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ABSTRACT

Fatigue life calculation of a metal component accounts for different phenomena. External
factors, such as load type, as well as internal microstructure, play a major role in determining
fatigue failure. The present paper explores the relationship between micro-inclusions in hard
steels and fatigue behaviour. Tension- compression and rotating bending tests were performed
on two steel alloys with different grades. Micro- inclusions presence and characteristics are
quantified by a non- destructive SEM technique. The stress field around micro- inclusions is
quantified by Eshelby’s model. A microstructural study is applied to relate failure and micro-
inclusion parameters. This approach leads to the identification of a modified life model and
stress intensity factor in the two loading cases.

Keywords: tensile- compression test, rotating bending test, micro- inclusions, 100Cr6,
Eshelby’s method, stress intensity factor.

INTRODUCTION

The surface of solids presents defects and distortions. Surface imperfections exert a strong
influence on friction and wear [1]. The contact or surface fatigue is the term used to identify
the surface damage prompted by repeated rolling contact between asperities, high local stresses
and wear particles. Those phenomena induce fatigue cracks propagation [2].

RCEF is the acronym to identify the rolling contact fatigue, the most common damage cause in
mechanical components involving rolling or sliding contact such as balls or roller bearings,
gears, cams, railways. Systems undergoing structural fatigue (SF) and RCF are subjected to
material failure due to the application of repeated stresses in a small volume (typical bearing
contact widths are in the order of 200-1000 pum [3]). SF can be often modelled as an equivalent
uniaxial and usually tensile phenomenon, while RCF generates a multiaxial state of stress which
makes the estimation of component life complex. The most descriptive nomenclature of the
physical evaluation of each damage mechanism is the one proposed and used by [4]. It is well
known that roughness is the main cause of crack initiation in RCF of hard steel components [4]
and generally in fatigue crack nucleation. The typical depth of micropitting is approximately
10 pm. If the microcrack reaches the critical size, there is material detachment and consequently
the micropitting takes place. The depth of the detached fragment has a typical dimension of 10
Mm [5]. Authors of reference [5] propose a stress index AT for cyclic shear stresses at the critical
plane. The formation of the so called “butterflies” leads to cracks at porosity or at small non-
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metallic inclusions. They are the first signs of subsurface damage in high strength steels [5].
Reference [6] analysed from a microstructural point of view the ‘“butterflies” in standard
100Cr6 bearing steel and focused the study on iron beam tomography to reveal voids presence,
then transmission electron microscopy to reveal superfine nano- grains. Spalling is favoured by
factors such as smooth surfaces, presence of non- metallic inclusions in material and absence
of surface shear. Due to those factors, below the surface microcraks generation, propagation
towards the surface and spall formation occur [3]. Also in this case, it is defined a damage index
as the maximum ratio between shear stress and local hardness for case hardening with hardness
gradient [7]. Their experiments showed that subsurface damage initiated for the highest ratio
and in case of a group of cracks and not only a single crack.

The relation between the fatigue resistance of a material with and without microinclusion is
deeply investigated by [26] [27] who adapted the original Peterson approach, which was
proposed for large notches, to small cracks, small defects and nonmetallic inclusions.

Reference [8] evaluated with FEM calculations the propagation index as the ratio of applied
and threshold stress intensity factors. Then, Murakami approach [9] was used to find the link
between material hardness and inclusion size.

Fatigue wear control acts on physical parameters such as applied stress level, operating
temperature, number of revolutions, material parameters, heat treatments, residual stress level
[3]. Over the last decade significant bearing performance increase was reached also due to
cleanliness improvement [10]. Steelmaking process is affected by variation and inhomogeneity
in the composition of ferroalloys. Reference [10] analyses the main factors influencing steel
cleanliness through ferroalloy addition: inclusion, available oxygen and sulphur, amount of
base metal and elemental impurities in the ferroalloy. Non-metallic inclusions are chemical
compounds and non-metals in steels and alloys. They cannot be eliminated in the steelmaking
process given that they are the products of chemical reactions, physical effect, and
contamination during melting and pouring processes. Four macro-categories, sulphides,
aluminates, silicates and oxides, are identified to classify non-metallic inclusion by ASTM E45
— 18A Standard [11].

The steel alloys quality indicators rely on Standards (such as in references [11] or [24])
suggesting metallographic methods linking the steel cleanliness assessment to the micro-
inclusion population. I.g., Extreme Value Analysis (EVA) is used by [12] and [13]. Offline steel
cleanliness determination methods and online techniques are used to study steel refining and
casting issues. At all stages in steel production, the amount, size distribution, shape and
composition of inclusions should be measured [14]. Direct inspection methods for inclusion
evaluation of solid steel section, such as Metallographic Microscope Observation (MMO),
Image Analysis (IA) or Scanning Electron Microscopy (SEM) are accurate but costly. On the
other side, indirect methods, such as Conventional Ultrasonic Scanning (CUS) or Mannesmann
Inclusion Detection by Analysis Surf-boards (MIDAS) are fast and low cost [14].

Inclusions act as a stress raiser and factors such as dimension, depth, shape, and chemical
composition affect the stress peak. The characterization of steel cleanliness is evaluated by the
total oxygen content. It is the sum of the soluble oxygen in liquid steel (oxide inclusions) [16].
In reference [17] the proposed model analyses the life reduction correlated to size, shape,
orientation, location of microinclusions and stress alterations to steel bearing material in case
of inclusions presence. Ai et al. [17], in his study, links the inclusion length with the stressed
volume under contact load by a regression equation for predicting the bearing life reduction
factor (LRF).
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In the bearing market, 100Cr6 is largely used. For this reason, it is also employed for a research
point of view. Kang et al. [12] used a 100Cr6 in ball on rod RCF tests, and investigated the
inclusions effect on fatigue failure: the stress concentration around inclusions leads to
microcracks formation.

The experimental results described in reference [13] focused on endurance limit. It is higher in
case of cleaner steel for equal hardness and heat treatment. Wear resistance has been largely
studied over the years. Authors of reference [18] considered the cryogenic treatment to enhance
it on 100Cr6 bearing steel. Those procedures, compared to conventional heat treatment, produce
more martensite transformation (reducing the retained austenite amount) and carbide formation,
thus tougher grains and higher wear resistance.

Ultrasonic high frequency echography was also used to investigate subsurface damage in [19]
study. This technique could precisely locate cracks and permit to determine depth and angular
orientation. The aim of [19] is to experimentally obtain the correlation between failure and
inclusions for different steels composition and loading conditions.

The aim of the present research is to investigate the effect of micro-inclusions in hard steels on
fatigue behaviour in different loading conditions, that is, rotating bending and axial tension-
tension testing.

ANALYTICAL BACKGROUND

Understanding the mechanisms of fatigue and machinability of steels is the basis to
quantitatively evaluate the effect of defects from a practical engineering point of view [20][21].
Several techniques have been developed to consider defects, inclusion and inhomogeneities
effects in fatigue strength. Murakami and Endo classified the models for fatigue limit stress
evaluation of metals in the presence of small defects [22]. There are three main types of existing
models used to identify fatigue strength. Frost’s approach linked the fatigue limit with the crack
length [23]. In the case of small defects, Murakami and Endo proposed the projection area of
defects in [24]. Kitigawa and Takahashi pursued a fracture mechanics approach based on the
intrinsic threshold stress intensity factor AKi_th; while Mitchell and Nordberg based their
approach on fatigue notch factor.

Starting from Peterson’s equation and classical fatigue approach, the fatigue resistance in
presence of notches and taking into account of load effect is expressed by Marin equation [30]:

G
Ow = Owo ?f (1)
Where gy, is the fatigue strength of the material, g,, the fatigue strength of the “defected”
material, K is the fatigue stress concentration factor, C; the so-called load factor, taking into

account of the different testing conditions. According to reference [31], this last factor can be
assumed 1 for rotating bending testing and 0,7 for axial fatigue testing.

According to reference [25], the notch sensitivity q is defined as:

Kr—1
Kt_]‘

q= 2)

where K, is the stress intensity factor, defined on geometric parametric properties of notches.
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In case of microinclusions and very small defects, according to reference [22], the same notch
sensitivity is:

q= C’ (3)

where g is the radius of the notch root and C’ is a characteristic material parameter, which is a
function of material UTS or HB [22]:

C' = 0.02534 (600)1'8 C' = 0.02534 (2070)1'8
- wp) 'Y TV UTS

“)

Then for small crack [22] the fatigue strength c_w, in the case of a specimen with
microinclusions, is:

Owo

Jw:1+(Kt—1)/(1+%’) ©®)

where g, is the fatigue strength of the microinclusion-free specimens.

Based on geometric and compositional data on microinclusions found at fatigue crack
nucleation site, the stress intensity factor of the microinclusion can be calculated; and, based on
experimental data obtained from fatigue testing campaigns of specimens with microinclusions,
the fatigue limit of the material without microinclusions can be estimated.

MATERIALS AND METHODS

In the current investigation, a total of four samples of steel specimens were analysed. Sample
one (S1) was 100Cr6 and sample 2 (S2) was 100CrSiMn 6-5-4. They were tested using the
rotating bending method according to Standards ISO 1143 [26]. Rotating bending specimens
design is such that the maximum stress occurs at midpoint. This avoids unwanted stress
concentrations. Sample 3 (S3) was Grade A NiTi 4,5 mm thick and 45 mm?2 sectional areas.
Sample 4 (S4) was Grade B NiTiVMo 8 mm thick and 128 mm?2 sectional area. S3 and S4 were
subjected to axial fatigue tests. Tension- tension specimens were exposed to pure axial loading.
The samples were shaped and tests were performed according to ASTM E466 [27]. The
specimen is clamped at two ends and loaded cyclically between two extreme values (maximum
and minimum). In both S4 and S3 tests, the fatigue stress ratio R was 0,1.

The following Table 1 and Table 2 summarize the chemical composition of the investigated
samples.

Table 1 - Chemical composition 100Cr6 and 100CrSiMn6-5-4

100Cr6 Element | C% Si% Mn % Ni % Cr% Mo % Cu% S %

% 0.97 0.23 0.29 0.08 1.43 0.013 0.05 0.003

Element | P% Al% As% Sn % Sb % Pb% Ti% Ca%

) 0.014 0.025 <0.01 <0.01 0.002 0.001 0.001 <0.001
100CrSi Element | C% Si% Mn % Ni% Cr% Mo % Cu% S %
Mn6-5-4 % 1.03 1.20 0.97 0.12 1.47 0.04 0.13 0.005

Element | P% Al % As% Sn% Sb % Pb % Ti% Ca%

% 0.013 0.02 0.01 0.01 0.001 0.003 <0.001 <0.0005
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Element | C % g/lh‘l%j P % S % Mo % Al % N (ppm) | Nb % Ti % V %

Max 0,1 2 0,1 0,01 0,04 0,1 100 0,1 0,5 0,1

Element | C % Mn + P % S % Mo % Al % N (ppm) | Nb % Ti % V %
Si %

Max 0,1 2 0,02 0,005 0,6 0,1 100 0,05 0,05 0,1

The experimental set up consisted of a rotating bending machine mod. RB35 for sample S1 and
S2. The bending moment applied to the central section of the specimen is constant. As the
specimen rotates, the load acting on specimen induces a fluctuating bending stress. For each
test type two campaigns (RB1 and RB2) were performed for 100Cr6 and 100CrSiMn6-5-4
respectively. For rotating bending experiments a set of 15 samples were tested. In the present
paper, a Staircase [28] fatigue campaign was run at 3500 rpm, life target 5*10° cycles and stress
increment in Staircase testing Ac=25MPa.

The axial fatigue testing machine INSTRON 8801 was used for samples S3 and S4. In this
experiment, the specimen is exposed to pure axial (tensile or compressive) loading, with
constant mean stress. For tension- tension tests, 21 specimens for the first campaign AF1 (Grade
A) were tested and 22 for the second one AF2 (Grade B).

Table 3 compares the test characteristics in campaign 1 and 2 for RB1 and RB2 rotating bending
experiments and AF3 and AF4 axial fatigue respectively.

Table 3 - Test characteristics for campaign 1 and 2 (Rotating bending)

Material Stress frequency [Hz] Life target [Cycles] Ac [MPa]
RB1 100Cr6 58,3 5%10° 25
RB2 100CrSiMn6-5-4 58,3 5%10° 25
R
AF1 Grade A 15 3*10° 0,1
AF2 Grade B 15 3*10° 0,1

After-failure analyses consisted in optical inspection on the fracture surface using a microscope
to investigate the crack nucleation origin. Cleanliness analysis [11] were run to characterize the
size, distribution, number, and type of inclusion on a polished specimen surface. The minimum
polished area of a specimen for the microscopic determination of inclusion content was 170
mm?. The type of inclusions encountered, and the representative photomicrographs were
characterized in a section area of raw material. The sample was divided into standard inspection
areas So of 0,5 mm? and examined to find non-metallic inclusions.

A scanning electron microscope (SEM) was employed to know the chemical composition and
dimension of the inclusions.

A FEM simulation [23] allowed the implemention of Eshelby’s model to calculate the
maximum stresses at the microinclusion boundaries. The comparison between the nominal
stress and the maximum equivalent stress for each microinclusion allowed estimating the stress
intensity factor [25] k; related to the microinclusion. Then, according to Neuber’s model [25],
the estimation of the notch factor is obtained and the fatigue limit of the material without
microinclusion is obtained according to [26][27].
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The purpose of the first two test campaigns on 100Cr6 and 100CrSiMn 6-5-4 was to establish
the fatigue limit of the material in rotating bending testing conditions. Table 4 and Table 5
summarize the results obtained from RB1 and RB2.

Table 4 - Campaign RB1 — Staircase 100Cr6

Test Stress :']:i[:lied to Failed (II)S)Survived Cycles [10°] Test duration [h]
1 1100 F 1.24 5.9
2 1075 F 4.20 20.0
3 1050 F 1.06 5.1
4 1025 S 5.00 238
5 1050 F 3.11 14.8
6 1025 S 5.00 238
7 1050 S 5.00 23.8
8 1075 S 5.00 23.8
9 1100 F 4.00 19.0
10 1075 S 5.00 23.8
11 1100 S 5.00 238
12 1125 S 5.00 238
13 1150 F 1.73 8.2
14 1125 S 5.00 238
15 1150 S 5.00 23.8

Table 5 - Campaign RB2 — Staircase 100CrSiMn6-5-4

Test Stress :']:i[:lied to Failed (II)S)Survived Cycles [109] Test duration [h]
1 1025 F 0.24 1.1
2 1000 S 5.00 23.8
3 1025 F 0.30 1.4
4 1000 F 0.05 0.3
5 975 S 5.00 238
6 1000 F 1.56 74
7 975 F 0.01 0.1
8 950 F 1.48 7
9 925 S 5.00 23.8
10 950 F 1.92 9.1
11 925 F 0.44 2.1
12 900 S 5.00 23.8
13 925 S 5.00 238
14 950 S 5.00 238
15 975 S 5.00 238

Tensile tests were performed to obtain the Wholer curve and the fatigue limit for specimens
Grade A and B. Table 6 and Table 7 summarize the results obtained from the two campaigns.
Table 8 provides the fatigue resistance experimental values for the different samples and
different loaded conditions. For AF1 and AF2 specimens, which were tested with R=0,1, the
fatigue resistance Olb.;, corresponding to R=-1, was extrapolated by means of Goodman
equation.
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Test omax [MPa] omin [MPa] 6. [MPa] Cycles to Failure [10°] F/S
1 609.7 60.97 274.37 0.04 F
2 609.7 60.97 274.37 0.06 F
3 583.2 58.32 262.44 0.40 F
4 524.9 52.49 236.21 0.11 F
5 524.9 52.49 236.21 0.17 F
6 524.9 52.49 236.21 0.19 F
7 514.3 5143 231.44 0.25 F
8 514.3 5143 231.44 0.27 F
9 514.3 5143 231.44 0.34 F
10 498.4 49.84 224.28 0.31 F
11 498.4 49.84 224.28 0.36 F
12 498.4 49.84 224.28 0.43 F
13 498.4 49.84 224.28 3.00 S
14 487.8 48.78 219.51 0.55 F
15 487.8 48.78 219.51 0.58 F
16 487.8 48.78 219.51 0.64 F
17 477.2 47.72 214.74 0.48 F
18 477.2 47.72 214.74 0.76 F
19 477.2 47.72 214.74 2.06 F
20 466.5 46.65 209.93 3.00 S
21 466.5 46.65 209.93 3.00 S
22 466.5 46.65 209.93 3.00 S

Table 7 - Campaign AF2: S-N Grade B

Test omax [MPa] omin [MPa] 6. [MPa] Cycles to Failure [10°] F/S
1 608.4 60.84 273.78 0.1 F
2 608.4 60.84 273.78 0.14 F
3 608.4 60.84 273.78 0.21 F
4 597.1 59.71 268.70 0.17 F
5 597.1 59.71 268.70 0.18 F
6 597.1 59.71 268.70 0.21 F
7 585.9 58.59 263.66 0.2 F
8 585.9 58.59 263.66 0.2 F
9 585.9 58.59 263.66 0.21 F
10 574.6 57.46 258.57 0.28 F
11 574.6 57.46 258.57 0.31 F
12 574.6 57.46 258.57 0.65 F
13 563.3 56.33 253.49 0.38 F
14 563.3 56.33 253.49 0.42 F
15 563.3 56.33 253.49 3 S
16 552.1 55.21 248.45 0.22 F
17 552.1 55.21 248.45 0.48 F
18 552.1 55.21 248.45 3 S
19 540.8 54.08 243.36 3 S
20 540.8 54.08 243.36 3 S
21 540.8 54.08 243.36 3 S

Table 8 - Fatigue resistance alb.; experimental values
. . Fatigue limit . . Fatigue limit
Campaign Material Campaign | Material
[MPa] [MPa]
RB1 100Cr6 1075 £ 32.2 AF1 Grade A 357
RB2 100CrSiMn6-5-4 927.5+£223 AF2 Grade B 432
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Optical inspections were performed on failed specimens and they showed that in all the
specimens the fracture starting point was an inclusion just below the external surface. As an
example, in Figure 1 two microscopic views related to one specimen of each sample of RB
campaigns are shown.

100 pm

Fig. 1 - specimens fracture surface, crack nucleation points: S1 (left) and S2 (right)

Aluminum oxides Al,O3 and others (e.g.: calcium aluminate) are the initiator of fracture. Table
9 reports the results of stress calculations according to De Saint Venant theory and Eshelby’s
model at microinclusion boundaries for failed specimens for the different samples. In columns
4, 5 and 6 inclusion dimensions along the three axes of global reference system and in column
7 the depth with respect to sample surface at which the microinclusion is positioned are
reported. Moreover, the maximum equivalent Tresca stress 6,71n the same position (assuming
no microinclusion is present) and maximum equivalent Tresca stress o;r calculated employing
Eshelby’s model and numerical simulation (corresponding to the presence of the
microinclusion), the percent difference o, between o;r and 6,7, the actual life of specimens
with microinclusions are summarized in column 8-11 [29]. For what concerns microinclusion
composition, when different compositions were found in the same fracture surface, the stiffest
one’s Young modulus and the Poisson ratio were assumed in the calculations.

Previous studies on samples subjected to rotating bending tests have shown a higher percentage
of Silicon on 100CrSiMn 6-5-4 steel and data from several sources have identified the increase
in fatigue limit associated with the Silicon (Si) [20] and Molybdenum (Mo) content [21][22].

Contrary to the expectations, the present test results showed that the fatigue limit of
100CrSiMn6-5-4 is lower than that of 100Cr6. This result may be explained by the fact that
after failure analysis showed more critical inclusions in 100CrSiMn6-5-4 than 100Cr6.
Consequently, fatigue limit is reduced.

Table 9 - Inclusion composition, geometry, position and equivalent stresses calculation

Inclusion
. . . inclusion Onr oir [MPa] ) Cycles to
Test composition . dlme;1510n . depth [MPa] Oinc [ %] failure
5 AlLO3 12,5 | 12,5 | 12,5 -54 1025 1268 24 3110000
S1, 9 ALO3 9,5 9,5 9,5 -126 1038 1284 24 4000000
S2 3 Al2O3 23,5 | 23,5 | 23,5 -100 979 1211 24 300000
11 | AlOs 31 31 31 -227 832 1134 36 440000

The previous investigation on samples employed in tensile- tensile tests has found a higher
percentage of Molybdenum (Mo) in Grade B. Moreover, a higher Molybdenum (Mo) content
increases the fatigue limit [20], [21]. This study confirms the expectations and it is consistent
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with the literature. Differently to the rotating bending tests, no critical inclusions have been
identified as the starting point.

The correlation between fatigue and the presence of non-metallic inclusions for a different
number of cycles was evaluated through SEM analysis on test 4, 9, 14, 17 and 19 for Grade A
and on test 1, 5, 7, 11 and 13 for Grade B. No critical inclusions were found, nevertheless,
flakes of non- metallic materials were found near the fracture starting points. This can mean
that microinclusions were lost while fracture took place or they were not present. These results,
therefore, need to be interpreted with caution: it is impossible to say that these inhomogeneities
are the cause of the failure but they may have contributed to increase the stress and leading to
crack. Since no inclusions were found near the starting points, cleanliness analysis was
performed on a section of tension-tension specimens in order to verify the low contents of
critical inclusions. An inspectional area of 14.5 cm? was analysed both in Grade A and B.
Critical inclusions found are shown in Figure 2. Inclusion are defined critical when their
evaluation is closed to the tolerance limit for the steel grade adopted for the RCF part in the
bearing application. Other inclusions were found but not reported since they are small. Results
showed that both grade A and grade B have low contents of critical inclusions as expected.
Also, in these tests each specimen was manually sanded to reduce surface roughness from the
abrasive waterjet cut. The final roughness was measured with a Mitutoyo SJ210 Tester and
values between 0,03 and 0,2 um were obtained for both samples. This difference in roughness
could have influenced the number of cycles to failure for each one.

€
]
=
3

ey

@

B

2'.5|..|rn
|

/20 b

Fig. 2 - Oxides type - 1000x. Grade A (top) and Grade B (down)

For what concerns the life estimation, in Table 10 the summary of factor estimation is reported
for the different material samples. The calculations were performed for an average
microinclusion dimension.

The results in Table 10 are related to the microinclusion which leads the material to failure.
Considering the fatigue failures, the material with higher mechanical properties failed for
inclusions with wider radiuses, while the material with lower properties resulted to be sensitive
to smaller radiuses of inclusions. This is coherent with experimental fatigue research and
models for which the radius of curvature of the inclusion influences on the notch effect by
means of the notch sensitivity ¢ which is related, in both theories, to notch radius.

It can also be observed that the calculated notch sensitivity g differs for the two sets of materials
in an order of magnitude, according to the same variation in the microinclusion curvature radius.
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Table 10 - Estimation of microinclusion notch factor and of fatigue limit without microinclusions

100Cr6 | 100CrSiMn6-5-4 | Grade A Grade B

Nominal stress [MPa] Ont 1025 979 236 268.7
Maximum stress at microinclusion boundaries [MPa] Oit 1268 1211 292 393
Stress intensity factor k; 1.24 1.24 1.24 1.46
Experimental fatigue resistance [MPa] @ p-1 1075 937 357 432
UTS [MPa] 623 679
HB 657 680

C’ 0.022 0.020 0.22 0.19
Microinclusion curvature radius [mm] ¢ 0.0125 0.0235 0.005 0.008
Notch sensitivity ¢ 0.37 0.54 0.02 0.04
Load factor C; 0.97 0.97 0.70 0.70
oha

Fatigue notch factor kr 1.09 1.13 1.01 1.02
Estimated fatigue resistance without inclusions [MPa] Op-1 1170 1054 513 629

Observing the calculated static stress intensity factor k;, obtained by means of the ratio between
Eshelby maximum stress oir at the microinclusion boundary and the nominal stress gur, this
difference is less relevant. This may be due to the fact that the Eshelby’s model is strongly
dependent on material’s mechanical properties and is related to all the geometric properties of
the microinclusion, not only the curvature radius.

Considering the fatigue notch factor, assuming the Neuber and Peterson classical approach,
corrected for the microinclusion with Murakami equations, it can be observed that the values
for the two sets of material is not elevated, thus meaning that the combination of geometry and
material properties is well taken into account by the microinclusion notch effect model.
The estimation of the fatigue limit without microinclusion can contribute to evaluate the
possible advantages deriving from controlling the alloy manufacturing process.

CONCLUSIONS

The aim of the investiagtion was to evaluate the effect of inclusions on material fatigue life
prediction in different loading conditions.

Different tests on different steel composition and a numerical simulation were made in order to
better understand the influence of inclusions on the fatigue life.

Two different raw materials under two different loading conditions were evaluated: 100Cr6 and
100CrSiMn6-5-4 were tested on rotating bending machine and Grade A and B on tension-
tension machine.

Numerical simulation of Eshelby’s model enabled to evaluate the increase of stress at the
boundary of the inclusion for different shape, chemical composition and dimension.

Tests results have shown that the presence of inclusions has a primary importance on fatigue
life, since, contrary to the expectation, the fatigue limit of the steel with more alloy elements
was lower. Cleanliness analysis showed that higher alloy steel has more critical inclusions
which counteract the positive effect on fatigue life of silicon and other alloy elements.

After defining the characteristics of inclusions, Eshelby’s model was applied in order to
calculate the corresponding stress peak at the boundary of the inhomogeneties.

From the calculated stress it is possible to evaluate the inclusion theoretical load that would
produce the same stress nominal in absence of inclusions.
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The microinclusion notch effect on static and fatigue loading was then estimated by means of
Eshelby’s model and Murakami approach. The estimated material fatigue resistance without
microinclusions was finally estimated. The estimation of the fatigue limit without
microinclusion can contribute to evaluate the possible advantages deriving from controlling the
alloy manufacturing process.
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