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Abstract 1 

Rolling contact fatigue tests were performed on specimens containing spheroidal inclusions to 2 

clarify the effect of the orientation of inclusions, and the results were compared with those of 3 

specimens containing stringer-shaped inclusions. For all types of inclusion, cracks first formed on the 4 

rolling surface and then propagated in the depth direction, and an internal crack parallel to the rolling 5 

surface formed from the deepest point of the vertical crack, which led to flaking. The flaking life of 6 

the specimens with spheroidal inclusions was longer than that of the specimens with stringer-shaped 7 

inclusions, where the initiation and propagation live of cracks were affected by the inclusion shape 8 

and size. The surface crack initiation life was shorter for specimens with longer surface inclusions, 9 

whereas the crack propagation life decreased with the depth of surface inclusion. The greater the 10 

scatter of the size of inclusions, the greater the scatter of flaking life. 11 

1. INTRODUCTION 12 

Longer service life and mass reduction of machinery are important issues for solving resource 13 

and energy problems. The contribution of mass reduction due to higher strength and lengthening of 14 

life of mechanical elements used in transportation machinery, such as bearings, gears, wheels, and 15 

rails, is particularly significant. For this purpose, it is important to elucidate the mechanism 16 

underlying rolling contact fatigue (RCF), which can be divided into two types.1,2 One type occurs in 17 

gears, wheels, and rails where strong friction (tangential force) occurs on the rolling contact surfaces. 18 

In this case, macroslip plays an important role in the damage process, where cracks initiate on the 19 

surface and then propagate diagonally from the surface to the interior, eventually generating damage 20 

known as shelling or pitting.2,3 The other type of damage occurs in machine parts used under pure 21 

rolling contact or oil lubrication owing to weak friction without macroslip, as in bearings. In this case, 22 

it has been considered that cracks occur in the interior under the contact surface, where the maximum 23 

shear stress acts, causing damage called flaking.4-7 The above-described difference was attributed to 24 

the stress intensity factor range of cracks below the surface,8 or shear stress distribution.9 Not only 25 

the initiation site, but also the initiation mechanism of cracks differs in RCF between strong and weak 26 

friction, i.e., shelling/pitting and flaking.4 The mechanics of shelling/pitting was analyzed on the basis 27 

of fracture mechanics1,10,11 and on the basis of shear stress calculated by finite element (FE) 28 

analysis.12–14 Since the purpose of this study is to elucidate the mechanisms of RCF initiation and 29 

propagation in bearings, the term RCF will be used hereafter exclusively for damage caused by weak 30 

friction. 31 

In RCF, microstructural alternation of the matrix under the surface is an important cause of RCF 32 

without friction under oil lubrication.11-27 Such alterations may be a dark etching area (DEA),15,16 33 

dark etching constituent (DEC),15 dark etching region (DER),15,17 and martensite transformation from 34 

retained austenite,16,21 which occur in high-stress regions under the raceway. As the number of fatigue 35 
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cycles increases, characteristic microstructures appear, such as the white band (WB),15,16 which is 36 

type a of shear band, the white etching band (WEB),15,17 white etching area (WEA),15, 18–24 white 37 

etching cracks (WEC),17,19 brown etching layer (BEL),18 and butterfly cracks.20 The WEA was found 38 

to be composed of ultrafine nanocrystalline ferrite grains, voids, and spherical carbides, as observed 39 

by transmission electron microscopy.19–23 Hiraoka et al.5 observed that WEA occurred after 40 

microcrack initiation. Martin et al.25 examined microstructural alterations, which develop with cyclic 41 

stressing under rolling contact, and attempted to define their nature and formation mechanisms. In 42 

many cases, ‘winglike’ structural alterations, commonly called ‘butterflies’, were microcracks 43 

associated with inclusions.24,26,27 Evans et al.20 conducted 3D reconstruction of the butterfly wing by 44 

cross-sectional focused ion beam (FIB) milling with an average slice thickness of 350 nm.  45 

Whereas numerous studies have been conducted on microstructural alterations, the process from 46 

microstructural alternation to flaking has not been clarified, and its relationship with the life and 47 

strength of RCF is unknown. On the other hand, in RCF, Kanetani and Ushida reported that cracking 48 

starts from nonmetallic inclusions rather than WBs.15 The detrimental effect of inclusions in terms of 49 

RCF has been discussed,5-7,20,24,28-42 and it has been found that the size, shape, orientation, and position 50 

of the inclusions and the interface state between the inclusions and the surrounding matrix affect the 51 

RCF life,5-7,24,28-33,35,40,41 and that the miniaturization of the inclusions contributes to the strength 52 

improvement of RCF.33 It has also been reported that the type of inclusion also affects crack initiation 53 

in RCF. Oxide inclusions are known to be detrimental to RCF life, and many studies have been 54 

conducted to clarify the effects of oxide size, oxide composition,35 and matrix–oxide interface state 55 

on RCF life.30 Previous results have shown that the RCF life can be improved by reducing the oxide 56 

size and interface cavities, and by tuning the oxide chemical composition. Indeed, the RCF life was 57 

extended as a result of reducing the total oxygen content in the bearing steel by improving the 58 

manufacturing process. 59 

On the other hand, reducing the number of oxide inclusions in steel has caused the effect of other 60 

inclusions, such as MnS, to be greater than that of oxide inclusions.35 Since MnS inclusion is 61 

deformable, its shape can be controlled. To ensure excellent RCF life, it is necessary to clarify the 62 

effect of MnS inclusion shape to improve RCF strength; however, there are only a few studies on the 63 

effect of MnS shape on RCF life. Therefore, in the present study, we focus on the effect of inclusion 64 

shape on RCF life. 65 

Alley and Neu43 analyzed the effect of the orientation on lateral inclusions. Their analysis was 66 

based on the stress beneath the surface, which was calculated by FE analysis. They found that RCF 67 

strength is lowest for inclusions with the orientation of 45º, where the orientation is defined as the 68 

complementary angle between the long axis of an inclusion and the normal of the surface, and the 69 

RCF strength is highest for the orientation of 0º (vertical inclusion). On the other hand, Allison and 70 

Pandkar44 evaluated the RCF limit of longitudinal and lateral inclusions using the maximum 71 
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orthogonal shear stress beneath the surface calculated by FE analysis, and concluded that the effects 72 

of the inclusion orientation and geometry on the RCF limit were minor. 73 

Another subject concerning RCF is the failure probability, because the basic rating life of 74 

bearings, L10 is defined as the rating life in million revolutions of bearings where 90% of bearings do 75 

not fail under identical loading and lubrication conditions. Using the orthogonal shear stress 76 

calculated by FE analysis and using the S–N curve obtained by the conventional fatigue test, the 77 

various research groups evaluated fracture probability in RCF, where the scatter of RCF life values 78 

attributed to the scatter in the conventional fatigue test45–48 or crystalline anisotropy.49 Kerrigan et 79 

al.31 and Unigame32 reported that the inclusion distribution obtained from the statistics of extreme 80 

values can be used to predict L10 life. 81 

As mentioned above, in previous studies on RCF, it has been considered that RCF originates 82 

from subsurface inclusions where the shear stress under the contact surface is maximum and cracks 83 

grow from there toward the surface6,7; however, the RCF process has been observed destructively by 84 

cutting specimens because it is not possible to observe cracks inside the specimens at high 85 

magnification.50,51 Therefore, it has been difficult to sequentially observe the RCF process. On the 86 

other hand, three-dimensional imaging of cracks in steel with submicron resolution by computed 87 

tomography using ultrabright synchrotron radiation X-rays (SR-µCT) have succeeded.42,52-54 We also 88 

observed microstructural alternations related to fatigue crack initiation by diffraction contrast 89 

tomography (DCT) using ultrabright synchrotron radiation X-rays.55,56 90 

We first performed RCF tests on specimens with EDM-machined circular holes simulating 91 

stringer-shaped inclusions of various diameters and depths, and we then observed the crack initiation 92 

morphology by SR-µCT of the specimens cut out including the holes.28 Next, the RCF test was 93 

interrupted and laminography, which is used to observe crack initiation and propagation behavior 94 

sequentially, was performed using ultrabright synchrotron radiation X-rays.57-62 The results of RCF 95 

tests on plate specimens containing stringer-shaped MnS inclusions revealed that the cracks 96 

originated from inclusions on the specimen surface and propagated into the interior, forming 97 

additional cracks parallel to the surface from around the tips of the original cracks, rather than 98 

 

 
FIGURE 1 Orientation of inclusions in specimens. (a) the major axis of inclusion is perpendicular 
to the surface and perpendicular to the rolling direction, (b) the major axis of inclusion is parallel 
to the surface and perpendicular to the rolling direction, and (c) the major axis of inclusion is 
parallel to the surface and parallel to the rolling direction. 
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propagating from the interior toward the surface and forming flaking, as previously believed. 99 

We also examined the effect of stringer-type inclusion orientation relative to the rolling direction, 100 

as shown in Figure 162, and found that the flaking formation process for stringer-shaped inclusions, 101 

which differs depending on the orientation of the inclusion relative to the rolling direction as shown 102 

in Figure 2.41,62 In the case of specimens with inclusions whose longitudinal direction is perpendicular 103 

to the rolling direction (lateral inclusions), as shown in Figures 2a and 2b, cracks perpendicular to the 104 

rolling direction formed on the surface, which propagated in the internal direction, and cracks parallel 105 

to the specimen surface started to form near its deepest point, resulting in flaking. In the case of a 106 

specimen containing a longitudinal inclusion whose longitudinal direction is parallel to the rolling 107 

direction (longitudinal inclusion), as shown in Figure 2c, the crack started at the long end of the 108 

inclusion, propagated a certain distance in the rolling direction, and then kinked in the direction 109 

perpendicular to the rolling direction. The subsequent behavior after the kinking was similar to that 110 

of the specimens containing lateral inclusions. This difference in crack initiation and propagation 111 

behavior can be explained by the time variation with the rolling of the antiplane shear stress at the 112 

crack initiation point. 113 

In this study, RCF tests were conducted on specimens with spheroidal MnS inclusions to observe 114 

crack initiation and propagation behavior. The average and scatter of flaking life were analyzed on 115 

the basis of Weibull plots, and results were compared with those of stringer-shaped inclusions 116 

 
 
FIGURE 2 Flaking mechanism for stringer-shaped inclusions, where yellow regions show 
inclusions, red regions show cracks vertical cracks and blue regions show horizontal cracks.62 
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reported in our previous paper. 117 

2. EXPERIMENTAL PROCEDURE 118 

The material used was bearing steel (modified JISSUJ2) similar to that used in our previous 119 

study,61,62 and the chemical composition (in mass percentage) was as follows: 1.00 C, 0.31 Si, 0.45 120 

Mn, 0.047 S, 1.52 Cr, 0.0075 Ca, and balance Fe. This bearing steel is not commercially available; 121 

however, since MnS inclusions have been reported to degrade RCF in bearing steels as mentioned 122 

above, this steel containing a high concentration of sulfur was fabricated in our laboratory so that 123 

crack initiation from MnS inclusions could be observed. Since MnS inclusions usually elongate in 124 

the hot rolling direction, calcium was added to the steel to obtain spheroidal MnS inclusions. A 125 

specimen 10 mm wide, 24 mm long, and 1 mm thick was cut from the forged bar. The specimens 126 

were quenched at 1103 K for 40 min and tempered at 453 K for 2 h. After tempering, the surfaces of 127 

the specimens were buffed and polished. The surface roughness of the specimen before RCF test was 128 

measures by laser microscopy was 0.0048 μm in arithmetic average roughness (Ra). 129 

Table 1 shows the density and size of spheroidal and stringer-shaped inclusions measured by 130 

laminography, where density is defined by the number of inclusions in a 1 mm3 volume. At a similar 131 

sulfur concentration, the number of inclusions is larger in the specimen with spheroidal inclusions 132 

than in the specimen with stringer-shaped inclusions. The diameters (length in radial direction) of 133 

spheroidal inclusions and stringer-shaped inclusions are almost the same; however, the length (length 134 

Table 1.  Density and sizes of inclusions. 

Inclusion 
type 

Density 
(1/mm3) 

Mean 
volume 
(μm3) 

Length in radial 
direction (μm)

Length in forged 
direction (μm) Aspect 

ratio Mean 
Standard 
deviation 

Mean 
Standard 
deviation 

Spheroidal 4.22×104 171 8.42 2.92 11.80 7.25 1.4 
Stringer 1.16×104 489 8.91 3.98 20.9 15.5 2.34 

 

 
FIGURE 3 Rolling contact fatigue testing machine for laminography.62 
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in forged direction) and volume of the spheroidal inclusions are almost half and one-third those of 135 

the stringer-shaped inclusions, respectively. Compared with stringer-shaped inclusions, spheroidal 136 

inclusions show less scatter of length in both the forged and radial directions. The aspect ratio of 137 

spheroidal inclusions is 1.4 and extends in the forging direction, indicating that they are not 138 

completely spherical even after spheroidization. 139 

Three types of RCF were performed, depending on the relative directions of forging and rolling, 140 

i.e., the rolling surface is the crosssection of the forging bar for specimens with vertical inclusions 141 

and the longitudinal section of the forging bar for specimens with transversal and longitudinal 142 

inclusions, where the rolling direction for the specimens with transversal inclusions is radial direction, 143 

and that for the specimens with longitudinal inclusions is forging direction. 144 

A special ball-on-disk RCF testing machine was developed as schematically illustrated in Figure 3, 145 

in which an eccentric cam with eccentric distance of 1.5 mm converts the rotary movement of the 146 

motor of 1,000 rpm to the reciprocal movement of the linear stage of 3.0 mm with frequency of 33.3 147 

Hz, the vibroconverter detects flaking of the specimen, and the proximity sensor detects the edge of 148 

the linear stage to count the number of cycles. RCF tests were performed near the experimental hatch 149 

of the BL46XU beamline of the synchrotron radiation facility of Super Photon ring 8 GeV (SPring-150 

8),61,62 which uses an undulator beam and provides an X-ray beam with ultrabright high spatial 151 

coherence, enabling laminography with high spatial resolution in the micrometer range.61,62 The RCF 152 

tests were conducted at the maximum Hertzian stress pmax of 5.39 GPa. According to Hertzian theory, 153 

under the present experimental conditions, the depth at which the shear stress is maximum in a plane 154 

parallel to the contact surface is 67 μm. This is sufficiently smaller than the thickness of the specimen, 155 

so the effect of the thickness on the flaking mechanism is considered to be small. In fact, the 156 

mechanism of flaking was similar to the present results for a specimen with a thickness of 5 mm, 157 

which was subjected to the same loading conditions.28 Specimen was immersed in napthenic lubricant 158 

oil with a kinetic viscosity of 68.01 mm2/s at 40 °C and 8.46 mm2/s at 100 °C to reduce friction 159 

force. A linear extrapolation of these values to test temperature (24 °C) resulted in a value of 1 83.83 160 

mm2/s. The surface roughness of the specimen before and after flaking was measured by laser 161 

microscopy, and the film parameter, which represents the lubrication condition, was estimated. Since 162 

the surface roughness of the ball, however, could not be measured by laser microscopy, so it was 163 

assumed to be the same as that of specimen. The film parameter is 5.69 assuming that the contact area 164 

is circular before the formation of raceway. Assuming that the surface roughness does not change 165 

during the RCF test, the major axis length of the contact ellipse is the raceway width measured after 166 

flaking, and the minor axis length of the contact ellipse was calculated assuming that the contact area 167 

is the same value as that given by Hertz theory, the film parameter is 9.40. These values of film 168 

parameter indicates that the RCF tests were conducted under fluid lubrication condition. For reference, 169 

the film parameter calculated by the surface roughness, Ra (0.0491 μm) measured after flaking is 1.29, 170 
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where the surface roughness may have significantly increased due to ball vibration after flaking.  171 

To observe crack initiation and propagation behaviors, tests were interrupted during the course 172 

of the RCF test, and surfaces were observed by optical microscopy or scanning electron microscopy 173 

(SEM), and three dimensional (3D) observations of the inside of specimens were conducted by 174 

laminography. The experimental setup and 3D reconstruction method have been described by Nakai 175 

et al. elsewhere. 41,42 176 

3. EXPERIMENTAL RESULTS 177 

3.1 Vertical inclusions 178 

3.1.1 Surface observation 179 

Since the laminography findings indicated that RCF cracks always start from surface inclusions, 180 

surface observation can provide sufficient information about crack initiation.28,41,42 Then, crack 181 

initiation and propagation behaviors on the same site on the specimen surface were observed 182 

sequentially. Figures 4a–4d show representative optical microscopy images and Figure 4e shows an 183 

 

 

FIGURE 4 Crack initiation and propagation at surface observed by optical microscopy 
(Vertical inclusion). 
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SEM image of crack profiles on the surface of a specimen with vertical inclusions. 184 

The cracks initiated from the inclusions in the raceway and propagated toward the direction 185 

almost perpendicular to the rolling direction. Cracks always started from MnS inclusions because 186 

other types of inclusion such as Al2O3 and TiN, if existing, are much smaller than the MnS inclusions. 187 

3.1.2 Laminography 188 

Figure 5 shows laminography images of inclusions and cracks, where (T), (F), and (S) indicate 189 

top, front, and side views, respectively. In these images, cracks are color-coded according to their 190 

depth from the surface, whereas inclusions are shown in pale yellow regardless of their depth. For 191 

Figure 5a, the number of cycles was the same as that for Figure 4a, where a small lateral crack, whose 192 

normal is perpendicular to the rolling direction, is observed. Inclusions may be dense or sparse 193 

depending on where they exist; however, cracks formed where inclusions are densely packed. Figure 194 

 

 

FIGURE 5 Laminography showing crack initiation from inclusion and propagation, 
where color code indicates distance from specimen surface (Vertical 
inclusion). 
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4b was obtained at the number of cycles between Figures 4b and 3c, where the lateral crack propagates 195 

in the depth direction. Figure 4c was obtained at the same number of cycles as Figure 4c, where a 196 

crack parallel to the specimen surface (horizontal crack) is formed inside the specimen, whose depth 197 

is about 30 μm. This horizontal crack cannot be observed from the surface as shown in Figure 4c. 198 

These laminography images indicate that in specimens with inclusions whose major axis is 199 

perpendicular to the specimen surface, cracks initiate from inclusions on the surface and propagate 200 

as lateral cracks. Subsequently, a horizontal crack parallel to the rolling surface forms and propagates 201 

inside the specimen, leading to flaking, indicating that the specimen with spheroidal vertical 202 

inclusions exhibits the same flaking formation mechanism as the specimen with stringer-shaped 203 

vertical inclusions,41 i.e., a crack is initiated on the surface. 204 

3.2 Transversal inclusions 205 

3.2.1 Surface observation 206 

Figure 6 shows microscopy images of areas around the crack initiation site of a specimen with 207 

transversal inclusions. As shown in Figure 6a, cracks start forming at the longitudinal ends of an 208 

 

 

FIGURE 6 Crack initiation and propagation at surface observed by optical microscopy 
(Transversal inclusion). 
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inclusion on the surface where the stress concentration is highest, and propagate as shown in Figure 209 

6b–6d. Finally, flaking occurred in the vicinity of these cracks as shown in Figure 6e. Therefore, the 210 

flaking mechanism in specimens with spheroidal transversal inclusions is similar to that in specimens 211 

with stringer-shaped transversal inclusions.41 212 

3.2.2 Laminography 213 

Laminography images of the RCF process in the specimen with transversal inclusions are shown 214 

 

 

FIGURE 7 Laminography showing crack initiation from inclusion and propagation, 
where color code indicates distance from specimen surface (Transversal 
inclusion). 
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in Figure 7, where 7a was obtained before the RCF test, and only inclusions are indicated. Figure 6b 215 

was obtained at the same number of cycles as Figure 6c, Figure 7c was obtained at the number of 216 

cycles between Figure 6c and 5d, and Figure 7d was obtained at the same number of cycles as Figure 217 

6d. In Figure 7b, two lateral cracks (indicated by Crack 1 and Crack 2) are formed, which have already 218 

grown to form a horizontal crack with a depth of about 30 μm, and they merged at the inner horizontal 219 

crack. Again, the cracks are considered to have formed on the surface where the inclusions are densely 220 

packed. Even in the case of a specimen with transversal inclusions, it is considered that lateral cracks 221 

formed first, then propagated in the depth direction to form horizontal cracks. 222 

As seen in Figures 7c and 6d, the inner horizontal crack propagates almost parallel to the rolling 223 

surface, whereas Crack 2 propagates along the surface inclusions. As shown in Figure 6e, the 224 

horizontal crack propagation caused flaking. This process is similar to that observed in specimens 225 

with spheroidal vertical inclusions and in those with stringer-shaped transversal inclusions.35 226 

3.3 Longitudinal inclusions 227 

3.3.1 Surface observation 228 

Figure 8 shows the microscopy images of areas around the crack initiation site of a specimen 229 

 

 

FIGURE 8 Crack initiation and propagation at surface observed by optical microscopy 
(Longitudinal inclusion). 
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with longitudinal inclusions. As shown in Figure 8a, longitudinal cracks started forming at the 230 

longitudinal ends of an inclusion, where the stress concentration is the highest, and Figure 8b 231 

propagated in the rolling direction to form longitudinal cracks. Figure 8c indicates that both tips of a 232 

longitudinal crack kinked to form lateral cracks when the surface length of the longitudinal crack 233 

reached 103 μm. This process is similar to that in specimens with stringer-shaped longitudinal 234 

inclusions,62 where the kinking occurred when the surface length of a longitudinal crack reached 235 

approximately 100 µm, indicating that the condition to form lateral cracks from a longitudinal crack 236 

was not affected by the size and shape of inclusion at the crack initiation site. The condition to form 237 

lateral cracks must be controlled by mechanical factors, such as the stress intensity factor of a 238 

longitudinal crack. As shown in Figure 8e (at N = 9.38×106 cycles), flaking occurred in the vicinity 239 

of the longitudinal crack initiation site. 240 

3.3.2 Laminography 241 

Figure 9 shows the laminography images of inclusions around the crack initiation site, where 9a 242 

shows the inclusions at the crack initiation site before the RCF test, and 9b was obtained immediately 243 

after the formation of a crack, where the number of cycles is the same as that for Figure 8a. In these 244 

images, cracks and inclusions are shown in red and pale yellow, respectively. Again, a longitudinal 245 

crack starts forming at a location where inclusions are densely packed. The depth of the crack is 246 

 

 

FIGURE 9 Laminography showing crack initiation from inclusion and propagation, 
where color code indicates distance from specimen surface (Longitudinal 
inclusion). 
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smaller than 30 μm, indicating that it was formed before the horizontal crack formation because the 247 

depth of horizontal crack was about 30 μm for specimens with vertical and transversal inclusions and 248 

the condition to form the horizontal crack is considered not to be affected by the shape and orientation 249 

of inclusions at the crack initiation site. 250 

Since laminography could not be performed after the number of cycles shown in Figure 9b owing 251 

to the limited beam utilization time allowed us, we were unable to observe further the kinking and 252 

formation of horizontal crack; however, we did not find that the longitudinal cracks were formed 253 

before the formation of horizontal cracks. In specimens with stringer-shaped longitudinal inclusions, 254 

it has been shown that horizontal cracks initiate from the bottom of the lateral crack after kinking.42 255 

Since kinking should be independent of the shape and size of the inclusions at the crack initiation 256 

site, and it occurs far away from the inclusions at the crack initiation site, the behavior after kinking 257 

should be similar for specimens with stringer-shaped inclusions and those with spheroidal inclusions. 258 

3.4 Effect of inclusion shape on flaking mechanism 259 

As described in the previous section, the crack initiation mechanism differed between lateral and 260 

longitudinal inclusions, where lateral inclusions include both transversal and vertical inclusions; 261 

however, there is no significant difference in this mechanism between spheroidal and stringer-shaped 262 

inclusions in the same orientation. Although the crack propagation behavior in specimens with 263 

stringer-shaped inclusions was less affected by the existence of inclusions,62 the crack propagation 264 

behavior in specimens with spheroidal inclusions was affected by the existence of inclusions around 265 

the cracks because the cracks initiated from the site where the inclusions were densely packed. 266 

4. DISCUSSION 267 

4.1 Crack initiation site 268 

Figure 10 shows the crack initiation and flaking sites on the raceway as a function of distance 269 

from the center of the raceway, where the distances are normalized by half raceway width. Open 270 

symbols indicate the results for the spheroidal inclusions obtained in this study, and solid symbols 271 

indicate those for the stringer-shaped inclusions reported in our previous paper.62 Figures 10a–10c 272 

show the location of each crack, and Figure 10d shows the average distances. Figure 10e shows the 273 

average distances from the center of flaking. These values are for the longitudinal crack initiation 274 

sites in specimens with longitudinal inclusions and the lateral crack initiation sites in specimens with 275 

lateral inclusions. The mechanical factors that control the crack initiation site to differ with respect to 276 

the inclusion orientation were discussed in our previous paper.62 277 

The individual crack initiation sites shown in Figures 10a–10c are highly scattered; however, 278 

the average distances shown in Figure 10d tend to be closer to the edge of the raceway for spheroidal 279 

inclusions than for stringer-shaped inclusions. In addition, the crack initiation sites for specimens 280 

with vertical, transversal, and longitudinal inclusions are closer to the centerline in this order. As 281 
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shown in Figure 10e, there is little difference in the distance from the flaking center except for the 282 

specimen with vertical stringer-shaped inclusions. 283 

Figure 11 shows the effect of the standard deviation of inclusion size on the scatter of crack 284 

initiation sites shown in Figure 10, where the standard deviation is that for the major axis length of a 285 

transversal or longitudinal inclusion, and for the minor axis length of a vertical inclusion, indicating 286 

that the standard deviation of the crack initiation site is almost proportional to the standard deviation 287 

of the inclusion size except for specimens with spheroidal vertical inclusions. The effect of densely 288 

 

 

FIGURE 10  Distance between crack initiation site and center line of raceway, where 
distance is normalized by half of raceway width. 

 

FIGURE 11  Effect of standard deviation of the inclusion size on scatter of crack 

initiation site. 
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packed inclusions around the crack initiation site may be responsible for this exception.  289 

As reported in our previous paper, the crack initiation site is determined by the shear stress acting 290 

on the plane perpendicular to the specimen surface, containing the major axis of an inclusion. Since 291 

the axisymmetric stress field of the ball contact to the specimen surface, the antiplane shear stress is 292 

maximum at the edge of the raceway for longitudinal inclusions and at the center of the ball for lateral 293 

inclusions.62 294 

The driving force for crack initiation is the product of local stress and the stress concentration 295 

due to inclusions, where the scatter of the size of the inclusions changes the stress concentration and 296 

thus the crack initiation point. 297 

4.2 Statistical analysis 298 

Since the flaking life in bearing steel is controlled by the weakest part of the material, the flaking 299 

life distribution follows the Weibull distribution.48 In the original Weibull distribution, the cumulative 300 

distribution function F(Nf) has three parameters, and is expressed as:63 301 

  f
f

  
  1  exp

N
F N

  
   



 
 
    , (1) 302 

where Nf is the number of cycles to flaking, α is the shape parameter, β is the scale parameter, and γ 303 

is the location parameter. The smaller the shape parameter α, the more spread out the distribution, the 304 

larger the scale parameter β, the longer the life, and γ is the number of cycles at F(Nf) = 0.64 Although 305 

the two-parameter Weibull distribution, which ignores the positional population (γ = 0) and simplifies 306 

the calculation, is becoming popular, it is generally necessary to consider the three-parameter Weibull 307 

distribution including the positional population in the long-life region near the fatigue limit.65-67 Then, 308 

the flaking life of RCF is examined by applying the three-parameter Weibull distribution concept. In 309 

the case of the original equation based on a three-parameter Weibull distribution, it is not easy to 310 

estimate γ. In this paper, these three parameters are obtained by the correlation coefficient method 311 

proposed by Sakai and Tanaka.65 312 

The cumulative failure probability F(xi) of the ith datum xi at the ordinate is calculated as:  313 

 i

0.3
     

0.4
F x i

n
 

 , (2) 314 

where n is the total number of specimens tested at the same Hertz stress. 315 

The Weibull plot of the flaking life is shown in Figure 12, where 12a shows the effect of the 316 

orientation of spheroidal inclusions, and Figures12b–12d show the effect of inclusion shape in each 317 

orientation. Symbols with arrows in these figures represent specimens on which the RCF test was 318 

terminated before flaking. As shown in Figure 12a, for spheroidal inclusions, the scatter of flaking 319 

life is smallest for specimens with vertical inclusions and largest for specimens with longitudinal 320 

inclusions. The average flaking life (F(Nf)=50) is slightly shorter for specimens with vertical 321 
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inclusions than for those with transversal inclusions; however, it is about 10 times longer for 322 

specimens with longitudinal inclusions because the flaking life of specimens with longitudinal 323 

  

(a) Effect of inclusion orientation (b) Vertical inclusions 

  

(c) Transversal inclusions (d) Longitudinal inclusions 

 
FIGURE 12 Weibull plot of the flaking life of the rolling contact fatigue for spheroidal inclusions, 
where (a) compares the rolling directions for spheroidal inclusions, and (b)-(d) compare the results 
for spheroidal and stringer-shaped inclusions in each inclusion orientation. Symbols with arrows 
in the figure represent specimens for which the test was terminated  before flaking. 
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inclusions increased because of the increased crack propagation life in the rolling direction. 324 

Alley and Neu analyzed the effect of the orientation of lateral inclusions on RCF strength on the 325 

basis of the stress under the surface, which was calculated by finite element analysis.43 They 326 

concluded that RCF strength is highest for vertical inclusions. Allison and Pandkar evaluated the RCF 327 

limit of longitudinal and lateral inclusions by finite element analysis, and they concluded that the 328 

effects of the inclusion orientation and geometry on the RCF limit were minor.44 The results obtained 329 

by finite element analysis do not agree with our experimental results. 330 

For fatigue, the stress amplitude is the most influential factor. This is the reason why the 331 

discussion based on the maximum stress obtained by the finite element analysis do not agree with our 332 

experimental results. The authors reported that the effect of inclusion orientation on the crack path in 333 

RCF behavior could be explained in terms of antiplane shear stress amplitude acting on inclusions, 334 

i.e., longitudinal inclusions received pulsated cyclic stress, whereas the lateral inclusions received 335 

alternating cyclic stress, indicating that the antiplane shear stress amplitude on longitudinal inclusions 336 

was half that on lateral inclusions whereas the maximum stresses on those inclusions are identical.62 337 

As a result, formation of the longitudinal crack proceeds the formation of lateral cracks in the RCF 338 

process of specimens with longitudinal inclusions, whereas lateral cracks formed without formation 339 

of longitudinal cracks in specimens with lateral inclusions. Not only mechanical factors but also wear 340 

is important in longitudinal crack initiation from longitudinal inclusions. 341 

The effect of inclusion shape is shown in Figures 12b–12d. The scale parameter β, which 342 

represents the flaking life, is larger for specimens with spheroidal inclusions than for specimens with 343 

stringer-shaped inclusions for all orientations. This is due to the lower stress concentration in the 344 

spheroidal inclusions than in the stringer-shaped inclusions. The shape parameter α, which represents 345 

the scatter, is larger for specimen with spheroidal inclusions than for specimen with stringer-shaped 346 

vertical and transversal inclusions, indicating that specimen with spheroidal inclusions show less 347 

scatter than for specimen with stringer-shaped inclusions. However, specimen with spheroidal 348 

longitudinal inclusions has a smaller α than for specimen with stringer-shaped inclusions, indicating 349 

that the scatter is larger. This is related to the scatter of inclusion size, which will be discussed in 350 

detail later. 351 

4.3 Crack initiation and propagation lives 352 

Figure 13 shows the average flaking life Nf divided into surface crack initiation life Ni and crack 353 

propagation life Np. Although the flaking life of specimens with spheroidal inclusions is longer than 354 

that of specimens with stringer-shaped inclusions regardless of the inclusion orientation, the effect of 355 

inclusion shape on Nf differs between specimens with spheroidal and stringer-shaped inclusions, i.e., 356 

the Nf for specimens with spheroidal vertical inclusions is shorter than that for specimens with 357 

spheroidal transversal inclusions, whereas the Nf for specimens with stringer-shaped vertical 358 

inclusions is almost the same as that for specimens with stringer-shaped transversal inclusions. For 359 
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either shape, the Nf for specimens with longitudinal inclusions is the longest. 360 

The crack initiation lives of the specimens with spheroidal vertical and transversal inclusions 361 

are almost the same, whereas specimens with stringer-shaped vertical inclusions have a longer crack 362 

initiation life than the stringer-shaped transversal inclusion specimens. The crack initiation life of the 363 

specimens with spheroidal vertical inclusions was almost the same as that of the specimens with 364 

spheroidal transversal inclusions. This is because the difference in stress concentration due to the 365 

difference in orientation is smaller for the spheroidal inclusions than for the stringer-shaped inclusions. 366 

For either inclusion shape, the crack propagation life was shorter for specimens with spheroidal 367 

inclusions than for specimens with stringer-shaped inclusions. The higher density of inclusions may 368 

account for this difference, as cracks tend to propagate along the interface between the inclusions and 369 

the matrix. 370 

Figure 14a shows the effect of the length of an inclusion at the surface l on the crack initiation 371 

life Ni, and Figure 14b shows the effect of the depth of an inclusion d on the crack propagation life 372 

Np, where l in Figure 14a is the major axis length of a transversal or longitudinal inclusion, and the 373 

minor axis length of a vertical inclusion. d in Figure 14b is the minor axis length of a transversal or 374 

longitudinal inclusion and the major axis length of a vertical inclusion. In Figure 14a, Ni decreases 375 

with l, and this trend is almost the same for specimens with lateral inclusions where the rolling 376 

direction and the major axis of the inclusion are perpendicular. On the other hand, Ni for longitudinal 377 

 
 

FIGURE 13 Flaking life divided into surface crack initiation life and crack propagation 
life. 
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inclusions, where the major axis of the inclusion is parallel to the rolling direction, is longer than Ni 378 

for specimens with lateral inclusions. This is because, as described in the previous paper, the 379 

maximum shear stress perpendicular to the rolling plane including the major axis of the inclusion is 380 

independent of the inclusion direction; however, its amplitude is twofold for lateral inclusions 381 

compared with that for longitudinal inclusions. 382 

In Figure 14b, Np decreases with d, and this trend is the same for specimens with lateral 383 

inclusions, where the crack propagates toward the direction perpendicular to the rolling direction 384 

immediately after crack initiation. In the case of longitudinal inclusions, the crack propagates toward 385 

the rolling direction and then propagates vertically, resulting in a longer crack propagation life for Np. 386 

Since the horizontal cracks propagate inside the specimen away from the crack initiation point,62 the 387 

  

(a) Crack initiation life vs. surface initiation 
length. 

(b) Crack propagation life vs. inclusion 
depth. 

FIGURE 14 Effect of inclusion size on crack initiation and propagation lives. 

 

 

FIGURE 15 Effect of standard deviation of inclusion size on scatter of flaking life. 
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horizontal crack propagation life is the same for all inclusion shapes and sizes. Therefore, the 388 

difference in crack propagation life is attributed to the difference in the propagation life of a crack 389 

perpendicular to the rolling surface. Then, by measuring the length and depth of the inclusion, the 390 

flaking life can be predicted from the relationships shown in Figure 14. 391 

Figure 15 shows the effect of the standard deviation of inclusion size on the coefficient of 392 

Weibull distribution function α, where the definition of the standard deviation is the same as that 393 

employed in Figure 11. The scatter of flaking life is larger for a smaller α, indicating that the flaking 394 

life also varies with the scatter of inclusion dimensions. Although the flaking life is the sum of the 395 

crack initiation life and the crack propagation life, similar results can be obtained using the standard 396 

deviation of either size, the major, or minor axis because the standard deviations of the major-axis 397 

and minor-axis sizes of inclusions are almost proportional to each other, as shown in Table 1. 398 

5. CONCLUSIONS 399 

In this study, RCF tests were conducted on specimens containing spheroidal inclusions, and the 400 

size of inclusions and the crack initiation point were investigated by laminography using ultrabright 401 

synchrotron radiation X-rays, and the crack propagation behavior up to flaking was clarified. The 402 

results were compared with those of specimens containing stringer-shaped inclusions to clarify the 403 

effect of inclusion shape on the RCF mechanism and life. The results obtained are as follows. 404 

1. The crack initiation and propagation mechanisms in the specimens with spheroidal and stringer-405 

shaped inclusions were similar. For specimens with longitudinal inclusions, surface cracks 406 

started forming at their tips. After the cracks propagated toward the rolling direction, a 407 

longitudinal crack was kinked simultaneously at both its tips, and propagated toward the 408 

direction perpendicular to the rolling direction to form lateral cracks. After kinking, horizontal 409 

cracks were formed from the deepest point of a lateral crack, leading to flaking. On the other 410 

hand, for specimens with lateral inclusions, surface cracks propagated toward the lateral 411 

direction without the formation of longitudinal cracks. The subsequent behavior was similar to 412 

that of specimens with longitudinal inclusions. 413 

2. The flaking life of the specimens with spheroid inclusions was longer than that of the specimens 414 

with stringer-shaped inclusions. In particular, the life up to vertical crack initiation on the 415 

specimen surface was found to be affected by the inclusion shape. 416 

3. The surface crack initiation life was shorter for specimens with longer inclusions at the surface. 417 

This observation was similar for specimens with vertical and transversal inclusions; however, 418 

specimens with longitudinal inclusions had a longer life. 419 

4. The crack propagation life decreased with increasing depth of the inclusion. This trend was 420 

almost the same for specimens with vertical and transversal inclusions; however, specimens 421 

with longitudinal inclusions had a longer life than specimens with lateral inclusions. 422 

5. The greater the scatter of inclusion size, the greater the scatter of the crack initiation point and 423 
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flaking life. 424 
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