
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Fig. 3—Schematic illustration of heat pattern of gas carburizing and
tempering.
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Fig. 4—Hardness profiles of RCF test specimens.
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Fig. 5—Residual stress distribution of RCF test specimen.
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Fig. 6—Risk volume of RCF test specimen.

the shape of inclusion was different between steel A and
steel B, the effect of residual compressive stress on the
initiation and the propagation of rolling contact fatigue
crack was almost the same.

B. Inclusion Evaluation Methods

Furuya et al.’” proposed that the inclusion inspec-
tion method using ultrasonic fatigue testing can auto-
matically and precisely detect most harmful inclusions in
the inspection volume V), since the most harmful
inclusions appear at the origin of fish-eye type fatigue
fractures. According to this proposal method, the square
root area, length, and width of inclusions that were
observed at the origin on the fracture surface were
measured. The maximum square root area, length, and
width of inclusions in the target volume V of steels were
estimated on the basis of statistics of extremes.*!)

The inspection volume V is defined as the part of the
ultrasonic fatigue test specimen suffering from stress higher
than 90 pct of the maximum stress. The target volume V
corresponds to the risk volume for 10 pieces of RCF test
specimens. The risk volume of the RCF test specimen is
determined by using the width of the rolling track and the
depth of maximum shear stress as shown in Figure 6.
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Ultrasonic fatigue tests for inclusion inspection were
carried out using Shimadzu USF-2000 (Shimadzu Cor-
poration, Kyoto, Japan). Fatigue test conditions were
determined as follows.

Test frequency was 20 kHz, the stress ratio (R) was
—1, and the number of cycles regarded as runout was
over 1 x 10%. If a specimen was regarded as runout,
then the specimen was tested again under the stress level
added over 10 pct. The stress level of the fatigue test was
controlled with displacement measured at the open end
of the specimen. Furthermore, an on—off test and cold
air cooling were sometimes conducted in order to
prevent the specimen from heatup.

Observation and analysis of inclusions on the fracture
surfaces were carried out using a scanning electron
microscope (SEM) and energy-dispersive atomic X-ray
(EDAX). For the determination of the morphology of
inclusions, the maximum length and maximum width
were measured as shown in Figure 7. The maximum
length of inclusions is parallel to the elongated direction
of the forged bar and the maximum width of inclusions
is along a perpendicular direction to the elongation.

C. RCF Test Methods

RCF tests were carried out using a thrust-type
machine, as shown in Figure 8. Three balls moved on
the specimen along the load axis. The ball diameter was
9.525 mm (3/8 in) and the material of the balls was
JIS-SUJ2 (SAE52100 equivalent). RCF tests were con-
ducted under the constant load (maximum value of

The origin of fish-eye type
fatigue fracture

Fig. 7—Determination of the morphology of the origin of fish-eye
type fatigue fracture.

To—

Hertzian stress was 5.3 GPa) and rotating speed of
1000 rpm under well-controlled lubricant conditions.
The surface roughness of the specimens, Ra, was about
0.02 um. Nine specimens of each steel that contained
two different shapes of MnS were tested. The RCF life
was defined as the number of cycles to failure.

In order to identify the occurrence of RCF crack
initiated from inclusions, SEM observation on the
surface of the specimens was carried out after RCF tests.

III. RESULTS
A. Shape of Inclusion

The square root area, length, and width of inclusions
that were observed at the origin of fish-eye type fatigue
fractures were measured and have been plotted on Gumbel
paper as shown in Figure 9. It was found that all inclusions
observed at the origin of fish-eye type fatigue fractures in
this ultrasonic fatigue test were MnS. According to these
results, on the assumption that the most harmful inclusion
to the RCF in both steels is MnS, the maximum MnS size
for a target volume V' (=144 mm?) of steel was estimated
on the basis of statistics of extremes!®'! using the fitted lines
in Figure 9. The procedure is as follows:

The maximum MnS size (the square root area,

length and width)=a-y+5b--- (1)
y==In(=In((T=1)/T))--- 2]
T=V+V)/Vo--- (3]

where @ and b are the fitted values on the Gumbel paper,
shown in Figure 9, T is the return period, Vj is the
inspection volume, and ¥ is a target volume of steel to
estimate a maximum inclusion shape.

The maximum MnS square root area, length, and
width estimated in a target volume ¥ (= 144 mm?) for
each steel are shown in Table II. The maximum square
root area and width for each steel were almost the same
values. The maximum length in steel A was 1.4 times
longer than that in steel B.

> .
— Rotating
—_ shaft Lubricant
| =I Washer
I Ball
Specimen
Load

Vibration VWV
monitor Weight

Fig. 8—Schematic illustration of thrust type RCF tester.
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Fig. 9—Extreme distributions of inclusions at fracture origin.
Table II. Comparison of Maximum Size of Inclusions with
RCF Lives
Steel A Steel B
Maximum size of inclusion +/areax 84 um 85 um
estimated by statistics length 243 ym 171 pum
of extremes width 40 um 47 um
RCF life L10 3.29 x 10° 4.67 x 10°
L50 4.07 x 10° 1.14 x 10’
B. RCF Life

Figure 10 shows the Weibull distribution of the RCF
lives. To compare the RCF life with the maximum MnS
size, L10 and L50 lives of each steel are shown in
Table II, where L10 and L50 symbolize the lives that
correspond to 10 pct and 50 pct of flaking failure,
respectively. The Weibull distribution shows clearly that
the RCF life of steel B containing spheroidized-type
MnS was longer compared to that of steel A containing
stringer-type MnS. The L50 life of steel B was about
three times lonfger than that of steel A.

Nagao et al.'” reported that maximum square root
area of inclusions is one of the dominant factors
affecting RCF life. Kizawa and Gotoh?” and Hashim-
oto et al*¥ suggested that the maximum width of MnS,
which represented the inclusion area projected to the
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Fig. 10—Weibull distribution of RCF lives.

plane parallel to the rolling contact plane, at the depth
of maximum shear stress in RCF, was the dominant
factor in RCF life when the oxides affect is eliminated.

As shown in Table II, however, the remarkable
difference of the maximum square root area and
maximum width of MnS comparing steel A and steel
B was not to be found. These results may indicate that
the RCF life was well correlated with the maximum

VOLUME 44A, MAY 2013—2135



length rather than the maximum square root area and
maximum width of MnS, and the RCF life could be
shortened as the inclusion length increased.

C. Observation of RCF Crack Initiated from Inclusion

To investigate the occurrence of RCF crack initiated
from inclusions, SEM observation on the surface of the
specimens was carried out after RCF tests. SEM images
of cracks observed on the surface of specimens are
shown in Figure 11. As shown in Figures 11(a) and (b),
RCEF cracks originating from MnS were observed on the
surface in both steels. It should be noted that all these
cracks observed in both steels were propagated to a
direction perpendicular to the ball rolling direction. The
width of the originated MnS was 30 um for each steel.
The wide length of the “perpendicular crack” of steel A
was longer than that of steel B, although the number of
cycles of steel A (=3.4 x 10°) was smaller than that of
steel B (=9.2 x 10°).

It was well known that the local stress field was
developed at the inclusion during the RCF test. Tensile
stress in rolling direction was occurred near the surface
of specimen, and shear stress in rolling and depth
direction also occurred in subsurface of specimen. It
seems that this perpendicular crack was initiated due to
the tensile stress in rolling direction or shear stress in
depth direction.

The shape of the originated MnS must affect the
initiation and propagation behavior of these “perpen-
dicular cracks” since the value of local stress would be
changed due to the shape of inclusion.

To investigate the initiation and propagation behavior
of these perpendicular cracks, the sectional observation

Ball Rolling
Direction

Ball Rolling Direction
—p

[—

Ball Rolling
Direction

Perpendicular
crack

Shear crack

MnS

Fig. 11—SEM images of occurrences of RCF cracks.
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Steel A [Section A)
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was conducted. The results are shown in Figures 11(c)
and (d). The features of the perpendicular cracks
observed in the section were as follows.

In the section of steel A as shown in Figure 11(c), it was
found that the perpendicular crack was propagated along
the sidewall of the stringer-shaped MnS 150 pm in length
and reached to the end of the stringer-shaped MnS.

While in the section of steel B as shown in
Figure 11(d), the propagation behavior of the perpen-
dicular crack was different from that of steel A. It was
found that the perpendicular crack was initiated from
spheroidized MnS and propagated to the depth direc-
tion. The length of the perpendicular crack initiated
from spheroidized MnS reached 40 yum in depth, but its
depth was shorter than that of the perpendicular crack
initiated from stringer-shaped MnS.

Present results provided evidence suggesting a strong
possibility that the propagation behavior of the perpen-
dicular crack is well correlated with the length of the
originated MnS because the value of tensile stress in
rolling direction and shear stress in depth direction
depends on the length of MnS. In other words, this
result may support that the perpendicular crack grew
acceleratory in mode I and mode III as the MnS length
increased.

Next, attention was focused on the shear crack in the
subsurface. The features of the shear crack in the
subsurface observed in the section were as follows.

It was found that several shear cracks appeared
parallel to the shear stress in rolling direction and were
located at equal spacing in the section of steel A, as
shown in Figure 11(c). The shear crack located at the
depth of the maximum shear stress (=100 um) was the
longest.

Steel B(N=9.2x 10° cycles)

Section B

ls?llnplling * Perpendicular
Direction crack

10xm

Perpendicular
crack

(b)
Steel B [Section B]
*\ Spheroidized

- type MnS

Shear crack  Pempendicular
crack

—_—
Ball Rolling
Direction

(d)
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However, in the section of steel B, it should be noted
that shear cracks in the subsurface were initiated from
the tip of the perpendicular crack, not from spheroidized
MnS, and the depth of the occurrence of the subsurface
crack was 40 yum from the surface, which was not
reached at the maximum shear stress, as shown in
Figure 11(d).

These results may suggest that the shear crack in the
subsurface was initiated from the perpendicular crack
and the wide-length of the perpendicular crack must
dominate the initiation behavior of the shear crack in
the subsurface.

Schematic illustrations of the formation of perpen-
dicular and subsurface cracks are shown in Figure 12.
The following assumption regarding the mechanism of
the formation of RCF crack can be possible.

At the first stage of RCF (Figure 12(i)), the perpen-
dicular crack was initiated at the region close to surface
along inclusion due to tension in rolling direction and
shear stresses in depth direction.

(i) Initiation of perpendicular crack
Rolling direction—>

YO <—n —> Tensile sfress\
]

Shear stress

Perpendicular
crack

inclusion
(ii) Propagation of perpendicular crack
Rolling direction—>

Perpendicular
crack

inclusion

(iii) Initiation & propagation of shear crack

Rolling direction—>
Shear
stress

Max shear stress 2 Wide-length of

Depth from surface

Mode Ii perpendicular
Shear crack crack; W
inclusion

AKIL (=2¢4 (R W) ZAKI th
=Shear crack was initiated

(iv) Flaking
Rolling direction—>

Flaking

Fig. 12—Schematic illustration of RCF crack formation model.
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And then, at the second stage of RCF (Figure 12(11))
when the value of the stress intensity factor range in
mode I (AKI) and mode III (AKIII) were more than the
threshold value of the stress intensity factor range
(AKly, AKIIIy,) respectively, the perpendicular crack
was propagated in mode I and mode III to the depth
direction.

The value of the stress intensity factor range in mode I
(AKT) and mode 111 (AKIII), which calculated by using
the tensile stress in rolling direction and shear stress in
depth, respectively, would be increased depending on
the length of inclusion. That means the perpendicular
crack grew acceleratory as the MnS length increased.

Next, at the third stage of RCF (Figure 12(iii)) when
the value of the stress intensity factor range in mode II
(AKII = At x (nW)%°) calculated by using both the
shear stress t and the wide-length of the perpendicular
crack W at a certain depth was more than the threshold
value of the stress-intensity factor range in mode
II(AKIIy,), the shear crack in the subsurface was
initiated from the position of AKII > AKII,. Of course,
the propagation of the perpendicular crack to the depth
direction continued, therefore several shear cracks
appeared and were located at equal spacing in the
section.

Finally, the main shear crack locating the direction of
maximum shear stress was propagated and caused the
flaking failure (Figure 12(iv)). The wvalidity of this
hypothesis will be verified in the next section.

IV. DISCUSSION

To verify the assumption regarding the mechanism of
the formation of RCF crack experimentally, the RCF
tests of steel A were interrupted at N = 1 x 10%
1 x 10°, and 1 x 10° cycles before flaking failure.
Sectlonal observation procedure was the same manner
as mentioned in the previous section.

In addition, to confirm the origin of RCF, the
fractographic study of the specimen occurring the

ThicanSS‘ 1.0mm

\ |:> _]”"i’””l"!.]lu IO \ Wit

Flaking damage area

Bending

! I 3-point bending
Ij Flaking Flaklng

damage area

Forcible
fracture
surface

Observation by SEM

Fig. 13—Experimental procedure of fractographic study of flaking
failure.
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flaking failure was also carried out according to the
evaluation method that Nagao er al. suggested.!'”
The experimental procedure for the fractographic study
of flaking failure is shown schematically in Figure 13. As
shown in Figure 13, the three-point bending test spec-
imen, in which the flaking damage area was located in
the center of the specimen surface, was cut off from the
RCF specimen. The flaking damage area was forcibly
divided by pulling force of three-point bending, and
fracture surface observation was carried out using SEM.

The sectional observation results of interrupted spec-
imens are shown in Figure 14. It was confirmed that no
shear crack in the subsurface could be observed in the
section of both specimens interrupted at 1 x 10* cycles
and 1 x 10° cycles, although the perpendicular crack
initiated from MnS appeared in both specimens, as
shown in Figure 14.

N=1.0x 104 cycles

-+— Perpendicular
crack

e SSSCHON A

ﬁ
Ball Rolling
Direction

N=1.0x105 cycles

Perpendicular

N\

crack

Section B
1 Ball Rolling
Direction
N=1.0x 10¢ cycles

Perpendicular
crack —

Bection C

—

Ball Rolling
Direction

Courbon et al.*?' Kabo,?*and Alley and Neu" tried
to determine the local stress concentration caused around
inclusion by using numerical simulation. For example,
Courbon et al..?? suggested that the stress concentration
dramatically change as the inclusion orientation and
shape in rolling contact, and the endurance limit of
bearing steel was decreased when the axis of stringer type
of inclusion was close to the normal to the contact surface.

As shown in Figure 14, the perpendicular crack was
initiated at the region close to a surface along the
stringer-shaped MnS axed perpendicular to the contact
surface. It means the perpendicular crack nucleation was
appeared with increasing local tensile and/or shear stress
concentration depending on the shape of MnS.

On the other hand, in the section of the specimen
interrupted at 1 x 10° cycles, several shear cracks in the
subsurface were observed.

[Section A)

[Section C]

Fig. 14—SEM images of occurrences of RCF cracks of interrupted specimens.
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Fig. 15—SEM images of flaking damage area and forcible fracture surface.

Furthermore, SEM images of the flaking damage area
and the fracture surface of the flaking area divided
forcibly by three-point bending are shown in Figure 15.
The perpendicular crack existed at the bottom of the
flaking, and the flaking damage area was divided from
this perpendicular crack by three-point bending.

It was found that the elongated MnS with a maximum
width of 10 um, assumed as the origin of RCF, existed
at the center of the fracture surface related with the
perpendicular crack, and several shear cracks located at
equal spacing were observed in the fracture surface.
These results were in good agreement with the hypoth-
esis. Therefore, it was concluded that the initiation
behavior of shear crack in the subsurface was well
correlated with the propagation behavior of the perpen-
dicular crack. The results of this study indicated that
reduction of inclusion length is one of the most
important factors to improve the RCF life.

Further and more precise analysis of local stress field
in RCF due to the shape of inclusion, especially the
length of inclusion, by using FEM is necessary to reach
a conclusion, but this experimental result may indicate
the direction of further research work to clarify the
mechanism of the initiation and propagation of RCF
crack.

V. CONCLUSIONS

This study evaluated the influence of the inclusion
shape on the RCF life by using carburized JIS-SCM420
(SAE4320) steels that contained two different shapes of
MnS as inclusions.

The results are summarized as follows:

METALLURGICAL AND MATERIALS TRANSACTIONS A

Forcible
fracture
surface

Observation by SEM

RCF life:3.24 X 10°

. B

Flaking
damage area

'

. Two different types of fatigue cracks—perpendicu-

lar crack and shear crack—were induced in RCF.

. The perpendicular crack was initiated from MnS

and the propagation of the perpendicular crack was
well correlated with the length of MnS.

. This reason was assumed that the value of the stress

intensity factor range in mode I (AKI) and mode III
(AKIII), which calculated by using the tensile stress
in rolling direction and shear stress in depth, respec-
tively, would be increased with the length of inclu-
sion, and as a result, the perpendicular crack grew
acceleratory in mode I and mode III as the MnS
length increased.

. The shear crack was initiated from the perpendicu-

lar crack, and the initiation of shear crack govern-
ing the RCF life varied depending on the
propagation of the perpendicular crack.

. RCF life was well correlated with the length of

MnS since the initiation of shear crack in the sub-
surface was accelerated as the length of MnS
increased. The results of this study indicated that
reduction of inclusion length is one of the most
important factors to improve the RCF life.
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