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Abstract—The development of models relating the fatigue strength of materials to their static strength and
plasticity is considered. Statistical strength theories were developed to describe the results of fatigue tests and
to predict the strength of machine components with variable loads. Experiments show that the strength of
materials depends significantly on structural defects, and the limiting stress is a statistical quantity.
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Tests show that the strength of materials depends
largely on structural defects, while the limiting stress is
a statistical quantity. Therefore, all the limiting sur-
faces in the primary stress aces may be represented by
a set of mean stresses at which the material disinte-
grates instantaneously if the short-term strength is
considered or over some period of time (the life) if the
strength of a material with variable stress is considered.

Statistical theoretic of strength were developed to
describe the results of fatigue tests and to predict the
strength of machine components with variable loads
[1]. Given the large spread in the results, a different
approach to the calculation of parts has now been
adopted: we cannot guarantee the strength with abso-
lute confidence. We can only say that its probability of
failure is relatively small in specific conditions [2].

One statistical theory rests on the hypothesis of a
weak link [3]. In this approach, the body is assumed to
consist of a large number of structural elements, each
of which has its own local strength. The body as a
whole disintegrates when at least one structural com-
ponent fails. For massive bodies, this assumption must
be regarded as an oversimplification: for the failure of
the body as a whole, it is probably necessary for some
group of components to fail. That principle is adopted
in more complex theories.

In Afanas’ev’s statistical theory, the fatigue
strength is considered in simple and complex stress
states [4]. A statistical model of fatigue failure describ-
ing the influence of stress concentrations and the
absolute dimensions of the body is developed on the
basis of different distribution functions. The model is
verified by experiments with samples of aluminum,
copper, brass, and austenitic and spring steels. How-
ever, all the formulas for the fatigue strength with com-
plex stress states are based on the mechanical transfer

of static-strength criteria, without verifying their
validity; instead coefficients taking account of the
asymmetry of the cycle and stress concentrations are
introduced. In this approach, the metal is regarded as
a conglomerate of grains with different stresses on
account of the structural inhomogeneity and anisot-
ropy. The probability of fatigue failure is determined as
the probability that several grains with stresses exceed-
ing the adhesive force exist simultaneously. Note that
the appearance of a crack is attributed to the develop-
ment of plastic stress exceeding the yield point and
reaching the rupture strength in brittle failure and the
cleavage strength in ductile failure [5].

Thus, according to Afanas’ev’s model, the
appearance of any fatigue crack is associated with
local plastic deformation. The probability W of crack
appearance is related to the macroscopic stress by a
power law, which is determined from formulas for the
strength of materials.

Volkov’s statistical theory is evidently the most rig-
orous and promising [6]. It establishes a general statis-
tical strength criterion: the tolerance on the probabil-
ity of failure. In this approach, a material is regarded as
a polycrystalline elastoplastic medium that is uniform
macroscopically and nonuniform microscopically. On
the basis of macroscopic continuity, an arbitrary bulk
stress state may be considered. The theory is devel-
oped for a power law of the macroscopic deformation
[6]. It combines new methods of calculating the
strength of machine parts and structural components,
taking account of the significant influence of struc-
tural inhomogeneity of the materials on failure, the
scale effect, etc. These new methods employ statistics
and probability theory. The development and applica-
tion of this new strength theory was considered in [7].
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On the basis of Volkov’s criterion, the following
proposition was stated in [8]: macroscopic failure of a
solid appears on reaching a critical value of 0.5 for the
relative damage of the primary area by microcracks,
taking account of a stress tensor of the first kind (at the
microlevel). The statistical conditions of the limiting
state take account of the influence of the spherical ten-
sor, the deviator, and the maximum normal and tan-
gential stresses. On that basis, the results of strength
tests for traditionally brittle materials such as cast iron,
glass, gypsum, quenched steel, and carbon steel may
be explained.

Afanas’ev developed a statistical theory of the
strength of concrete and related materials that fail with
little deformation in a complex stress state [4] some-
what before the publication of [8].

All the theoretical and experimental data in the lit-
erature indicate that reliable information regarding the
strength of blocks and thin samples made of structural
materials may only be obtained by developing a phys-
ical theory of failure and employing statistical analysis.

Despite the extensive research on the topic, we
have yet to find satisfactory means of predicting the
fatigue strength of materials, for the following reasons:
the problem is complex; many types of variable stress
state and test conditions are encountered; and very
different methods of surface and bulk treatment are
used for existing metals and alloys. Over time, these
factors become even more complex, since important
machine parts and structural components generally
operating in repeating or alternating loads and their
life is completely determined by the cyclic strength of
the material.

The strength of solids is studied by specialists in
solid-state physics, materials science, and the
mechanics of deformable continuous media. Despite
their common goals, these fields use different meth-
ods; however, they exchange their findings [9]. There
is a continuing search for new laws applicable to the
complex systems of interest here. Fatigue loading is
characterized by exchange of energy with the environ-
ment (energy absorption and liberation) and by exter-
nal stimuli that vary over time.

In research on the physical nature of fatigue, the
formation and development of fatigue cracks is ana-
lyzed; fatigue structures and their variation, hyperfa-
tigue, fatigue at cryogenic and elevated temperatures,
and fatigue at high loading frequencies are studied in
detail; and the role of crystalline defects and strength-
ening and failure of metals has been shown. Amor-
phous phases are found to exist at the crack tip, and
excited atom–vacancy states are also encountered.

At present, in predicting the fatigue strength, it is
not enough to confine our attention to a continuum
model of the body, on the basis of continuum
mechanics [10]. Regardless of which strength criteria
are chosen (deformational, energetic, or other crite-
ria), crack behavior and kinetics must be taken into

account, and the period in which they grow must be
assessed, since research shows that the nucleation and
development of fatigue cracks occurs over much of the
life of the body. This must be taken into account in the
model of fatigue failure [11].

We know that the surface layer of a part is subject to
the most load in all stress states. The surface layer is
where energy and matter are exchanged with the envi-
ronment. In cyclic loading, damage accumulates pre-
dominantly in the surface layers. The considerable
influence of the surface state of the metal on its cyclic
strength is associated with the earlier development of
fatigue cracks in the surface layers than in the rest of
the metal. That may be attributed to the accumulation
of the critical dislocation density in that layer.

After surface treatment, a layer with different struc-
ture and stress state is formed to some depth; this is
known as the modified layer [12]. The distribution of
the physicomechanical and chemical properties over
this layer is complex and is determined by the surface-
treatment technology and conditions. The fatigue
strength is mainly controlled by treatments at the sur-
face of the part. Therefore, in predicting fatigue char-
acteristics such as the fatigue limit and fatigue life, we
must take account of the influence of the modified
surface layer and primarily the relation between the
characteristics (surface roughness, residual stress) and
the distribution of the residual stress over the depth of
the surface layer.

The following factors indicate the need to develop
scientific principles for predicting the fatigue strength.

(1) The fatigue failure and wear determine when
the components of highly loaded systems become
inoperable. The elimination of those processes
demands close study of their development in dynamic
mechanical and thermal treatment [13].

(2) In manufacturing, it is always important to
increase the reliability, durability, and working life of
components, with simultaneous decrease in their mass
and maintenance or reduction of their cost. That calls
for new or improved technologies.

(3) An effective approach in improving technolog-
ical processes is to produce designs with a known rela-
tion between the life and the factors determining the
machining conditions and method. However, the pro-
duction of components has an indirect influence on
the life and durability: in machining, the structure and
physicomechanical properties of the metal and, in
particular, the modified surface layer are formed. The
properties of the modified layer differ from those of
the remaining metal and essentially determine the life
and durability of the part.

Accordingly, we need to solve two problems:
(a) after investigating the influence of the physico-

mechanical properties of the metal by means of exist-
ing models—for example, that in Eq. (1)—and the
corresponding influence of the modified surface layer
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on the fatigue strength, we must develop a method of
predicting the characteristics of the surface layer;

(b) we must identify and implement technologies
capable of ensuring the required parameters of the sur-
face layer.

(4) Reliable methods of predicting the fatigue
strength of metallic parts are required; these methods
must take account of the influence of the modified
surface layer on the fatigue limit and fatigue life. The
fatigue characteristics must be determined at any stage
of the process and in any machining conditions so that
the optimal result ensuring the specified or maximum
fatigue strength may be selected. It is difficult to obtain
the required set of data experimentally.

Since the operational properties of important
machine parts are determined when the manufactur-
ing technology is designed, we rule out the use of forg-
ings, rods, and other standard prefabricated struc-
tures, since their properties will be inferior to those in
individual billet production [14]. Thus, the properties
of the part must be taken into account in developing
the manufacturing technology. This is also the case for
vehicle wheels.

For example, new technologies are used to create
the required properties of drums (disks) in the wheels
of Formula 1 cars [15, 16]. Wheels produced from pre-
fabricated forgings or stamped blanks cannot match
those produced by the new technologies, as shown in
practice in [15–17].

Accordingly, rather than new materials, we should
focus on materials technologies—that is, manufactur-
ing technologies using modified materials. In other
words, attention is directed not to the material (an
alloy, say), but to the overall manufacturing technol-
ogy. Within this framework, we should be aware that,

when a part is made from a new material produced by
nanotechnologies, it will not necessarily have all of the
properties of the initial material. To ensure that it
does, we need to improve the manufacturing technol-
ogy for that specific material. In that case, we obtain
an experimental technology that provides the basis for
the mass-production technology.

A technological process is a combination of strictly
defined methods and operating conditions that need
to be optimized [18]. The creation and introduction of
new production methods for workpieces is one of the
most important stages in improving technological
processes [19]. Workpieces that are close in properties
and shape to the final product simplify the machining
process, reduce the consumption of materials, and
lower the cost of the final part, while the part’s perfor-
mance is improved [20].

Tests of new products confirm this conclusion—for
example, in relation to the fatigue strength. To deter-
mine the uniformity of the distribution of mechanical
properties for AK6 alloy, we conduct tests of samples
cut from the selected zones of stamped wheel work-
pieces (Fig. 1). Aviation and automobile wheels are
made from this alloy [21]. Statistical characteristics of
the fatigue strength are plotted in Fig. 2 on the basis of
the test data [22]. Curves 1–3 are obtained from test
results for the maximum number of samples. Each
experimental point represents the test result for a sin-
gle sample. The notation for the points is as follows:
(h) results corresponding to curve 1; (s) results corre-
sponding to curve 2; (j) results corresponding to
curve 3.

We now consider the results of fatigue tests in f lex-
ure, with rotation of the samples. (The diameter of the
samples in the working cross section is 8 mm.) The

Fig. 1. Cutting of samples (b) from a stamped wheel work-
piece (a): (1) for static tests (Gagarin sample); (2) for
fatigue flexure tests with rotation; (3) for observations of
the growth of surface fatigue cracks; (4) beam samples for
determination of crack resistance.
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Fig. 2. Results of fatigue tests of samples cut from a
stamped AK6 alloy workpiece.

4 5 6 7 8 9
100

140

180

220

260

300
σa, MPa

log N

1 2 3



RUSSIAN ENGINEERING RESEARCH  Vol. 37  No. 5  2017

PREDICTING THE FATIGUE STRENGTH OF STRUCTURAL ELEMENTS 391

visible scattering of the experimental data must be
taken into account in specifying the life of the part, as
in assessing its quality in terms of the fatigue strength.

We analyze the relation between the mechanical
properties of AK6 alloy by means of the equation

(1)

where ea = σa/E is the amplitude of the rated strain; Sk
is the alloy strength; E is its elastic modulus; N is the
sample life to failure; ψk is the relative residual con-
striction (plasticity); and m1 and m2 are empirical
parameters.

The model in Eq. (1) may be rewritten to describe
the fatigue curve

(2)

with the coefficients

The first term in Eq. (2) takes account of the alloy’s
plastic properties; the second takes account of its
strength. We may also say that the first describes the
behavior of the alloy on passing from few-cycle fatigue
to multicyclic fatigue, while the second describes its
behavior in multicyclic fatigue. Note that the model in
Eq. (2) experimentally confirms the independence of
the Sk and ψk characteristics; otherwise, their correla-
tion would need to be evaluated.

On the basis of these data, it is possible to predict
the influence of the manufacturing technology on the
fatigue strength of the new material. This calls for an
experiment that is not easily repeated: numerous tests
of samples, with a base of 108–108.5 cycles (Fig. 2).
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According to fatigue curve 2, the fatigue limit
increases markedly (by 20–40%) with 25–30%
increase in plasticity (Fig. 3). The fatigue life is
increased by an order of magnitude in that case.

Thus, the development of new models relating the
fatigue strength of materials with their statistical
strength and plasticity is necessary and expedient.
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