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Abstract—The role of the collective behavior of defect 
ensembles at the crack tip and the laws of fatigue crack 
propagation in aluminum-magnesium alloy AMg6 have been 
studied under conditions of symmetric tension–compression 
gigacycle loading at 20 kHz using ultrasonic fatigue testing 
machine Shimadzu USF2000. 3D New View 5010 interferometer 
profiler high resolution data of defect induced roughness in the 
crack process zone under fatigue crack path revealed the 
existence of two characteristic scales: the scale of the process zone 
and the correlation length that is the scale when the correlated 
behavior of defect induced roughness has started. A 
mathematical model allowing the assessment of fatigue resistance 
of functional metal material on the basis of the analysis of loading 
parameters and the resulting fracture surface is developed. 
Analyzing the image by means of the wavelet-analysis, the basis 
parameters of a destruction surface are allocated. Based on the 
analysis of the destruction surface characteristics and the 
corresponding loading parameters, the fatigue life of the 
functional material is evaluated. For the solution of the problem, 
the elements of the fuzzy sets theory are used.  

Keywords—functional material; microstructure; morphology; 
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I.  INTRODUCTION 

In recent years, the role of metal alloys as functional 
materials constantly increases in the modern industry. Such 
materials have the set operating characteristics (durability, 
conductivity, thermal stability, etc.) formed due to use of new 
manufacturing technologies and/or special further 
thermomechanical treatment [1-3], and, as a result, the 

organized microstructure with particular grain-phase structure 
and microdamage. At the same time, necessity of development 
of new tools of the analysis of difficult microstructures and 
forecasting of strength properties at the microscale levels 
increases. 

The list of the functional materials applied in mechanical 
engineering and instrument engineering is large, and it is 
possible to classify them by various signs. Most of them like 
irons, alloys on the basis of copper and light metals, are 
universal. They have numerous advantages and are used in 
various components and constructions. 

Together with universal a functional materials of a certain 
functional purpose are applied: high-temperature-resistant 
materials, materials with high elastic properties, wearproof, 
corrosion resisting and etc. 

It is possible to classify functional materials by the 
properties defining the choice of material for specific 
components of a construction. Each class of materials is 
estimated by the criterion providing their working capacity 
and materials are chosen taking into account their properties: 
mechanical, physical, technological, operational, etc. For 
structural materials, the following properties are considered: 
durability, plasticity, viscosity, elasticity, hardness, brittleness. 

Assessment of strength properties of metal functional 
materials depending on types of microdamage is of 
considerable interest. Many scientists are interested in a study 
of microdamages of the functional materials, see e.g. 
development of damages with use of numerical algorithms [4], 

76Copyright © 2018, the Authors.  Published by Atlantis Press. 
This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

International Conference "Actual Issues of Mechanical Engineering" (AIME 2018)
Advances in Engineering Research (AER), volume 157



or experimentally [5-6]. A number of works are devoted to a 
research of microdamages that have arisen due to thermal 
treatment of materials [7], the works directed to studying of 
the microdamages that have arisen during the working process 
also existed [3, 8]. 

During operation, most parts and machines are subject to 
cyclic loads, thus the fatigue failure can be considered the 
most common type of operational failure. At fatigue failure 
there is a development of areas of localization of damages in 
the field of microcracks which parameters significantly 
influence to the fatigue durability of the material. Geometrical 
damages (for example cuts, chips) of metal functional 
materials and their microstructure also have significant 
influence on the fatigue resistance of a construction [9-10]. 
The problem of fatigue failure of metals and alloys attracts 
interest as often a harbinger of brittle fracture of material is 
emergence of a fatigue crack that leads to decrease in the 
bearing capacity [11]. Appearance of new functional materials 
demands new approaches to assessment of their structure and 
strength properties at various modes of operation. Thus, 
development of new methods of the analysis of fatigue 
properties of materials and forecasting of strength 
characteristics is the issue of the day.  

The main focus of this paper is the development of the 
methodology, allowing the assessment of fatigue resistance of 
functional metal material on the basis of the analysis of 
loading parameters and the resulting fracture surface. A 
novelty of the developed estimation technique is the 
application of the fuzzy sets theory in establishing multiple 
relations between a given complex of strength characteristics 
and parameters of microdamage, obtained from fracture 
surface images in the analysed material. 

II.  DEFINITION OF THE EXPERIMENT 

In this paper, the study of the growth kinetics of fatigue 
cracks in aluminum and magnesium alloy AMg6 under 
conditions of high- and gigacyclic fatigue is presented, in 
materials find new regularities of destruction connected with 
qualitative changing in mechanisms of rising and development 
of fatigue cracks is conducted [12]. The samples were loaded 
on the ultrasonic fatigue testing machine Shimadzu USF2000. 
The ultrasonic testing machine allows to test samples on the 
basis of 109 -1010 cycles with an amplitude from 1 and to 
several tens microns with a frequency of 20 kHz, it reduces 
test time to several days in contrast to classical fatigue 
installations in which such number of cycles is reached for 
years of tests. All experiments were conducted by Laboratory 
of Physical Foundation of Strength ICMM UrB RAS.  

Chemical composition and quasi-static tensile 
characteristics of AMg6 alloy are shown in Tables I and II. 

TABLE I. CHEMICAL COMPOSITION OF AMG6 (IN WEIGHT %) 

Al  Cu Mg ΜΜΜΜn Si    Fe Zn Be Ti 

91.1-
93.68 

0.10 
5.8-
6.8 

0.5-
0.8 

0.4 0.4 0.20 
0.0002-
0.005 

0.02-
0.1 

 

TABLE II.  QUASI-STATIC TENSILE CHARACTERISTICS OF AMG6 

Elastic modulus 
(GPa) 

Yield 
stress 
(MPa) 

Tensile 
strength 
(Mpa) 

Ultimate 
elongation (%) 

71 180 355 25 

The samples (Fig. 1) of aluminum-magnesium alloy АМg6 
were tested under symmetric tension–compression fatigue 
loading at 20 kHz (mode of gigacyclic loading) at stress level 
158, 150, 140, 138, 130, 120 MPa on the ultrasonic fatigue 
testing machine (Shimadzu USF2000). The testing machine 
consists of the following main parts: the generator 
transforming the frequency of 50 Hz to an ultrasonic electric 
sine waveform with a frequency of 20 kHz; the piezoelectric 
transducer generating longitudinal ultrasonic waves in 
mechanical impact with a frequency of 20 kHz; the ultrasonic 
waveguide creating the maximum amplitude of mechanical 
stress in a working (mid-section) part of a sample. Deviation 
of the frequency by 0.5 kHz was associated with the damage 
critical stage and considered as failure precursor related to the 
initiation of a crack with characteristic size of ~2 mm. 

In total 8 samples have been investigated. 

 

Fig. 1. Sample geometry (sizes are given in millimeters). 

The roughness of destruction surfaces was measured by 
the high-resolution New-View 5010 interferometer-profiler 
(providing x2000 magnification) and then was analyzed using 
the assumption concerning fractal geometry of fracture surface 
profile associated with correlated behavior of multiscale defect 
structures on the scale of process zone Lpz that preceded to the 
crack growth.  

The scanning areas were located in zone 2 (Fig. 2.а). 
About 10 one-dimensional “cuts” were analyzed within each 
“window”, providing representative data of the relief structure 
induced by damages with the vertical permission ~ 0.1 nm and 
horizontal permission ~ 0.1 mkm. Table III shows the values 
of stress levels and fatigue life for the samples under study. 

77

Advances in Engineering Research (AER), volume 157



 
Fig. 2. Typical relief of a surface of an area of fatigue failure (a) optical 
image, (b) 3D image of a surface of area 1 

TABLE III.  THE VALUES OF THE HURST EXPONENT AND THE CRITICAL SCALE 
AT VARIOUS LEVELS OF FATIGUE LIFE 

№ 
σ , 
MPa 

lsc, 
mkm Lpz, mkm H, Hurst exponent 

1 158 1 20.3 0.63 
2 150 1.1 12.3 0.49 
3 140 2.0 18.2 0.66 
4 138 1.4 17.6 0.48 
5 130 4.3 36.3 0.79 
6 120 2.8 20.7 0.63 
7 130 1.6 19.7 0.58 
8 130 1.1 15.2 0.72 

№ ∆ N, cycles 
(fatigue life) 

lg ∆ N, cycles 
(fatigue life) 

1 8.5·10+5 5.9294 
2 5.98·10+5 5.7767 
3 2.72·10+8 8.4346 
4 4.79·10+6 6.6803 
5 8.6·10+5 5.9345 
6 2.52·10+7 7.4014 
7 1.50·10+9 9.1761 
8 8.83·10+8 8.9460 

A minimum (critical) scale lsc that corresponds to 
beginning of multiscale long-range correlation in defect 

ensembles is determined by the computing of the Hurst 
exponent [13]. The function K(d) is calculated for one-
dimensional profiles of fracture surface relief according to the 
formula: 

 
( )

1/22( ( ) ( )) H

x
K d z x d z x d= + − ∝

 (1) 

where K(d) is the averaged difference between the values of 
surface relief heights z(x+d) and z(x) in the window of size d, 
and H is the Hurst exponent (surface roughness index). 

Representation of the function K(d) in logarithmic 
coordinates allowed one to evaluate the lower boundary of the 
scaling range lsc, and the value of upper boundary considering 
one as the characteristic scale of the process zone Lpz , i.e. the 
area of correlated behavior of multiscale defect structures 
(Fig. 3.). 

 

Fig. 3. Characteristic one-dimensional profiles 

The values of the Hurst exponent H and the scales Lpz and 
lsc for different loading conditions are given in Table III. 

The data revealed slight variation of the roughness 
exponent for different number of cycles. 

III.  MATHEMATICAL MODEL 

Let us assume that the digital image of a destruction 
surface of the studied functional material and the loading 
parameters corresponding to this surface are set. Analyzing the 
image by means of the wavelet-analysis [14], it is possible to 
allocate the basis parameters of a destrustion surface to which 
it is possible to relate: lsc - correlation scale in the ensemble of 
defects; Lpz – the scale connected with a process zone and H – 
Hurst exponents [15]. The number of the chosen parameters is 
indicated as a variable k. 

Based on the analysis of the destruction surface 
characteristics and the corresponding loading parameters, it is 
required to evaluate the fatigue life of the functional material. 

Let us assume that the number of the parameters 
characterizing fatigue resistance of the functional material is 
equal to r. It is required to develop the general technique, 

b) 

a) 
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allowing one to establish the relations between fatigue 
resistance of the functional material on the one hand, and 
loading parameters and characteristics of the destruction 
surface on the other hand, on the available limited set of 
experimental data.  

For the solution of the problem the elements of the fuzzy 
sets theory are used [16]. Fuzzy relations Si between loading 
parameters and destruction surface and parameters of fatigue 
resistance are formulated. Similar approach was used for 
creation of the relation between parameters of grain-phase 
structure of the material and its operating characteristics, in 
particular, by strength properties [17]. 

Let us assume that the number of the available experiments 
is equal to l. Then: 

 Si = ii BA × , i=1,…,l  , (2) 

where iA  – fuzzy set containing loading parameters 

and received surface of destruction for i-th experiment; Вi – 
fuzzy set containing characteristics of fatigue resistance for i-
th experiment; × – sign of Cartesian product of fuzzy sets 
[16].  

Let us note that (1) determines by itself the fuzzy 
relation which is represented in the form of a matrix where 

mn-th member of this matrix mnµ  defined for the element 

( nm ba , ) is determined by rules of vector product for fuzzy 

sets [16]; m=1,…, d;    n=1,…, w. 

It should be marked that total quantity of couples of elements 

in the fuzzy set iA  is equal to value d and in the fuzzy set Вi 

is equal to value w which are defined as follows: 

 ∑
=

=
k

i
lpd

1

; 
1

.
r

l
i

w t
=

= ∑  (3) 

Thus for each i-th experiment (i=1,…,l) the relation of 

communication Si between fuzzy sets iA and Вi is defined. 

Connection between arbitrary (testing) set А
test describing 

loading parameters and received surface of destruction of the 
functional material and the set Вtest induced by him describing 
characteristics of fatigue resistance of the material can be 
defined as follows [16]:  

 S = ∪
l

i 1=

Si,. (4) 

At the same time the induced set Вtest is defined by 
relations: 

 В
test = Аtest �  S, (5) 

where " "�  denotes maximine product (maximine product 
is defined as the usual product of matrixes where instead of 
operation of product min is entered, and instead of 
composition operation – max) [16].  

It should be marked that Вtest will obtained as fuzzy set. If 
we are interested in Вtest in the form of scalar value (the fatigue 
resistance has to be presented as unambiguously certain scalar 
value), it is necessary to solve a problem of definition of the 
exact representative of the nonfuzzy number. It is possible to 
offer several ways of the solution of the problem considered, 
for example, in [17]. 

For assessment of accuracy of the prediction it is possible 
to use the following technique. Let the number of experiments 
is equal to n. For assessment of accuracy of calculations it is 
necessary to choose one of the available experiments for basic, 
i.e. the value of the studied characteristic for the experiment is 
marked as Rex, and all remained experiments allow to 
determine the value Rtheor by the technique described above. 

Now the error of the carried out calculations can be 
estimated on a function: 

 100%.
theor ex

ex

R R

R
δ −= ⋅  (6) 

IV.  CONSIDERATION OF THE RESULTS 

We demonstrate the presented methodology to estimate the 
fatigue life of a functional material and the accuracy of the 
prediction of the result. 

As it was mentioned above together with Institute of 
Continuous Media Mechanics (ICMM UrB RAS) 8 
experiments have been conducted (Table III). The 4th 
experiment was chosen as a reference experiment.  

By results of 7 experiments (excluding the experiment 
№4), following the methodology described above, the 
characteristic of fatigue resistance was found to be 6.6803 
(characteristics of fatigue resistance are presented in a 
logarithmic scale), it corresponds to 4.79•10+6 cycles before 
destruction. The relative error following (6) was estimated as 
8.91%. Let us note that to raise the accuracy of calculations it 
is necessary to increase the number of initial experiments. 

V. CONCLUSIONS 

In this work, a technique has been developed, allowing one 
to estimate the fatigue life of functional materials based on the 
loading parameters and the destruction surface analysis. The 
novelty of the offered technique is the application of the fuzzy 
set theory at formulation of multiple relations between loading 
parameters and the destruction surface of functional material 
on the one hand and characteristics of fatigue resistance from 
the other hand. The example of characteristics of fatigue 
resistance calculation and assessment of accuracy of expected 
calculations is given. 
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The obtained results confirm the possibility of using the 
developed technique for complex assessment of fatigue 
resistance in loading parameters and destruction surface of the 
functional material. The results show that mentioned 
characteristic scales Lpz and lsc play an important role in the list 
of variables for the kinetic equation fatigue of crack growth 
and can be used for the identification of phenomenological 
parameters (power index) providing self-similar law for the 
crack path [15]. 

It should be noted the practical importance of the presented 
research. Thus, for example, when investigating the causes of 
catastrophes (e.g. in aviation), it is possible to estimate the 
operational characteristics of the product under investigation 
based on the characteristics of the material destruction surface. 
If the parameters are higher than permissible, it demonstrates 
violation of time regulations of operation. 
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