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The paper contains a proposal of a new model for the stress-life curve. The new model
reflects the nature of the stress curve occurring under current conditions, which means its
shape of an inclined letter S. It can be used for both low and high cycle fatigue. Verification
of the proposed model was performed on experimental results of ten various materials from
three main types that are low-alloy, high-alloy and non-alloy steels.
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1. Introduction

Fatigue is a phenomenon occurring when a material is subject to cyclic loading changing in time
and thus burdened with varying stresses. The fatigue phenomenon arises if changes in material
properties are caused by these varying loads or stresses, when the material is subject to damage
or failure. Fatigue — in terms of the material — is a phenomenon with hazardous inclinations while
loads that do not exceed the yield strength can cause a decrease in strength properties or it can
even lead to damage of the material. Usually, this happens unexpectedly, under considerably
lower stresses than the ultimate tensile strength and, therefore, it can pose a risk to the safety
of machine functioning as well as to human life. It is widely known that vast majority of damage
is arising during exploitation and its nature is the fatigue. Therefore, it is crucial to calculate
the time to failure or values of the maximum stress at which no failure will occur.

The loading history acting on the material can either be random or can indicate certain
reproducibility, and then it is termed as cyclic. A particular case of the cyclic load condition is
the sinusoidal loading. The fatigue properties of construction materials or components are deter-
mined on its basis. Fatigue processes should be also considered in machines subjected to cyclic
loading, especially if their proper functioning puts a shadow on human’s health or life. Thus, it is
especially important in such industrial sectors as aviation (e.g. turbine components), automotive
(e.g. engine and suspension components) or power engineering (e.g. boilers, pipelines).

From the standpoint of determining fatigue strength, the understanding of fatigue characteri-
stics is of crucial meaning. For design calculations of materials in terms of their fatigue life, cyclic
tests on specimens are performed in laboratories. There are several types of characteristics that
can be distinguished. The most common characteristics are stress-based fatigue characteristics
(recommended for the high cycle fatigue) and strain-based fatigue characteristics (suggested
for the low cycle fatigue). Considering the structure of the new model of fatigue characteristics,
which is proposed by the authors, this study focuses explicitly on the stress-based fatigue charac-
teristics. Keeping in mind the fact that in engineering practice the stress rather than the strain
approach to design is much more common, this research work attempts to employ the stress-life
curve to describe also the low cycle fatigue properties of the material. Moreover, on the basis
of experiences gained by other researchers, it is noticed that stress-based fatigue characteristics,
best describing the experimental points, should rather be adopted as an inclined letter S than
a straight line. The model proposed in this work satisfies this condition.
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2. Review of stress-based fatigue characteristics

In the research literature on fatigue life one can find many suggestions related to stress-based
fatigue models. The most well-known characteristics are these proposed by Woéhler (1858) or
Basquin (1910). However, some authors propose slightly different and more complex models.

Fatigue diagram (S-N curve) developed by Wahler in 1860 has its longest history. The fatigue
model is written as

log Ny = a — bo, (2.1)
or when the base-logarithm will be replaced with the natural logarithm as
InNy =a—bo, (2.2)

where: Ny — fatigue life in cycles (number of cycles to fatigue failure), o, — stress amplitude,
a, b — parameters of the equation (constants of the model of regression).

The curve model proposed in 1910 by Basquin is basically a modified S-N curve model by
Wohler. In the research literature, this model is more commonly used and often is known under
the name of the author of the pioneer model, and it is expressed by

log Ny = a —blogo, (2.3)

Like in the S-N curve model by Wohler also in the research literature and in calculations perfor-
med in real life, the base-logarithm is substituted by the natural logarithm. Basquin introduced
to the S-N curve by Wohler the log of the amplitude of stress o,.

Another analysed fatigue characteristics estimated in 1914 was Stromeyer’s suggestion (Stro-
meyer, 1914)

log Ny = a — blog(oq — 04f) (2.4)

where: o, — stress (or strain) amplitude, o, — fatigue limit.
A subsequent fatigue model was developed in 1955 by Corson (Palin-Luc, 1996)

Ny = —2— exp[—c(04 — 0ay)] (2.5)

T4 — Oaf
or as a result of logarithmisation performed on both sides of the equation
InNy=1Ina —In(o, — 04f) — c(0q — 0af) (2.6)

The next fatigue model is the dependence proposed in the work by Bastenaire (1972)

Ny = ﬁexp{—(aa%ﬁ)c} (2.7)

or after logarithmisation performed on both sides of the equation

InNy =Ina —In(o, — oaf) — (Ja%baaff (2.8)

Whereas, in 1999 an other approach was proposed by Pascual and Meeker (1999) and expres-
sed by the equation

InNy =a+blog(oq —oqf) +€ (2.9)

where: € — error term.



Stress-life curve for high and low cycle fatigue

679

Substituting a + € for a constant, Eq. (2.9) takes the same form as in Stromeyer’s model,
except that Pascual and Meeker suggest application of the natural logarithm, therefore

InNy =a—blog(ca — 04f) (2.10)
In the same year, Kato and Hayashi (1999) introduced the dependence
log oq = a — blog(logNy) (2.11)

Whereas, Kohout (2000) introduced a new model taking into account the impact of tempe-
rature, which led to expansion of the Basquin’s model

log o, (N¢,T) =loga™ +blog Ny + clog T (2.12)

where: a*, b — parameters of the equation (constants of the model of regression), wherein 7' —
temperature at which tests are performed, ¢ — temperature-sensitive parameter t

Ologoq(N¢,T)
c= ——"

dlogT (2.13)

Ny=const

However, by assuming that the Basquin model is true for a certain reference temperature Ty,
then equation (2.12) has a constant derived from the Basquin’s model, and it can be written as

0a(Ny, T) = a(%)CN}’ (2.14)

which means that o, = a’ N}’.

And this after logarithmisation gives as a result the Basquin’s formula (Basquin, 1910).

The coefficients that are present in all models are determined by fitting the curve to experi-
mental points. For this purpose the least square method is employed, and for non-linear models
the Gauss-Newton algorithm. All characteristics can be drawn up on the basis of a single series
of tests specified in the standards (Kurek et al., 2014).

Another characteristic that is shared by the mentioned in the introduction Section models
and by the model developed by the authors is the fact that these models are based on stresses
that occur in the material during fatigue tests. These values (of stresses), however, are empirical
values, and thus they are not based on physical phenomena. While, for low cycle fatigue tests
strain-based fatigue models considering both the plastic and elastic strains are applied; one of
the most commonly used models is the Manson-Coffin-Basquin (MCB) fatigue life model

/
ot = Fae + Eap = LN + (2N (2.15)
where: €,; — strain amplitude expressed by the elastic strain amplitude ¢, . and plastic strain
amplitude €4,, 2N; — reversal number, E — Young’s elastic modulus, o’ f, b — coefficient and
exponent of the fatigue strength, respectively, e’f, ¢ — coefficient and exponent of the plastic
strain, respectively.

However, even in the case of strain-based fatigue characteristics, the problem of deficient
mapping of real conditions can have a significant impact on the accuracy of the obtained charac-
teristics. Such problem was described in (Marcisz, et al., 2012), the authors pointed on a certain
strain value, which was not adopted in the model and which was for some materials so high
that it could lead to serious errors while determining the characteristics. Type of this strain is
neither plastic nor elastic.
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Fig. 1. Fatigue characteristics based on the proposed model designated for (a) St 42, (b) St 52-3,
(¢) Ck 45 non-alloy steel

3. Proposal of fatigue characteristics developed by the authors

The proposed in the study stress-based fatigue characteristics model is designed to describe low
and high cycle fatigue tests

log g—” = Blog(2Ny) + C'log?(2N;) + Dlog*(2Ny) (3.1)
m
where: R,, — ultimate tensile strength, B, C, D — constants.

In the model described by formula (3.1), it is assumed that the shape of stress-based fatigue
characteristics in the extremely low cycle fatigue (ELCF) is dependent on the ultimate tensile
strength R,,. The proposed solution considers the often noticed in research practic the fact that
fatigue characteristics of most materials do not adopt in the double logarithmic system the shape
of a straight line but it is rather like an inclined letter S. B, C and D constants adopted in
formula (3.1) are determined numerically by the method of least squares.
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Fig. 2. Fatigue characteristics based on the proposed model designated for (a) HSB 77V, (b) St E690,
(c) St E590 low-alloy steel

A similar approach to the one proposed by the authors on exponential characteristics was
presented by Kandil (2000), Eq. (3.2). The model suggested by this author was indicated in
(Kandil, 2000), however, it was applied to satisfy the objective of strain controlled fatigue rese-

arch test. Therefore, these were strain-based fatigue characteristics
logeqt = A— Blog Ny + C'log? Ny (3.2)

where: g, — total strain amplitude.

4. Verification of the proposed model

Verification of the proposed model was performed on experimental results of ten various materials
from three main types that were low-alloy, high-alloy and non-alloy steels. Fatigue test results
were derived from research literature sources (Baumel and Seeger, 1990). Table 1 lists materials
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Fig. 3. Fatigue characteristics based on the proposed model designated for (a) X25CrNiMn2520,
(b) X40CrMoV205, (c) X8CrNiTi1810, (d) CulNiCr35 high-alloy steel

used for verification of the model and basic properties of these materials, material constraints
of the proposed model, Eq. (3.1), as well as the coefficient of determination R? estimated for
characteristics of the material.

For all of the materials listed in Table 1, B, C' and D constants are designated as applied in
the proposed formula (3.1). In this manner, the derived stress characteristics are presented as
double logarithmic curves in Figs. 1-3. The continuous line indicates a section of characteristics
as regards to experimentally designated points, whereas the dashed line presents an estimation
of the characteristics performed based on Eq. (3.1) outside the scope of the experiment.

The performed simulation tests confirmed the possibility of application of the proposed model
for describing fatigue properties of materials in the range from approx. 200 to 5000000 cycles
as long as the model was used within the range of tested specimens. Applications of the model
for specimens which broke during tests in lower number of cycles than 200 could cause some
problems due to the fact that the ultimate tensile strength could be exceeded.
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Table 1. Summary table of tests performed on materials used for the analysis

Young’s Ultimate
Material type modulus | tensile strength B C D R?
E [GPa| R,, [MPa]
EE St 42 206 457 0.06016 | —0.03227 | 0.00244 | 0.9677
% St 52-3 210 597 0.1157 | —0.05704 | 0.0048 | 0.9747
zg CK 45 210 790 0.132 | —0.07743 | 0.00782 | 0.9447
Ei HSB 77V 210 852 0.05023 | —0.03476 | 0.00336 | 0.9752
% St E690 214 872 0.03123 | —0.0343 | 0.00313 | 0.9889
E St E590 210 608 0.2805 | —0.157 | 0.01987 | 0.9462
E X25CrNiMn2520 193 642 0.1455 | —0.07751 | 0.006665 | 0.9964
; X40CrMoV205 213 2576 0.1406 | —0.06579 | 0.005662 | 0.9772
;fo X8CrNiTil810 181 411 0.1781 | —0.1006 | 0.009984 | 0.9894
= CuNiCr35 170 639 0.2422 | —0.09744 | 0.006372 | 0.9642

5. Conclusions and findings

On the basis of the performed simulations for ten various materials, a statement can be formu-
lated that the proposed model describes in a proper manner the results of experimental tests
and it can be applied as fatigue characteristics for both the low and high cycle fatigue. Its basic
advantage is the fact that it respects the tensile strength R, in order to reflect the nature of the
stress curve, occurring under current conditions, which means its shape of an inclined letter S.
We do not recommend using this model for the so called quasi-static range of fatigue life. The
minimum number of cycles in simulations was appointed as 200. As in the most fatigue curve
models, it is recommended to apply the authors’ model only in the range of fatigue life corre-
sponding with experimental data. Further analysis is required to fully prove the advantages and
usefulness of the proposed model.
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