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Abstract

The influence of defect features on fatigue behaviour is a complex trivial issue. Although the
important advances over the last decades, the dialectical relationship between the defect
orientation and durability is not clearly understood. The paper aims at studying the influence of
the orientation of elliptical defects on the durability of samples made of C45 steel. Three types
of samples with elliptical defects were subjected to cyclic bending and torsion (R = -1) in the
form of a one-sided notch oriented at various angles, namely 45, 60 and 90 degrees. The stress
analysis was performed using local and non-local methods in order to determine an equivalent
stress amplitude. The stress fields surrounding the defects were evaluated via three-dimensional
numerical models. Then, the results were compared with the results obtained for smooth
samples. The results show that the defect orientation has a higher effect under bending loading
than under torsion and that the defects oriented perpendicularly to the longitudinal axis of the

specimen are more detrimental.

Keywords: Bending, torsion, non-local method, defects, fatigue.

Nomenclature
As - permanent elongation for a specimen with the ratio of a gage length to a

diameter of a specimen equal to 5

E - Young’s modulus

K, - theoretical stress concentration factor
B - bending moment

T - torsion moment

n' - cyclic strain hardening exponent

N - number of cycles

R - load ratio

\" - volume

c - normal stress

T - shear stress
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v - Poisson‘s ratio

oy - yield stress

OUTS - ultimate stress

Abbreviations

EDM - electrical discharge machining
FEM - finite elements method

FE - finite elements

Subscripts and others

b - bending

cr - critical

eq - equivalent

1] - direction X, y, z
t - torsion

p - principal

S - smooth

1. Introduction

The failure of metallic components subjected to cyclic loading is often associated with the
presence of defects [1,2]. Defects, in this context, can be divided into [3]: imperfections (e.g.
porosities, inclusions, microvoids, cavities, etc.); and micro-geometric flaws (e.g. dents,
scratches, corrosion pits, etc.). These material imperfections [5-6], despite the constant
improvement of manufacturing routes, are naturally present in engineering applications and

have significant implications for their durability. Therefore, the development of reliable fatigue
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life prediction models requires a direct correlation between defect features (e.g. type, size,

shape, orientation, location, etc.) and durability [6-7].

Although the detrimental effect of defects on fatigue strength is clear, the mechanisms behind
this dialectical relationship are not fully understood. Roy et al. [8] studied the effect of natural
and artificially introduced surface imperfections on the high-cycle fatigue behavior of A356-
T6 aluminium alloy subjected to tension, torsion, and combined tension-torsion. The maximum
size of the natural defects was about 450 - 700 um, while the natural defects on the surface were
in the range of 0 - 100 um and the maximum internal defects reached 300 - 500 pm. An
interesting outcome was that the critical defect size was found to be 400 + 100 pm for both

artificial and natural defects under the three loading scenarios.

Mu et al. [9] also addressed the effect of artificially introduced defects on fatigue life of
AS7G06 aluminium alloy under cyclic tension considering both symmetrical (R = -1) and
asymmetrical (R = 0.1) loading cases. The authors concluded that the fatigue strength was
significantly reduced for defects with sizes greater than 300 um, which was in the same order
of magnitude of the grain size. On the contrary, natural casting defects smaller than 100 pm did
not affect the fatigue performance in the tested range. Furthermore, it was also found that
artificial defects with sizes in the interval 400 - 900 um led to much lower maximum allowable

stress levels.

Gonzalez et al. [10] studied the correlation between fatigue strength and defect size in A319-
T7 aluminium alloys subjected to tension-compression at room temperature and 130°C. It was
observed that the fatigue cracks were originated in pores near the outer surface. In addition,

both single crack initiation and multiple crack initiation phenomena were observed. The former
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phenomenon occurred at higher nominal stress levels, while the latter occurred at lower nominal
stress levels. The results showed a reduction in fatigue limit by 10% at the higher temperature.
In addition, it was distinguished a tendency for the reduction of fatigue life with the increase in

the size of critical defect.

Toribio et al. [11] anlaysed the role of surface defects on fatigue crack initiation in pearlitic
steel manufactured by two technological processes, namely hot rolled (not cold drawn) and
commercially prestressed (cold drawn and stress relieved). The authors concluded that the
manufacturing route can significantly affect the population of defects. It was found that the cold
drawn steel exhibited seven times less micro-defects than the hot rolled steel. In a similar way,
the fatigue performance was also quite influenced by the manufacturing route. Although the
failure occurred from surface defects for both steels, fatigue crack initiation lives were quite

higher for the cold drawn steel than for the hot rolled steel.

Gao et al. [12] studied the fatigue strength of railway axles made of low-carbon steel with
different surface damage defects introduced artificially, namely craters through electronic
discharge machine, indentation via compressing balls, and foreign object damage by tungsten
steel balls or cubes. The first type of defects was less dangerous than the defects introduced by
the other two methods. In another interesting study, Gao et al. [13] addressed the effect of
surface defects created by impact damage of flying objects on fatigue resistance of high-speed
railway axes. It was found that the fatigue performance it not only affected by the damage depth

but also by the damage orientation and the damage shape.

The influence of a defect on fatigue life can be accounted for using different methods. Linear

elastic fracture mechanics is a classical approach to analyse long cracks with homogeneous
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stress fields and not affected by local plasticity. Nevertheless, these limitations make it
unsuitable for short cracks [14]. Another alternative approach is the so-called Varea parameter,
introduced by Murakami, which corresponds to the square root of the surface of the defect
projected into the direction perpendicular to the maximum stress [15]. Based on experimental
evidence, it was demonstrated that the Varea parameter and maximum stress intensity factor can
be linearly correlated, and that the fatigue crack growth threshold is a function of the Vickers
hardness. Its main limitation is the inability to describe the stress state, hindering the application

to general multiaxial loading [6].

The Theory of Critical Distances is one of the most versatile tools to correlate the fatigue
strength with a critical distance from an intrinsic defect size [16]. The influence of the defect is
accounted for through the calculation of an equivalent stress which can be computed in different
ways, namely the point method, line method, area method, or volume method [17]. Gradient-
based approaches are also sophisticated tools to estimate the impact of a defect on fatigue
behaviour [18]. In this case, the equivalent stress is calculated by introducing weight functions
sensitive to the stress gradient in the vicinity of the defect. In recent years, advanced
probabilistic fatigue methods able to capture the effect defects on fatigue behaviour have also
been successfully implemented [19-20]. More recently, these methods, combined with other
advanced approaches, such as the weakest link theory or the energy field intensity approach,
were successfully used to account for notch and size effects [21-22]. A comprehensive review

on notch and size effects can found in the paper by Zhu et al. [23].

Although there is a clear relationship between defect size and fatigue life, the influence of defect
orientation on fatigue behaviour is not clearly understood. To the best of the authors’

knowledge, there are no studies addressing this topic. Thus, this paper aims to study the effect
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of the defect orientation on fatigue durability in C45 structural steel under cyclic bending and
torsion (R = -1). Elliptical defects with the form of a one-sided notch and placed at three
different orientations (45°, 60°, and 90°) with respect to the main axis of the specimen are
studied. The stress fields surrounding the defect are computed using three-dimensional

numerical models. The stress analysis is conducted using both local and non-local approaches.

2. Material and methods

Structural steel C45, commonly used for medium-loaded and wear-resistant machine parts, was
selected for the fatigue tests. The chemical composition and mechanical properties are
presented in Tables 1 and 2. Its microstructure, examined via optical microscopy is presented
on Fig. 1. As can be seen, the material was characterized by a ferritic-pearlitic structure, and
the percentage of perlite was 52%. The grains of perlite and ferrite are evenly distributed in the

structure. The grain size is not very diversified and the average grain size is 6.44 um.

Figure. 1.
Table 1.

Table 2.

Four types of cylindrical samples with a diameter of 10 mm, were tested: (1) smooth (without
a defect); (2) with a defect of length 3.5 mm at an angle of 90°(Fig. 2a); (3) with a defect of
length 4 mm at an angle of 60° (Fig. 2b), and (4) with a defect of length 4.9 mm at an angle of
45° (Fig. 2¢). The specimens were cut from a drawn bar with a diameter of 20 mm and then

subjected to the normalization process. The defects were made employing wire electrical

discharge machining (EDM) with a diameter of 0.64 mm and a depth of 0.32 mm. The defect
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system was designed in such a way that the Murakami parameter (Varea) was the same for all

defect samples for bending loading.

Figure. 2.

The quality of the defects was checked on the Alicona Infinite G4 surface topography stand,
where the area of the defect was scanned, and then, using the MountainsMap software, surface
roughness and defect depth analyzes were carried out to eliminate samples with deviating
geometric parameters [24]. Fig. 3 shows typical examples of the analyses of defects conducted
with the optical microscope for three different orientations, namely 90°, 60°, and 45°. The
pseudo-colours represent the values of the distance measured from the deepest point of the
defect surface. As can be seen in the figure 3, the measured values meet the geometrical

definitions.

Figure. 3.

The MZGS-100Ph fatigue machine [25,26] was used to perform the experimental tests. The
samples were subjected to cyclic bending and torsion. The tests were carried out in the high-
cycle fatigue regime, under constant-amplitude load, for a load ratio (R) equal to -1, and a cyclic
frequency of 27.5 Hz. The bending moments and the torsion moments varied from 12.5 to 27.5
N-m and 30 to 45 N-m, respectively. For each defect geometry, at least two specimens were

tested. The tests were completed when the stiffness of the samples have decreased by 20%.

The stress analysis at the defect region was performed using a three-dimensional finite-element

model. The mesh was developed in a unstructured manner employing 4-node tetrahedral finite
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elements (see Fig. 4). In order to better characterise the stress fields at the geometric
discontinuity, a ultra-refined patter was used in that region (see Fig. 4(b)). In remote positions,
to alleviate the computation effort, the mesh density was reduced. The numbers of elements and

the numbers of nodes for each defect configuration are listed in Table 3.

As far as the boundary conditions are concerned, the ends of the specimen were connected to
two prismatic bodies to simulate the gripping system of the testing machine. One of them was
fixed while the other was used to apply the loading cases (bending moment or torsion moment)
considered in the experimental program. The material was defined as continuous,
homogeneous, and isotropic. The simulations were carried out assuming a linear-elastic
behaviour via the generalised Hooke’s law. The material constants of the tested material are

summarised in Table 2.

Figure. 4.

Table 3.

3. Fatigue results

The tests were carried out in a way that made it possible to determine the lowest possible load
level for each type of sample and load (bending or torsion). As referred to above the tests were
completed when the stiffness of the samples has decreased by 20%. The research was carried
out in the high-cycle fatigue regime (HCF) with R = -1. The results of the fatigue tests, in terms
of bending moment versus number of cycles to failure and torsion moment versus number of

cycles to failure are shown in Fig. 5(a) and Fig. 5(b), respectively.
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As can be seen in the figure, the fatigue performance of the specimens with elliptical defects is
governed by the defect orientation, either under bending or under torsion. For instance, by
comparing the cases of the 45° and 60° orientations, which were subjected to the loading levels,
we can conclude that the former have higher lives under bending but lower lives under torsion

and vice-versa.

The maximum stress at the defect region was accounted for using the theoretical stress
concentration factors. The theoretical stress concentration factor were determined using finite
element models (Femap software) developed for the different geometrical discontinuities (see
Fig. 4). The maximum stress for the calculation of the theoretical stress concentration was taken
from the middle of the sample length in the case of the smooth samples, while in the case of
samples with defect it was taken from the bottom of the defect. The values were equal to 2.6,
2.34 and 2.04 for bending (determined from Eq.(1)), respectively, for samples with a defect at
the angle of 90, 60 and 45 degrees, and approximately 1.7 for torsion (determined from Eq.

2)).

Key=—" )

2)

The typical stress fields obtained in the simulations for bending and for torsion near the notch

region are shown in Fig. 6 and Fig. 7, respectively.

Figure 5

Figure. 6

As can be seen in Fig. 6 and Fig. 7, irrespective of the loading scenario, the maximum values

are located at the deepest point of the geometric discontinuity, i.e. in the center of the notch. On
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the contrary, as we approach to the notch boundaries, the stress values decrease. Moreover, we
can also conclude that the stress fields are symmetrical with respect to the main axes of the
defect. It is also clear that the defect orientation, for a fixed bending moment or torsion moment,
leads to different values of maximum stress. The analysis of Fig 6(a) and Fig. 6(b) whose
simulations were computed for the same value of bending moment shows that the maximum
stress values are different: the maximum value is higher for the defect at angle of 60° than for

the defect at an angle of 45°.

Figure. 7.

The relationship between the stress values calculated on the basis of the theoretical notch factors
and the fatigue life for bending and torsion are exhibited in Fig. 8 (a) and Fig. 8(b), respectively.
As can be seen in the figures, the stress values determined by this method and the related S-N
diagrams indicate significant differences, especially under bending, in the values for smooth
samples, despite similar durability, which may cause erroneous interpretations in the design.

Therefore, more advanced approaches are recommended to alleviate this shortcoming

Figure. 8.

4. Non-local method approach

In this section, the obtained test results were analyzed using non-local, volumetric fatigue
calculation methods. For this purpose, the results of the numerical simulations were used to
determine the volume in which the stress values are above the limit stress. This volume will

hereinafter be referred to as the critical stress volume and is given by:
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1

Oeq = VTerETf(O_ij)dV (3)

where o4 is the equivalent stress, V, is the critical stress volume, and f{c}) is the stress
components used to calculate the equivalent stress. For the calculation of the equivalent stress,

the critical stress was selected as the reference level, which corresponds to the lowest value of

the stress amplitude at which failure occurred in the tests of smooth samples.

Three different averaging criteria were considered: the Huber-Mises stress, represented by
GuM.ave (see Eq. (4)), which accounts for the average stress using the entire stress tensor; the
first principal stress, represented by o). ((see Eq. (5)), which computes the average stress
from the first principal stress field; and the normal stress (along x-axis), represented by Gy ave,

which calculates the average stress from the normal stress distribution in the vicinity of the

defect region.

1
OHM = \/E[(Ux - Uy)z + (0, — 0.)* + (o, — Ux)z] + 3(Txy2 + 1y, + ) 4

3 2 2 2 2
op” — (ax + 0y + az)ap + (axay T 0x0,+ 0,0y — Tyy” —Tyz” — Ty )ap —(crxayaz +27y,
2 2 2y —
Tyzt,—OxTyz — OyTlyxz — OzTyx )=0 (%)

The values of particular stresses and the volumes of each finite element are taken from the
software, and then depending on the level of the so-called critical stress are summed the stress
and volume products of particular finite elements. If the stress value in a finite element is lower
than the critical stress, then such elements are omitted. Finally, the sum of the products obtained

is divided by the total volume of the involved elements.

The determined volumes for the different loading cases differed depending on the selected
criterion (see Table 4). As can be seen, the smallest volume of critical stresses was found for
the equivalent stress criterion according to the Huber-Mises hypothesis (Gim_ave), and the largest

for the first principal stress (o} ave). In addition, despite the values of the critical stress volumes
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are different, the three criteria exhibit the same trends. Furthermore, it is also clear that the

values vary with the defect orientation and the loading type.

Regarding the defect orientation, by comparing the cases of 45° and 60°, which were subjected
to the same loading level, we can conclude that the critical stress volumes are smaller for 45°
than for 60° either for bending or torsion. The effect of loading type can be inferred by
comparing any of the three defect orientations. For instance, for a defect at an angle of 60°, the

values for torsion are greater than for bending.

Table 4.

Table 5.

Figure. 9.

Figure. 10.

Figures 9 and 10 plot the calculated average stresses against the number of cycles to failure for
the bending cases and the torsion cases, respectively. By analyzing the results obtained for the
criteria selected above(Figs. 9-10), a significant decrease in the averaged stresses related to the
stress values obtained from the FEM calculations can be observed, e.g. for the sample with a

defect at an angle of 60°, the stress decreased by 120 MPa for a sample with a defect at an angle

of 45° the stress decreased by 70 MPa and for a defect at an angle of 90°,the stress decreased

by 50 MPa.
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The results obtained by the non-local volumetric method approximate the amplitude values of
the samples with defects to the results of the smooth samples, which is an interesting outcome
and demonstrates the design capabilities of this advanced approach. In a practical point of view,
the experiments also indicate that the defect configuration perpendicular to the longitudinal axis
of the sample is the most harmful in terms fatigue performance.

In the case of torsion, the orientation of the elliptical defects has a smaller effect on the fatigue
life. However, the application of the Huber-Mises method shows the best results.

Moreover, the analysis for the experimental cases in which specimens have not been damaged
showed that the critical volume was equal to 0. Thus, the non-local volumetric method can
provide a new tool for engineers and significantly reduce the time and money of experimental

research.

5. Concluding remarks

This paper studied the influence of the orientation of elliptical defects on the durability of
samples made of C45 steel subjected to bending and torsion. Specimens with elliptical defects
with three orientations (45°, 60°, and 90°) with respect to the main axis of the specimen were
studied. The stress fields in the vicinity of the geometric discontinuity were computed using
three-dimensional numerical models. The stress analysis was conducted using local and non-
local criteria. The following conclusions can be drawn:

* The experimental tests show that the smallest bending moment necessary to damage the
sample occurs in the sample with an elliptical defect oriented perpendicular to the
longitudinal axis of the specimen;

* The defect orientation has a higher effect on fatigue life under bending than under
torsion, and defects oriented at an angle of 90° are more detrimental to fatigue

performance;
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* Under bending, the specimens with a defect oriented at a 60° required much higher stress
levels to fail than the specimens with defects oriented at a 45°;

* Determination of equivalent stress using the non-local volumetric method showed that
the values of these stresses came much closer to the stress values for smooth samples;

* The analysis demonstrated that the non-local volumetric method can provide a new tool
for engineers in terms of fatigue design. Moreover, it significantly reduces the time and

money associated with the experimental program.
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Fig. 1. Microstructure of the C45 steel.
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Table 1. Chemical composition of the C45 steel.

Flement C Si Mn Cr Ni S P Cu Fe
Content % 0.42- 0.17- 0.5. - max. max. max. max. max. Bal.
0.5 0.37 0.8 0.3 0.3 0.04 0.04 0.3

Table 2. Mechanical properties of the C45 steel.

Oy GuTs v E As
MPa MPa - GPa %
547 739 0.3 215 17
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Fig. 2. Shape and dimension (in mm) of the tested specimens with the defect orientation angle

(a) 90°, (b) 60°, (c) 45°.
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Fig. 3. Measurements results of geometrical dimensions of defects: a) 90°, b) 60°, ¢) 45°.
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Fig. 4. (a) Finite element model of the analysed specimens with a lateral notch subjected to

bending (represented by B); (b) detail of notch region for a defect with an orientation of 90°.
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Table 3. FEM model properties.

Type of No. of nodes No. of FE The ratio of the length of the FE edge
specimen at the notch root to the notch radius
smooth 32940 21433 -

45° 220711 145588 0.07

60° 240363 158412 0.083

90° 188865 125047 0.087
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Fig. 5. Diagram of the dependence of the number cycles to failure as a function of: a) the

bending moment and b) torsion moment
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Fig. 6. Stress distribution according to the Huber-Mises hypothesis: (a) 45° for a bending
moment of 19.3 N-m (b) 60° for a bending moment of 19.3 N-m, (c¢) 90° for a bending

moment of 14.3 N-m.
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Fig. 7. Exemplary stress distribution according to the Huber-Mises hypothesis: (a) 45° for a

torsion of 29.6 N-m, (b) 60° for a torsion of 29.6 N-m, (c) 90° for a torsion of 31 N-m.
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Fig. 8. S-N plot for stresses amplitudes calculated using the theoretical stress concentration

notch factors: (a) bending load, (b) torsion load.
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Table 4. Size of the critical volume in mm?.

Bending Torsion
45° 60° 90° 45° 60° 90°
19.3 19.3 146 296 296 31
N'm N-'m Nm Nm Nm Nm
oum 0.046 0.058 0.011 0.011 0.081 0.115
(o] 0.065 0.094 0.025 0.147 0.304 0.140
Ox 0.049 0.080 0.020 - - -
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Table 5. Values of averaged stress in MPa corresponding to critical size volume

in Table 4.
Bending Torsion

45° 60° 90° 45° 60° 90°

19.3 19.3 146 296 296 31

N'm N-'m Nm Nm Nm Nm
oum 327.8 342 322 349.5 3705 3738
o) 329.7 345.4 3342 288 239 224
Oy 326.8 348 3347 - - -
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Fig. 9. S-N diagram for stresses calculated according to the different averaging criteria under

bending: (a) normal stress oy aye and (b) first principal stress G aye, (¢) Huber-Mises G ave.
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Fig. 10. S-N diagram for stresses calculated according to the different averaging criteria under

torsion: (a) Huber-Mises stress G ave, (b) first principal stress 6 aye.
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HIGHLIGHTS
- The non-local volumetric method was used to analyse surface-defected specimens.
- Fatigue behaviour of surface-defected specimens under bending and torsion is studied.
- Finite element analysis was performed to determine the critical volume.

- The non-local volumetric method can help engineers in advanced fatigue design.
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