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Abstract. The contribution presents a method for
lifetime predictions of components with notches.
The method was developed wusing experimental data
gained on smooth and notched samples and numerical
analysis of notched specimens. The method employs
approaches of generalized fracture mechanics and uses
a critical length parameter. Emphasis is placed on the
area of gigacycle fatigue.
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1. Introduction

The aim of the article is to present a process, which
can be used for determination of lifetimes of notched
components. Current computational methods bring
the possibility of precise analysis of stress concentra-
tions in notches. Fatigue life curves are usually de-
termined for smooth specimens and rarely for notched
samples. Two sets of specimens (notched and smooth)
were tested in the area of high and very high cycle fa-
tigue [6]. These results were used to estimate fatigue
life of specimens with different notch radii. The sug-
gested method forms relation between the life curves
of smooth specimens and specimens with model notch
and uses knowledge of distribution of the axial stress
in the studied specimens. The method was applied on
two materials (aluminum alloy and structural steel).
The principle is based on the approaches of general-
ized fracture mechanics.

1.1.  Generalized fracture mechanics
Linear elastic fracture mechanics (LEFM) deals with
the behavior of objects with cracks in cases where
there is a small plastic zone at the crack tip. This
occurs under static loading of brittle materials or dur-
ing cyclic fatigue loading with low stress amplitude.
The approaches of LEFM were generalized from cracks
to description of sharp or blunt notches. These ap-
proaches use local analysis and descriptions of stresses
near the notch tip. These local approaches are repre-
sented by the generalized fracture mechanics [3], criti-
cal quantity criterion [2], the theory of critical distances
(TCD) [8, 17, @], Finite fracture mechanics (FFM) [11 4]
or method of highly stressed volume (HSV) [13].

An approach similar to the critical distance theory
has been used to formulate a lifetime prediction pro-
cedure. TCD uses a length parameter, the critical dis-
tance [. The best-known approaches of TCD are the
Point method and the Line method. The Point method
states that failure will occur when the elastic stress at
a certain distance from the notch reaches some critical
value. The Line method is very similar but uses the
average stress (Fig. [I).
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Fig. 1: TCD: Point method, Line method

1.2. Gigacycle fatigue

The fatigue limit can be defined as the maximum stress
that does not lead to fracture even if it exceeds the
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number of cycles 107. This definition gave rise to the
presumption, if the component is loaded with stress less
than the fatigue limit it has an unlimited lifetime. At
the end of the twentieth century, it turns out that fail-
ure can occur even at stresses below the fatigue limit.
This region, called the gigacycle fatigue region, is less
studied than the low-cycle and high-cycle fatigue re-
gions. This is due to the cost and time-consuming
testing. However, there is an ultrasonic fatigue test-
ing machine that can perform these tests faster than
conventional machines. Tests with the number of cy-
cles 10%, which would last more than a hundred days
on classic machines, last less than 14 hours. Claude
Bathias is considered to be the pioneer of gigacycle fa-
tigue, together with Paul Paris showed that most of
fatigue life is spent on crack initiation, not propaga-
tion 5], T1]. Together, they described the mechanisms
in the formation of a crack in the area of very high cy-
cle fatigue and justified the formation of the so-called
Jfish eye* below the surface [12] (Fig. .
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Fig. 2: Fish eye - internal crack initiation in a structural steel

2. Methodology for lifetime

predictions

The procedure below leads to the determination of the
lifetime curves of notched specimens with various notch
radii.

2.1. Design of specimens

The whole process begins with the design of two sets of
samples - notched and smooth. The ultrasonic device
works on the resonant principle in the range of 19.5
to 20.5 kHz. If the tests are performed using ultra-
sonic devices, the natural frequencies of the longitudi-

nal vibrations of the designed samples must be close
to 20 kHz. This is achieved through parameterizable
geometry and an iterative solution. Two materials are
analysed in this paper (aluminum alloy and structural
steel).
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Fig. 3: Geometry of aluminum alloy specimens

The radii of model notches were R = 0.6 mm for
aluminum specimens and R = 0.1 mm for steel speci-
mens. Figure [3] shows the geometry of the aluminum
alloy AW7075 samples. The lengths L,, of specimens
were determined so that the natural frequencies f,, of
the longitudinal oscillations were equal to 20 kHz and
are given in the Table[I]below. The subscript n = 1,2
indicates smooth and notched specimens, respectively.
The inputs to the calculations were dynamic modulus
E, = 72.15 GPa and mass density p = 2807.95 kg/m?>.

Tab. 1: Parameters of specimens

aluminum alloy steel
n  specimen Lp [mm| fn [Hz] Ly [mm] f, [Hz|
1  smooth 66.0 20012 78.1 20006
2 notched 75.3 20013 75.0 19999

The finite element models were created using
PLANE 183 elements and axisymetry. The planar
models of the smooth and notched pattern are shown
in Figure [l The highest density of elements is at the
notch.

Similarly, the geometry of a set of steel samples was
created for the dynamic modulus Eq = 210 GPa and
mass density p = 7850 kg/m3. The geometry differ in
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smooth specimen

notched specimen

Fig. 4: Finite element models

the radius of the notch, which was 1 mm, the diameter
was 10 mm and the narrowest diameter of the samples
was 2.4 mm. The parameters are shown in [6]. The
lengths L,, were adjusted to gain the intrinsic frequen-
cies f, close to 20 kHz and are shown in Table [f}

2.2. Harmonic analysis and stress

factor

Then, harmonic analysis of the modeled samples were
performed to calculate the stress factor and obtain the
oy distribution across the narrowest cross section of
the specimens. The end surfaces of the specimens were
loaded with 10 ym and the natural frequency was cal-
culated by modal analysis. Using a defined path -
from the surface to the center of the sample, the axial
stresses o, were plotted and are shown in Fig. [5} [}
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Fig. 5: Harmonic analysis, notched specimen with R = 0.6 mm,
axial stress, aluminum alloy
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Fig. 6: Axial stress distribution, aluminum alloy

The stress factor is used in gigacycle fatigue tests, in
resonant displacement loading. It indicates what axial
stress is induced by oscillation amplitude of A = 1 pm.
There is a nominal and maximum stress factor. The
nominal stress factor Sy,om) is determined as the ratio
of the average cross-sectional stress and the magnitude
of the oscillations A = 10 pm, eq. . The maxi-
mum stress factor Sim.., is the ratio of the maximum
stress on the sample surface and the magnitude of the
oscillations, eq. (2.

Sf(nom) = Znom (1)

(2)

The values of these factors for aluminum and steel
samples are given in Table[2] The model notch has the
radius R = 0.6 mm in the case of aluminum alloy and
R = 0.1 mm in the case of steel specimens.

Omax

Sf(max) =

Tab. 2: Stress factors [MPa/um]|

aluminum alloy steel

Stnom)  St(max)  Stmom)  St(max)
smooth specimen  8.67 9.29 40.97 45.91
model notch 9.38 23.02 55.11 210.09

2.3. Fatigue tests

Subsequently, results of fatigue tests of smooth and
notched samples of aluminum alloy and structural steel
were employed. The S-N data of the aluminum alloy
are taken from [I0], while S-N data for steel samples
are taken from [6]. The experimental data were in-
terpolated by Wohler curves using the least-squares
method, see Fig. [ The data were fitted by curves
A, B, C, D described by equations (3).

o[MPa] = 343.1 - N 009912
o[MPa] = 265.8 - N 04827
o[MPa] = 1116 - N 02959
o[MPa] = 502.9 - N 0031

O Qo w =

2.4. Determination of the length

parameter

To determine the critical distance, experimentally

gained S-N curves of two sets of samples are required:

smooth specimens and specimens with a model notch,

and numerically determined axial stress distribution

of the model notch. Then the critical distance [ fol-

lows from the formula (4), where o29'*(NNV;), and
smooth

12 (N;) are the values on the S-N curves for an

a,nom
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Fig. 7: Lifetime curves, adopted from [I0}, [6]

arbitrary, but the same number of cycles N, oy 1m({)
is the average stress over the distance I, and oy vm nom
is the average stress over the entire cross section of the
notched specimen with the model radius R = 0.6 mm
(aluminum alloy) or R = 0.1 mm in the case of struc-
tural steel.

O_smooth (Nf)

a,nom

Uy7LM(l> = Gnotched () Oy,LM, nom (4)

The result of equation is an average axial stress
over a critical distance [. This average axial stress over
the critical distance corresponds to the critical distance
[, which can be varied for each number of cycles to
failure.

The critical distance [ was evaluated for each number
of cycles to fracture N;. The dependence of the critical
distance [ on the number of cycles to fracture is shown
in Figure [8] An overview of critical distances is given
in Table [B] below.

Tab. 3: Critical distances

min max avg
aluminum alloy  0.3189 mm  0.4540 mm  0.3834 mm
steel 0.0702 mm  0.0894 mm  0.0796 mm
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Fig. 8: Critical distance

The dependence of the critical distance parameter [
on number of cycles to fracture can be described by
equation for aluminum alloy and @ for steel.

[ [mm] = 0.8995 - N~ 0-04942 (5)

[ [mm] = 0.1085 - N; *020% (6)

2.5.  Prediction of lifetime curves

Using the critical length parameter [, it is possible to
predict lifetime of notched specimens or components
with different notch radii. We assume that this critical
distance is a material property and can be used for
lifetime predictions. It is an inverse approach of eq. .

To estimate the lifetime curves of different notch
radii, it is necessary to know the S-N curve of smooth
specimens and the critical length parameter for a given
material. Then oy v(l) and oy ,.. are determined
from numerical calculations of the axial stress distri-
bution for the required notched specimen. The stress
concentration factor K, () is determined using the
eq. . Finally, each point of lifetime curve of notched
specimens can be predicted using the eq. .

Kou(l) = %D (7)
notched N — szrrszcx:gh(Nf) (8)
Tt (N:) = “TKem()

The approach for lifetime predictions was applied for
various notch radii, as it is shown in Fig. [0] First
of all, axial stresses of each notched specimens with
various notch radii from R = 0.1 mm to R = 3 mm
were calculated, see Figures valid for alu-
minum alloy and structural steel, respectively. The
stress concentration factors «, from eq. (9)), of partic-

ular notches are plotted in Figures 9(d)l Finally,
in Figures 9(f)l there are predictions for various

notch radii and experimentally determined S-N curves.
The S-N curves following from experiments are visual-
ized in black, while the predictions are shown in colors.
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Fig. 9: a, b) Axial stress distribution, ¢, d) Stress concentration factors, e, f) Lifetime predictions
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The curves of predictions follow from eq. . Note
that within calculation of the predictions, critical dis-
tances dependent on number of cycles to failure were
applied.

Oy, max

9)

Ty,nom

3. Conclusion

The article summarizes the procedure for prediction
of the lifetimes of notched specimens. Using two S-N
curves of two sets of samples - smooth and with a model
notch, it is possible to predict the lifetime curves of
specimens with different notch radii. The study was
applied in the field of high-cycle and gigacycle fatigue,
where small scale yielding conditions are valid. The
main result of the method is the critical distance of
two studied materials. The distance is essential for
further predictions. It was calculated, that the criti-
cal distance slightly depends on the number of cycles
to fracture, where the distance decreases with higher
number of cycles to fracture. This corresponds to the
fact that with increasing NV, the loading level decreases
and at the same time crack initiation can be caused by
structural defects, voids and inhomogeneities of smaller
size. The average value of critical distance was 0.38 mm
for aluminum alloy and 0.08 mm for structural steel.

Acknowledgment

The research was supported by the Czech Science
Foundation, project No. 21-14886S.

References

[1] Cornetti, P., Pugno, N., Carpinteri, A., Taylor,
D.: Finite fracture mechanics: A coupled stress
and energy failure criterion. Engineering Fracture

Mechanics 73(14), 2021-2033 (2006)

[2] Klusak, J., Krepl, O., Profant, T.: An easy and
engineering stability criterion of general singu-
lar stress concentrators. Theoretical and Applied
Fracture Mechanics 104, 102341 (2019)

[3] Klusak, J., Profant, T., Knésl, Z., Kotoul, M.:
The influence of discontinuity and orthotropy of
fracture toughness on conditions of fracture initi-

ation in singular stress concentrators. Engineering
Fracture Mechanics 110, 438-447 (2013)

[4] Leguillon, D.: Strength or toughness? a criterion
for crack onset at a notch. European Journal of
Mechanics - A /Solids 21(1), 61-72 (2002)

[5] Mughrabi, H., Antolovich, S.D.: A tribute to
Claude Bathias — highlights of his pioneering work
in gigacycle fatigue. International Journal of Fa-
tigue 93, 217-223 (2016)

[6] Qian, G., Hong, Y., Zhou, C.: Investigation of
high cycle and very-high-cycle fatigue behaviors
for a structural steel with smooth and notched
specimens. Eng. Fail. Analysis 17(7), 1517-1525
(2010)

[7] Taylor, D.: The theory of critical distances. En-
gineering Fracture Mechanics 75(7), 1696-1705
(2008)

[8] Taylor, D.: Applications of the theory of critical
distances in failure analysis. Engineering Failure
Analysis 18(2), 543-549 (2011), the Fourth Inter-
national Conference on Engineering Failure Anal-
ysis Part 1

[9] Taylor, D.: The theory of critical distances:
A link to micromechanisms. Theoretical and Ap-
plied Fracture Mechanics 90, 228-233 (2017)

[10] Trsko, L., Guagliano, M., Bokuvka, O., Novy, F.,
Jambor, M., Florkova, Z.: Influence of severe shot
peening on the surface state and ultra-high-cycle
fatigue behavior of an aw 7075 aluminum alloy.
Journal of Materials Engineering and Performance
(04 2017)

[11] Wang, C., Wagner, D., Wang, Q., Bathias, C.:
Gigacycle fatigue initiation mechanism in armco
iron. International Journal of Fatigue 45, 91-97

(2012)

[12] Wang, C., Petit, J., Huang, Z., Wagner, D.: Inves-
tigation of crack initiation mechanisms responsible
for the fish eye formation in the very high cycle fa-
tigue regime. International Journal of Fatigue 119,

320-329 (2019)

[13] Wang, R., Li, D., Hu, D., Meng, F., Liu, H.,
Ma, Q.: A combined critical distance and highly-
stressed-volume model to evaluate the statistical
size effect of the stress concentrator on low cycle
fatigue of tal9 plate. International Journal of Fa-

tigue 95, 8-17 (2017)

About Authors

Kamila KOZAKOVA was born in Pferov, Czech
Republic. She is a doctoral student at Brno University
of Technology and at the Institute of Physics of
Materials, CAS. Her research interests include fatigue
of materials and fracture mechanics.

(©2021 TRANSACTIONS OF THE VSB-TECHNICAL UNIVERSITY OF OSTRAVA CIVIL ENGINEERING SERIES 34



SECTION BUILDING STRUCTURES & STRUCTURAL MECHANICS VOLUME: 21 | NUMBER: 2 | 2021 | DECEMBER

Jan KLUSAK was born in Brno, Czech Re-
public. In the Institute of Physics of Materials, CAS,
he studies fracture mechanics of general stress concen-
trators, formulation of stability criteria of a V-notch
and a bi-material notch and their application to
service life estimation. He deals with gigacycle fatigue
testing.

(© 2021 TRANSACTIONS OF THE VSB-TECHNICAL UNIVERSITY OF OSTRAVA CIVIL ENGINEERING SERIES 35



	Introduction
	Generalized fracture mechanics
	Gigacycle fatigue

	Methodology for lifetime predictions
	Design of specimens
	Harmonic analysis and stress factor
	Fatigue tests
	Determination of the length parameter
	Prediction of lifetime curves

	Conclusion

