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and numerical investigation and on balls 
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Abstract. Rolling contact fatigue is the main cause of failure in bearings. Among other factors, dam-

age phenomena are related to material properties and manufacturing processes and the damage evolu-

tion might be affected by microinclusions present in the material. This influence is related to compo-

sition, dimension, shape and position of microinclusions. The investigated material is 100Cr6. Rela-

tion between microinclusions and fatigue life is investigated for both specimens undergoing rotating 

bending fatigue and balls undergoing Hertzian pressure fatigue. A life model for balls, involving mi-

croinclusions effect and actual ball rotation movements within the bearing is proposed. Failures are 

analysed to relate life of rolling elements to the microinclusion parameters.  

 

Keywords: Bearing; Microinclusion; Life estimation; ball spin; ball precession. 

1 Introduction 

Different damage phenomena can affect bearing fatigue life, including tribological conditions, sur-

face and sub-surface defects and environmental conditions (temperature, corrosion and humidity) [1]. 

In optimized working conditions, the main cause of damage in bearings is Rolling Contact Fatigue 

(RCF) [2] which involves two different phenomena: surface pitting and sub-surface spalling. The 
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2 

main factor affecting sub-surface RCF damage is related to non-metallic inclusions, where the Hertz-

ian contact shear stress is maximum [3]; in fact inclusions act as stress risers and then promoting 

crack initiation and propagation [4]. Steelmaking processes increased steel cleanliness [5, 6], but 

non-metallic and oxides inclusions cannot be removed completely even if they can be somehow con-

trolled [7] and the effect of surface induced RCF failures can be reduced and eliminated with proper 

lubricant and elastodynamic lubrication. 

The effect of inclusions on fatigue life, considering the effect of size, shape, location and composi-

tion is described in many experimental, analytical and numerical studies [8-10]. RCF is influenced by 

the dimension of the largest inclusion present in the material and it can be predicted by statistic meth-

ods [5]. In [9], experimental activities conducted on bearing ball steel are described. Chemical com-

position and size of inclusions are measured by means of X-ray spectroscopy and destructive testing; 

the specimens are then tested RCF conditions. It resulted that specimens with larger defects have a 

lower fatigue life and the chemical composition of the inclusions affects the damage as well. In par-

ticular, specimens containing Al2O3 or Al2O3 CaO inclusions showed a lower life if compared to 

specimens containing SiO2 Al2O3 inclusions. To investigate the effect of inclusion size on fatigue 

life, in [8] controlled defects ere introduced by drilling small holes in the material. In [11], experi-

mental and numerical activities explored the stress state in the material around the inclusion, where 

microstructural changes were observed, referred as “butterfly wings”, by means of FEM and Voronoi 

tessellation to develop a predictive model for stress distribution and crack initiation near the defect. 

Varying size, location and composition of the inclusion, it was found that RCF life is strongly af-

fected by defect elasticity and position. The maximum Von Mises stress is found when high elastic 

modulus inclusions are present and located at a depth equal to 0,5 times the contact half width. Dif-

ferent inclusion sizes (ranging from 8 to 16 µm) were studied, but no strong influence on stress con-

centration was found. This result is partially in agreement to what found in [12] where a threshold 

dimension for the defect is found to affect fatigue life. This threshold is material related and it can be 
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found for high strength steels for bearing manufacturing, for example. In [11], the experimental evi-

dence of the critical effect of larger inclusions on fatigue life is mainly due to the fact that statistically 

they can happen to be at the critical depth. In [1114] the effect of size, depth and elastic modulus of 

aluminum oxide inclusions in a steel matrix are explored on stress distribution and crack propagation 

with a FEM approach. According to [10], it was observed that high elastic modulus inclusions cause 

higher stress peaks, and a critical value of defect depth (0,75 times the contact half width) can be de-

fined, where the Von Mises stress is maximum. A larger range of inclusion dimensions (5-20 µm), 

was investigated observing variation in stress areas, and not in maximum stress values. This paper 

was continued in [3] where a damage model is implemented to estimate damage and then butterfly 

wings formation and evolution, coupling the Eshelby equivalent inclusion model and the contact 

Hertzian solution. The damage model is applied to the case of a spherical inclusion and cylindrical 

contact. A wide numerical simulations are described but no experimental validation is presented. In 

[13], basing on the Eshelby method, the interaction between multiple inclusions (pairs, clusters and 

stringers) was investigated. 

This paper presents an investigation on the effect of microinclusions on fatigue performance of a 

steel alloy (100Cr6) for rolling element manufacturing and on balls. 

Fatigue damage and failure mechanisms are studied by means of experimental testing on test bench 

for both material and balls. An analytical model is implemented in a numerical dedicated solver, to 

relate life of rolling elements to the micro-inclusion parameters. In particular a dedicated 3D model 

implementing Eshelby model is developed to estimate the stress distribution around the microinclu-

sion. The calculated stresses is used as input for a life model to estimate the life of the ball bearing. 

To consider the effect of microinclusion on ball life, bearing life model is modified considering ball 

spin and precession during shaft rotation. Then experimental and calculated cycle to failure are com-

pared and failure microscopic analysis is be performed.  

Final aim of the research is investigating whether a microinclusion threshold parameter could be de-

fined. 
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2 Analytical background 

Hertz theory estimates the superficial and sub-superficial stress distribution when two elastic bodies 

are compressed one against the other. 

If non-metallic inclusions are located in the volume of one of the two compressed elastic bodies, and 

near the surface, they act like stress risers, leading to cracks and failure [14]. The increase of stress 

inside the inhomogeneity is quantifiable using the Eshelby microinclusion model [15]. This model is 

widely used in literature, maily to describe the stress and strain status around microinclusion. In [3], 

for example, the strain field due to Hertzian contact is coupled with the strain field due to the pres-

ence of microinclusion. In [13] the interaction of many microinclusions is investigated by superim-

posing single inclusion stresses and strain fields. In the present paper, the Eshelby model was imple-

mented to simulate ,not a generic microinclusion, but a specific microinclusion which geometry, po-

sition and composition, was obtained according to experimental evidences. The calculated stress field 

was then used to calculate the equivalent Tresca stress field in the matrix around the microinclusion. 

This approach is confirmed considering that the maximum shear stress is considered to be the respon-

sible stress component in failure [16, 17]. It can be observed that the Eshelby model considers static 

contact conditions while RCF of a dynamic fatigue phenomenon. Therefore experimental evidence 

[18] show that a static contact model can be assumed instead of a RCF model to capture the fatigue 

limit in case of hard and stiff inclusions for bearing steels under RCF. 

The Eshelby model allows to compute the stress field around and inside an ellipsoidal inclusion. A 

region (inclusion) in an infinite homogeneous, isotropic and elastic medium (matrix) undergoes a 

change of shape and size. Eshelby found that, if the inclusion is ellipsoidal and the matrix, in which it 

is embedded, is subjected to a homogeneous load, the stress within the inclusion is uniform. This 

means that the elastic stress and strain does not change inside the inclusion. 

Mura [19] defined an inclusion as a subdomain Ω in a domain T. The eigenstrain ε*ij(x) is given in Ω 

and zero in T-Ω. This is the inclusion problem, as the elastic modulus is the same for both subdomain 

and domain. The displacement uj, strain εij, and stress σij are expressed by [19]: 
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𝑢"(𝑥) = −𝐶)*+, - 𝜀∗(𝑥0)𝐺"*)(𝑥 − 𝑥0)𝑑
3

𝑥0 

𝜀"*(𝑥) = − 4
5 ∫ 7𝐶)8+,𝜀+",∗ (𝑥0)𝐺"*)(𝑥 − 𝑥0) + 𝐺"*)(𝑥 − 𝑥0):3 d𝑥0 

𝜎(𝑥) = −𝐶"*)8 ∫ 7𝐶)8+,𝜀+",∗ (𝑥0)𝐺"*)(𝑥 − 𝑥0):3 d𝑥0 + 𝜀)8∗ (𝑥) 

Where Cijkl is the stiffness tensor, Gij is the Green’s function, x is the position vector and x’ is the po-

sition of the point source. Since the strain and the stress fields inside the inclusion are uniform, 

𝜀"*(𝑥) = 𝑆"*)8𝜀)8∗ 			∀	𝑥𝜖Ω 

where Skl is the Eshelby tensor [19]. 

The strain field outside the inclusion is described by the equation: 

𝜀"*(𝑥) = 𝑆"*)8𝜀)8∗ 			∀	𝑥𝜖(𝑇 − Ω) 

Then the stress can be calculated as follows:  

𝜎"*(𝑥) = 𝐶"*)8𝜀)8(𝑥) 

3 Life-stress relation 

In life models for components and for materials in elastic field, generally speaking, a relation is de-

fined between stress (or load) and number of cycles. This happens, for example, in the well known 

Basquin relation for materials [20]. 

When comparing fatigue tests run on materials in different conditions, for example in axial or in ro-

tating bending conditions, a correction factor needs to be applied to take into account for how much 

specimen volume undergoes maximum stress, let it all be the whole volume in axial tests and the vol-

ume close to surface in rotating bending tests. To do so, corrective factors are defined to extend fa-

tigue limits experimentally obtained on laboratory conditions to different working conditions [21]. 
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In case of components, corrective factors require a more complex definition to take into account of 

all the possible effects in working conditions. Let them be, as for example in bearings, lubrication, 

temperature, rotational speed, etc. [22]. In the case of bearings, these parameters are generally related 

to the damage which can occur in the weakest link in the chain, that is the races [23]. Damage, actu-

ally, occurs also in rolling bodies. 

In case of rolling balls, estimation of life requires a more complex approach as, during rotation, the 

contact point is almost the same for races but changes for balls due to spin and precession. It is inter-

esting to note that in most of papers investigating fatigue life of materials for bearing balls, tests are 

run on specimens like plates and rods [7, 24] thus well knowing the number of cycles to which mate-

rial and microinclusion will be stressed. In case of rolling balls, a different approach is required. In 

order to determine, statistically, how often the inclusion is loaded, it is necessary to know the fre-

quency with which the ball surface point, below which the inclusion is located, contacts the race (in-

ner or outer). In [25] the following formulation is given: 

𝐵𝑆𝐹 =
𝐷
2𝑑 F1 − H

𝑑
𝐷 𝑐𝑜𝑠𝜙M

5

N 

where BSF is the ball spin frequency, D is the pitch diameter, d the ball diameter and f the contact 

angle. The contact angle is defined as the angle between the line joining the points of contact of the 

ball and the raceways in the radial plane, along which the combined load is transmitted from the race-

ways, and the line perpendicular to bearing axis. It has to be noted that a fault in the ball strikes twice 

this frequency: once the inner race, once the outer race. 

Ball spin frequency BSF estimates the total number of cycles which a ball rotates during a complete 

shaft cycle, assuming no slip. Actually, some slip is present and it is damaging [24], because the an-

gle ɸ varies with the position of each rolling element in the bearing, due to the ratio of local radial to 

axial load changes. Then each rolling element has a different (in direction) effective rolling diameter 

and each ball tends to rotate at a different speed.  The cage limits the deviation of the rolling elements 

from their mean position, thus causing some random slip. Rolling without slipping is impossible, it is 
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then necessary to consider also the transverse slip. In [26] a formula is proposed to estimate both slip 

due to spin and precession motions and then ball rotational velocity. Considering precessional and 

spin movements it is possible to estimate the frequency with which a point on a ball contacts the 

races during shaft revolution.  

3.1 Life estimation in presence of microinclusions 

If geometrical data and loading conditions of the tested bearings are applied, then it is possible to cal-

culate how often the point below which a microinclusion lies, contacts the races. In particular it re-

sults that, for the investigated bearing balls (SKF BAHB-311396 B), BSF is 2,46 and the ratio be-

tween shaft revolution and tranversal slip is 40. Considering that inclusion is loaded twice during a 

complete rotation (once with inner race and once with outer race), the frequency with which there is a 

stress-riser inside the inhomogeneity is estimated every 20 shaft revolutions. The assumption that 

should be taken is that the transverse slip is not random but always in the same direction of rotation. 

It is furthermore assumed that the load is effective only if the contact happens when the microinclu-

sion is exactly below the contact point. 

Once the microinclusion loading frequency is calculated, it is possible to estimate ball life, in the case 

a microinclusion is present, according to Zaretsky model [27]. Let’s consider the well known proba-

bilistic bearing life formulation [22]: 

𝐿4P = 𝐿𝐹Q ∙ F
𝐶S
𝑃UV
N
W

 

where p is the load-life exponent (3 for ball bearings and 10/3 for roller bearings), Cd is the dynamic 

load capacity for a rolling-element, 𝑃eq is the equivalent load, defined as the combined and variable 

load around the circumference of a ball bearing, LFc is the bearing life factor. 

For angular contact ball bearings, the life factor LFc is dependent from several factors including sta-

tistical parameters (obtained from Weibull distribution) and a parameter LF, describing the ball-race 

conformity effects at the inner and outer races [27]. 
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It is possible to extend this formulation to balls and then to balls with microinclusions.  

The dynamic load capacity, expressed in Newton, is [27]:  

𝐶S = 𝑓Y+(𝑖 ∙ 𝑐𝑜𝑠𝜙)P,\(𝑡𝑎𝑛𝜙)𝑍
5
a𝑑4,b 

where fcm is material-geometry coefficient, i is the number of rows of rolling elements, Z is the num-

ber of rolling elements for each row i. The material-geometry coefficient fcm depends on the bearing 

type, material, and the conformity between the rolling elements and the races. In particular the con-

formity factor varies between 0,505 and 0,570. In case the life factor is 1, then the conformity coeffi-

cient is 0,52. 

For the presented case, the representative value of rolling-element bearing geometry and material co-

efficient (fcm) was obtained from [27, 28] by linear interpolation of bearing envelope size value.  

The parameter LF is normalized for ball bearings with inner-race and outer-race conformities of 52 

percent.  

𝐿𝐹 = H
𝑆+cd,P.f5
𝑆+cd

M
,

 

where Smax is the maximum contact stress (from Hertz theory) and n is the Hertz stress life exponent  

𝑛 = 𝑐 +
2
𝑒 

where c = 9 for ball bearings. 

The evaluation of LF is dependent on the geometry of the bearing, in this case, for angular thrust 

loaded ball bearing, the Ball-Inner race conformity effect (LFi) is calculated as:  

𝐿𝐹" =

⎝

⎜
⎛7

2
𝑑U − 𝑑

+ 4
𝑑 −

1
0,52𝑑:

5
a
𝜇𝜈"

H 2
𝑑U − 𝑑

+ 4
𝑑 −

1
𝑓p𝑑

M
5
a
𝜇𝜈P,f5⎠

⎟
⎞

,
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From Hertz contact theory, the dimensions for the pressure area is given in terms of transcendental 

functions μ and ν. The values of the product of the transcendental functions (μν) are tabulated in 

function of ball bearing envelope size (S) and they are different for the inner and outer races: 

𝑆 =
𝑑 ∙ 𝑐𝑜𝑠𝜙
𝑑U

 

The conformity of the races (f) is defined as the ratio between the race radius (Rr) and the ball diame-

ter. The evaluation of LF is dependent on the geometry of the bearing, in this case, for angular thrust 

loaded ball bearing, they have been calculated the ball-inner race conformity effect (LFi) and the 

Ball-Outer race conformity effect (LFo). Transcendental function of Hertzian contact theory values 

have been obtained from [27] and they are reported in Table 1:  

Table 1: transcendental function values of Hertzian Contact Theory 

µni 1,654 
µno 1,541 

µn0,52i 1,57 
µn0,52o 1,465 

Peq does not depend on the geometry of bearing, then a weighted average between the nominal load 

NL applied to the bearing and of the load which would generate the value of Tresca stress of the in-

clusion. Given the Tresca stress inside the inclusion, it is possible to calculate the theorical load TL 

that would produce the equivalent Tresca stress in the matrix corresponding to the stress given by the 

microinclusion, by means of simulations with the numerical solver.  

The weighted average could be calculate knowing that inclusion is loaded once every 20 shaft-rota-

tion:  

𝑃UV = (19	𝑁v + 𝑇v)
1
20 
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where NL is the nominal load applied to the ball without microinclusion and TL is the load that would 

produce a stress corresponding to the one generated by the microinclusion. 

Finally, L10 is calculated assuming a shaft rotational speed of 690 rpm. 

It has to be noted that, differently from [3], the nucleation and evolution of crack is neither described 

nor modelled. The failure is assumed to be statistically occurring when a threshold equivalent stress 

is reached in the ball, due to the presence of the microinclusion. 

 
4 Materials and method 

Aim of the research is to develop a life estimation model for bearing rolling elements including the 

effect of microinclusions. The model will consider composition, dimension, shape, distribution and 

position of microinclusions. 

To this aim four topics will be investigated. 

• The material properties. In particular rotating bending fatigue experimental campaigns will 

be analyzed on material specimens. 

• Component behavior. In particular the results of fatigue testing of test bench of ball bearing 

will be presented. 

• Analytical approach of microinclusion effect on stresses. In particular the Eshelby model 

will be applied to estimate the stress field surrounding a single microinclusion and the Mos-

chovidis model [29] to take into account of the effect on stress of the interaction of microin-

clusions. The models will be applied to the failed specimens of both experimental cam-

paigns, considering dimension, shape, position and composition of each single microinclu-

sion. 

• Damage models. Once the estimation of the effect of microinclusions on stresses is esti-

mated, a fatigue life model will be applied to all fatigue data to evaluate both if the microin-

clusion “notch” effect model is reliable for these applications and if the fatigue life model is 
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reliable. In particular, if in the case of the materials the number of cycles to which the speci-

mens underwent is known, in the case of rolling element a statistical approach is necessary 

due to the fact that during bearing rotation, the microinclusion is not always subjected to 

maximum stress due to ball slip and precession movements. 

The research activity is composed by an analytical part, supported by a numerical code, and an exper-

imental part, which includes rotating bending fatigue tests performed on specimens and ball bearings 

tests executed on RCF benches. When the specimen or a ball fails, an analysis of the fracture was 

made, evaluating the inclusion presence and characterization. The experimental tests provided real 

data about the inclusions; thanks to this data the stress distribution around the inclusion was calcu-

lated. 

4.1 4 points rotating bending fatigue testing on specimens 

For the 4 points rotating bending fatigue test the steel wire was cut in 150 mm bars and then straight-

ened to nullify the curvature of the coil. Then, the bars were quenched (12 minutes @850°C). Speci-

mens were obtained, according to the ISO 1143 Standard. Material is 100Cr6 (Young Modulus 210 

GPa, Poisson ratio 0.35, Elastic limit up to 2500 MPa). This material is defined in international 

Standards as UNI 3097 and DIN 17230 as 100Cr6, AISI/SAE as 52100, AFNOR 35-565 as 100C6. 

Many researchers are dedicated to this steel, both with experimental and numerical approaches. In 

[30] an experimental investigation reports the fatigue resistance (108 cycles) in rolling contact fatigue 

conditions in the range of 1800-2300 MPa for Hertzian pressure. In [7] the effect of the different 

composition of microinclusion referring to processing techniques and performances is investigated, 

aiming at relating steelmaking, inclusion microstructure and life. In [12, 31] an investigation of Very 

High Cycle fatigue behavior of bearing steels is reported, referring to international Standards. In this 

paper the high sensitivity of high resistance steels to microinclusions and defects is analyzed with an 

empirical approach of LEFM. In these papers the fatigue limit is found to be about 850 MPa. In [12] 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

12 

the microinclusions are assumed as spherical and if their dimension is higher than 11 µm then an as-

ymptotic behavior is described. For smaller inclusions the fatigue limit is strongly reduced and the 

dependence is only empirically described.  

In the present paper a Staircase [32] fatigue campaign was run at 3500 rpm, life target 5 · 106cycles 

and stress increment in Staircase testing ∆σ=25MPa. After-failure analyses consists in an optical in-

spection on the fracture surface and SEM analysis, to know the chemical composition and dimension 

of the inclusions. 

4.2 Test rig fatigue testing on bearing balls 

The fatigue test of the balls was designed in order to single out the failure only on the balls, without 

damaging the inner ring, the outer ring and the cage.  

In order to ensure the reliability of different tests and so to have the same test conditions, a process 

protocol, established since many years, was adopted. In the protocol, failures due to excessive contact 

stresses, high temperatures and vibrations were avoided. 

The tested bearing mounts only one row of 7 balls (6 regular and one including a microinclusion), 

instead of 14 balls, to increase the contact pressure between the rings and the tested balls. The load is 

axial (34400N). The grease is the Shell Gadus S3 V220. The cleanliness during the assembly is man-

datory, since any contamination of the lubricant can lead to a reduction in the bearing fatigue life. 

The ball material is the same 100Cr6 and ball diameter 11,112 mm. 

During the firsts 10 minutes, the load is only the 30% of the nominal one to obtain a homogeneous 

distribution of the lubricant and the optimal centering of the shaft. After this time, the load is raised 

until the nominal one. Every 5 minutes the load is released for 25 seconds to allow the spinning of 

the balls.  

Each 20 hours the rigs are stopped so as to change the rings, the lubricant, the cages. 

At every stop of the bench, it must be disassembled and cleaned. The components are completely in-

spected. When one ball fails, the after-failure analyses consists in a stereomicroscope inspection on 
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each failed ball, to evaluate if the failure started from an inclusion; a SEM analysis to know the 

chemical composition and the dimension of the inclusion; the inclusion depth was evaluated thanks 

to a gauge meter. The experimental campaign is described in [33]. 

4.3 Stress calculation 

Since the inclusion depth was known, it was possible to calculate the stress at the corresponding posi-

tion, both for spheres and specimens. The Tresca equivalent stresses were evaluated. These stresses 

are calculated including the stress increment related to microinclusion. The nominal stresses, calcu-

lated by means of De Saint Venant Theory in the case of specimens, or by means of Hertz Theory in 

the case of balls, are then modified by the Eshleby solver. 

4.4 Numerical solver 

Eshelby model [15, 34, 35] was implemented in a 3D numerical solver in Matlab environment, to es-

timate the stress distribution around the microinclusion, taking into account of dimension, shape, po-

sition and composition of microinclusions. 

The model inputs are material and microinclusion mechanical properties (from SEM analysis), mi-

croinclusion geometry and distance from matrix free surface (from SEM analysis) and loading his-

tory. The code reads the input stress tensor at the correct depth and, with all the inclusion data, it cal-

culates the incremented stress tensor and the Tresca and von Mises equivalent stresses due to mi-

croinclusion. It also plots in a 3D graph the stress state inside and outside the inclusion. 
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5 Results and discussion 

5.1 Numerical solver 

In Figure 1 the stress distribution according to Hertz theory, for applied load ball by means of test rig 

is plot. The tensor at the depth inclusion is the input of the code for following simulations. The re-

sults of the equivalent Tresca stresses obtained for the experimentally found microinclusions are re-

ported in columns 8 of Table 2 and Table 3 for specimens and balls respectively. These values are in 

agreement with the ones simulated in [3]. 

In particular it can be observed the influence of main factors affecting the stress increment (according 

to De Saint Venant for specimens, and to Hertz for balls) due to the presence of microinclusions: mi-

croinclusion dimension, shape and depth. The inclusion size affects the stress field around the inclu-

sion: increasing the inclusion dimension, the area, subjected to a stress perturbation, increases. On the 

other hand, the Tresca stress peak value does not change significantly. These results agree to [14] and 

[11]. Obviously, a larger inclusion can be located at the critical depth with a higher probability re-

spect to a smaller one. For what concerns shape, varying the two semi axes of the inclusion perpen-

dicular to the force direction (force directed along z axis), until one order of magnitude between the 

two semi axes, it results that the shape plays an important role on the stress increment at the inclusion 

boundary, if the semi axes ratio increases, the stress peak increases in a not negligible way. 

Experimental evidence shows that inclusions can appear in pairs, clusters and stringers. In order to be 

aligned with experimental cases and to the ASTM E45 Standard [31], few cases have been consid-

ered for the numerical analysis. The Standard provides a solution for the stringer case, that is consid-

ered with a minimum of three particles. In this case, the stringer can be considered as a stand-alone 

inclusion with an elongated semi axis that covers the distance from the first to the last inclusion of 

the stringer. As suggested by the E45 [31], the particles have to be placed at a certain distance limit 

from the centerline of the stringer itself, and the distance between them has to be less than a certain 
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threshold. Considering a stringer as a standalone inclusion with elongated semi axis, it is similar to 

what has been found about shape effect.  

An affecting factor, for the stress peak at the inclusion boundary, is the depth at which the inclusion 

is located. From the Hertz theory, it is known that the maximum equivalent stress is located at a cer-

tain depth below the surface. This depth can be identified, with a good approximation, as 75% of the 

contact half width. As proposed in [14], if the inclusion is far from the surface it will be not the main 

source of the spalling. According to the present research, in the worst case, the stress increase is ap-

proximately +50%. The depth threshold below which the stress remains below the maximum stress 

calculated by Hertz is approximately 188% the contact half width. This result is in good agreement 

with other numerical researches [3, 11, 14] and experimental investigations [30]. 

Most inclusions in bearing steels, are non metallic (NMI), and typically they are stiffer than the ma-

trix. In fact, referring to experimental cases, few of the most common ones are Alumina (Al2O3), Ti-

tanium nitrides (TiN) and Titanium carbides (TiC) and each of them has an elastic modulus that is 

approximately 1.8 times or higher than the elastic modulus of the pure steel. Also other types of in-

clusions can be found, typically they are not detrimental as the ones presented above since they are 

not as stiff as those. In the cases presented here, the peak increment remains almost the same (be-

tween +36% and +39%), but this effect is due to the very similar Young modulus. Major changes on 

the elastic modulus will lead to larger increments, since they are related to the difference between the 

elastic modulus of microinclusion and matrix: if this difference increases, the peak increases. This 

analytical and numerical result is in agreement with what found empirically in [8]. 

Another parameter is the Poisson ratio of matrix and microinclusion. Similarly to what seen for the 

Young modulus, when the difference increases, also the peak stress increases. 
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Figure 1: subsurface stress distribution according to Hertz theory, for applied load ball by means of test rig.  

Numerical stress simulation shows a stress gradient in the matrix volume surrounding the microinclu-

sion (see Figure 2 as an example), and an equivalent stress intensity factor, calculated as the ratio be-

tween Tresca equivalent stress in presence and in absence of the microinclusion, ranging between 

1,21 and 1,36 for specimens and 1,20 and 1,57 for balls. In these conditions, it has to be observed that 

the stress intensity factor is calculated taking into account of the materials properties as the Tresca 

ideal stress is calculated with Eshelby model which takes into account of materials Young Modulus. 

 

Francesco Morosi CHAPTER 6. NUMERICAL SIMULATIONS

Figure 6.1: Sub-surface stresses, axial load equal to 34400 N

6.1 Dimension

The inclusion size affects the stress field around the inclusion: increasing the

inclusion dimension, the area subjected to a stress perturbation increases. On

the other hand, the Tresca stress peak value does not change significantly

(Table 6.1). These results agree to what Guan et al. [9] and Moghaddam

et al. [14] found. Obviously, a larger inclusion can be located at the critical

depth with an higher probability respect to a smaller one.

Regarding a ball baring case, having a larger stressed area, it means that it

will be subjected to the load more frequently.

Stress peak increment at NMI boundary

Size of the semiaxis [µm] Tresca peak Increment

From 0.5x0.5x0.5 +39%

To 50x50x50 +39%

Table 6.1: Effect of the inclusion dimension

45
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Figure 2. Simulation of stress distribution around microinclusion in balls. Case 3.  

5.2 4 points rotating bending fatigue testing on specimens 

In Table 2 the results of fatigue testing and calculation on specimens are reported. In particular in the 

same Table 2 the microinclusion composition and dimension along the three axes of global reference 

system, are reported, the depth with respect to ball surface at which microinclusion is positioned, the 

maximum equivalent Tresca stress snT  in the same position, assuming no microinclusion is present 

and maximum equivalent Tresca stress calculated by means of Eshelby model and numerical simula-

tion, corresponding to the presence of the microinclusion siT, the percent difference between the two 

maximum equivalent Tresca stress values sinc  and the actual life of specimens with microinclusions. 

For what concerns microinclusion composition, when different compositions were found, the stiffer 

one Young modulus was assumed in calculations. 

Francesco Morosi CHAPTER 6. NUMERICAL SIMULATIONS

Figure 6.5: Stress perturbation: effect of the shape - 2nd Case

Figure 6.6: Stress perturbation: effect of the shape - 3rd Case

48
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Seven failure cases were analyzed. The inclusion from which the fracture started, was composed by 

Al2O3 plus others oxides in five of the cases. Only in one specimen no Aluminum was found. The re-

maining specimen had an inclusion but probably it broke off when the rupture happened, so it was 

not possible to identify the inclusion composition.  

It has to be noticed that when Al2O3 was present, the Young modulus and the Poisson ratio were the 

ones of the Al2O3 itself, since they are the most critical in this case and it is very difficult to deter-

mine the factors taking into account every element. The inclusions were all similar also in terms of 

dimensions and depth, and basically they can be approximated as circular.No more than one inclu-

sion was present in the fractured area.  

When, as in case 3, the microinclusion is not present but it is possible to recognize the crater where it 

was positioned (Figure 3), then the measures of the crater were assumed as microinclusion dimen-

sions and the traces of the element found in the craters helped to define the microinclusion composi-

tion. 

 
Table 2: specimens fatigue results and calculation 

Case Microinclusion 
composition Inclusion dimension inclusion 

depth snT [MPa] siT [MPa] sinc [%] Cycles to 
failure 

    x y z           

1 Al2O3  17,5 17,5 17,5 -245 501 683 36 2800000 

2 Al2O3 13,5 13,5 13,5 -85 577 787 36 1360000 

3 Al2O3  12,5 12,5 12,5 -80 555 756 36 2740000 

4 S, Ca and Mn 12,5 12,5 12,5 -142 539 652 21 10100000 

5 Al2O3  13,0 13,0 13,0 -34 591 805 36 770000 

6 Al2O3 12,0 12,0 12,0 -74 580 791 36 620000 

7 Al2O3 11,5 11,5 11,5 -138 563 767 36 60000 
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Figure 3: specimen 3 microinclusion crater. 

 
 

 
Figure 4: SN diagram for specimens 

 
Figure 4 reports the SN diagram for specimens with microinclusions. In the vertical axis both the 

nominal Tresca stress (snT) and the Tresca ideal stress calculated by means of Eshelby model and nu-

merical simulator referring to true microinclusion data (siT) are reported.  

From numerical simulations, it results that the stress intensity effect due to microinclusions causes a 

stress increment of 1,21-1,36 times the nominal stress in the experimentally investigated cases. In 

these conditions, the stress does not reach the plastic range and, in the matrix, crack nucleation can be 

Francesco Morosi CHAPTER 8. FAILURES ON SPECIMENS

8.3 Case 3

The specimen n◦ 3 failed after 2.74 · 106 cycles:

(a) 20x magnif. (b) 63x magnif.

Figure 8.10: Specimen 3 - Fracture inspection

(a) Specimen 3 - 100x magnif. (b) Specimen 3 - 200x magnif.

Figure 8.11: Specimen 3 - Inclusion dimensions

(a) Specimen 3 - 800x magnif. - BSD (b) Specimen 3 - 4000x magnif.

Figure 8.12: Specimen 3 - SEM fracture inspection
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Francesco Morosi CHAPTER 8. FAILURES ON SPECIMENS

Figure 8.13: Specimen 3 - 800x magnif. - SE1

As the Fig. 8.12, 8.13 represent, the inclusion was not present in the in-

spected area. This can happen when the inclusion detaches from the surround-

ing material during the rupture of the specimen. No T iC or T iN inclusions

(that are more critical than Al2O3) were found in all the tested specimens, so

Al2O3 was assumed.

Original Maximum Increase [%]

Tresca stress [MPa] 555 756 36

Original stress [MPa] 1200

Stress at the depth [MPa] 1109 1511 36

Matrix Inclusion Ratio

Young Modulus [GPa] 210 375 1.79

Poisson Ratio 0.35 0.22 /

x y z

Inclusion dimensions [µm] 12.5 12.5 12.5

Inclusion depth [µm] -80

Cycles to failure [·106] 2.74

Table 8.3: Specimen 3 - 1.36 · 106 cycles - Results
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attributed to fatigue phenomena, worsened by notch effects. SEM observations confirm this hypothe-

sis (Figure 6 (a)). 

5.3 Test rig fatigue testing on bearing balls 

 

Seven broken balls coming from test rigs were analyzed. In five cases more than one inclusion was 

present in the fractured area: for this reason the considered one was the one with the major increase 

of stress, since it was the worse from the fatigue life point of view. Probably, also in the other two 

cases the balls had few inclusions, but it could happen that they remained under the material that was 

peeling. Regarding the chemical composition, if the presence of some elements was negligible (eval-

uating the spectrum) these elements were neglected when considering the composition. Otherwise, if 

the presence of some elements was not negligible, a weighted average of them was performed to ob-

tain the Young modulus and the Poisson ratio. It happened that for some inclusions, the dimensions 

were not clear, as the chemical composition and so the Young and Poisson parameters. 

In Figure 5 and in Table 3 the results of balls are reported. In Figure 5 it can be observed that numeri-

cal simulation results to be conservative for all failure cases but for case 4 and case 6. These two mi-

croinclusions are closer to the surface than the other and are bigger than the others. In particular their 

dimension lies in the dimensional range that in [36] is stated to be strongly affecting fatigue life. It 

apparently can be observed, according to these two data, that the Eshelby model coupled with statisti-

cal “stroke frequency” model better behaves for “small” microinclusions than for big ones, but more 

data are required. The L10 estimation without microinclusion (red vertical line) actually misses most 

of the failure which take place due to microinclusions. 

 
Table 3: balls fatigue results and calculation 
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Case 

Microin-
clusion 
composi-
tion 

Inclusion dimen-
sion 

inclusion 
depth snT [MPa] siT 

[MPa] sinc [%] Cycles to 
failure 

L10 with 
microin-
clusions 

    x y z             

1 TiC  1,7 4,3 1,7 -453 2319 3650 43 460000 940194 

2 Al2O3  1,7 2,7 1,7 -562 2319 3189 37 1400000 979110 

3 Al2O3 7,0 4,9 7,0 -600 2210 3146 42 1940000 976626 

4 Al2O3  12,5 12,5 12,5 -284 2748 3743 36 870000 824274 

5 TiC, 
SiO2  4,5 4,5 4,5 -436 2609 3168 21 1450000 1034586 

6 Al2O3  12,3 10,0 10,0 -326 2759 3706 34 460000 873954 

7 S, Mn, 
Ca  3,5 2,0 2,0 -450 2636 3173 20 3750000 1037484 

 

 
Figure 5: SN diagram for balls with microinclusions 

 

From numerical simulations, it results that the stress intensity effect due to microinclusions causes a 

stress increment of 1.5 times the nominal stress in the experimentally investigated cases. In these 

3000

3500

4000

4500

5000

5500

1,00E+04 1,00E+05 1,00E+06 1,00E+07

Tr
es

ca
 id

ea
l s

tr
es

s [
M

Pa
]

cicles 

simulated L10 with microinclusion

actual life

ideal L10 without microinclusion



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

22 

conditions, the stress reaches the plastic range and, in the matrix, crack can nucleate. From failure 

surface observations it resulted that the inclusion is not affected by failure process and the plastic 

phenomena affected the interface between matrix and inclusion (Figure 6 (b)). The consequent stress 

release can have restored nominal stresses in the matrix and then crack can have propagated in the 

matrix, slowly, until failure.  

A further confirmation on effectiveness of the implemented approach can come if considering experi-

ments run on balls which fits with the experimental curves reported in [30]. 

 

 
(a)                                   (b) 

Figure 6: failure surface around microinclusion for specimen (a) and balls (b) 

 

Conclusions  

The	main	target	of	the	activity	was	to	evaluate	the	influence	of	microinclusions	on	the	fatigue	

life	of	rolling	bodies.	For	this	reason,	the	effect	on	the	stress	field	of	balls	and	specimens	made	

of	100Cr6	was	studied.	

The	spheres	were	tested	thanks	to	a	dedicated	test	rig,	while	a	rotating	bending	fatigue	ma-

chine	was	used	for	specimens.	The	fracture	analyses	were	assessed	thanks	to	a	gaugemeter,	an	

optical	microscope	and	a	Scanning	Electron	Microscope.	A	numerical	solver	that	implements	

Francesco Morosi CHAPTER 8. FAILURES ON SPECIMENS

8.1 Case 1

The specimen n◦ 1 failed after 2.80 · 106 cycles:

(a) 20x magnif. (b) 63x magnif.

Figure 8.1: Specimen 1 - Fracture inspection

(a) Specimen 1 - 50x magnif. (b) Specimen 1 - 200x magnif.

Figure 8.2: Specimen 1 - Inclusion dimensions

(a) Specimen 1 - 227x magnif. (b) Specimen 1 - 550x magnif.

Figure 8.3: Specimen 1 - SEM fracture inspection
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Francesco Morosi CHAPTER 7. FAILURES ON BALLS

7.1 Case 1

The test n◦ 1 presented a failed ball after 11.2 [h]. In this case, there was

more than one inclusions in the fractured area. The one showed below is the

most critical under the stress rise point of view. The fracture analyses at the

optical microscope it is reported:

(a) 8x magnif. (b) 16x magnif.

Figure 7.1: Test 1 - 11.2 h - Fracture inspection

The SEM analyses detected the inclusion dimensions and composition:

Figure 7.2: Test 1 - 11.2 h - 2000x magnif.
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the	Eshelby	solution	for	the	inclusion	problem	was	developed	to	analyze	the	cases	above.	Some	

simulations	were	made	to	understand	the	functionalities	of	the	code	and	the	effect	of	the	differ-

ent	parameters:	dimension,	shape,	depth,	chemical	composition	and	configuration	were	evalu-

ated.	Moreover,	the	code	was	useful	to	simulate	the	stress	state	of	the	experimental	cases. 

Seven	specimens	and	seven	balls	were	considered,	for	each	case	all	the	inclusion	properties	

were	found	and	the	stress	state	around	microinclusion	was	evaluated.	

A	bearing	life	model	including	the	effect	of	microinclusion	was	proposed.	In	particular	bot	a	sta-

tistical	approach	and	a	deterministic	description	of	spin	and	precession	ball	movement	were	

implemented	to	estimate	the	frequency	to	which	a	microinclusion	is	subjected	to	maximum	

load.		

The	survey	pointed	out	that	inclusions	that	are	shallower	than	a	certain	value	are	not	critical	

for	failures,	according	to	[12,	31].	The	difference	between	the	Young	modulus	of	the	inclusion	

and	the	one	of	the	matrix,	as	well	as	the	Poisson	ratio,	is	very	important	for	the	distribution	of	

stress	variation.	Another	key	factor	is	the	shape,	if	the	inclusion	can	be	approximated	as	an	

elongated	ellipse,	the	stress	peak	increment	is	greater.	There	was	a	wide	range	of	inclusion	

types	found	in	balls,	with	also	different	shapes	and	dimensions,	while	in	specimens	they	had	

similar	properties.		

Bearing	life	model,	describing	microinclusions	effect,	predicts	ball’s	life	better	than	L10	formula.	

Further	discussion	and	further	development	of	this	approach	can	follow,	considering	that	the	

elastic	modulus	of	the	matrix	change	during	damaging	processes,	according	to	[3,24,	37,	38]	

and	thus	the	estimation	of	Tresca	stress	by	means	of	Eshelby	model	should	take	into	account	of	

this	evolving	phenomenon	or,	according	to	[3],	couple	the	stress	fields	due	to	microinclusion	

and	to	Hertzian	contact.	Also	the	interaction	between	microinclusions	can	be	modelled	in	a	

more	detailed	way,	above	all	in	the	case	they	have	different	compositions. 
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