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Abstract 

Currently, there is a need for nondestructive methods that provide a reliable evaluation of the fatigue state of 

industrial components and their actual life expectancy. Such methods are supposed to be used in situ and without 

additional knowledge of the initial state of the material. The development of such NDT techniques is primarily 

driven by safety and economic factors. 

An innovative approach for the characterization and physical understanding of the damage processes is based on 

physical Mesomechanics. This approach analyzes the changes in the development of mesoscopic deformation 

structures with increasing mechanical loads. Fractal analysis of the mesostructures that occur on the specimen 

surface as a mountain-shaped topography during plastic or cyclic load conditions is the background of this 

investigation. Near-surface deformation structures can be investigated using Barkhausen Noise and Laser Speckle 

Metrology (LSP). For the evaluation of the fractal nature of these measured signals, their scaling properties in time 

were analyzed. Using adapted algorithms, which suppress the influences of electronic noise and disturbing surface 

defects, the fractal dimension DF was determined as a parameter to describe the status of the deformation structures 

and consequently the material fatigue damage. The present study shows that the fractal dimension DF increases 

stepwise as a function of load cycles. Based on these results, the residual service life-time can be estimated for 

various industrial components. 
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1.  Introduction 
 

About 80% of all damages in industrial components are caused by fatigue. Fatigue is a general 

term for the processes occurring in the material during mechanical or thermal cycling, or their 

superposition. They lead to the impairment of the components functionality during the loading 

and cause the failure of materials and/or components. Micro and macro cracks are formed after 

minor or large cycles. Cracks increase with further cycling, and ultimately the final fracture 

occurs. Consequently, there is the need for nondestructive testing (NDT) to provide quantitative 

descriptions of the structural and mechanical behavior of passive components and a reliable 

statement on the current state of fatigue of industrial components and their residual lifetime. Such 

methods should be applied directly on the component and without knowledge of the initial 

conditions of the corresponding materials. Safety reasons and economical aspects are the main 

factors for the development of such a nondestructive measurement method. Currently, techniques 

that are based on non-linear material models are interesting for the description of the material 

plasticity.  

The material deformation prior to crack initiation caused by fatigue damage shows a complex and 

non-regular structure, which developed initially on a microscopic level and later include a 

mesoscopic and macroscopic area. Mesomechanics predicates that the deformation process 

occurs at the three stages [1, 2]. The single glides prevail at the first stage, multiple glides exist at 
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the second stage and cross gliding occurs in the third stage of deformation process. Starting with 

dislocation pile-ups (microstructure level), the structural formations interact with one another at a 

large distance. Depending on the energy of stacking faults and the periodic amplitude of 

deformation, the grid structures or major size structures, such as stable slip bands, can be formed 

(meso-I structure level). While cycling is ongoing, eddy-like elements, such as the manifold 

meso-bands, can be generated in the material (meso-II structure level), and the processes of 

structure formation repeat themselves at a higher level [3, 4]. Consequently, this leads to the 

plastic deformation and contiguous areas rotation and, as a result, to new stress concentrators. 

Therefore, such hierarchical deformation structures are expected to have a fractal nature [5-7]. 

These structures induce a characteristic deformation topography at the sample surface, which can 

be detected by SEM, AFM of confocal microscopy [8-16]. The calculated fractal dimension DF of 

the topography images of the deformation surface is a suitable parameter to characterize the 

change of the structure at different fatigue stages. 

A large volume of the literature appeared on the Barkhausen effect that related this technique to 

the stress evaluation, detection of defects, microstructure monitoring and inspection of surface 

conditions in steel and other magnetic materials [17-20]. The movement of the domain wall is 

influenced by the material structures such as grain boundaries, dislocations, inclusions, 

precipitates and other lattice defects. Stress, material damage and fatigue can be theoretically 

evaluated by Barkhausen Noise (BN) before a crack initiation. The Barkhausen Noise in 

ferromagnetic materials occurs due to magnetic reversal of the irreversible jump processes of the 

walls between two magnetic fields of opposite magnetization. The dynamics of domain walls are 

determined by the structure, and for this process have an influence on the optionally existing 

precipitation, dislocations and other structures at micro, meso and macro deformation levels [9]. 

Correspondingly, magnetic Barkhausen Noise contains relevant information about the material 

condition through the interaction of the magnetic structure caused by the micro/meso/macro 

deformation structure. Also, several studies have shown that the scale behavior height in the 

Barkhausen signals increases through the evaluation of the power spectrum and the 

autocorrelation function of these signals respectively [21-25]. The Barkhausen Noise signal 

exhibits the fractal character and shows the relationship between fractal dimensions calculated by 

the correlation function, the topography images and dynamic deformation of the material [12, 

14]. It was established that the DF value increased in step-like manner according to the number of 

cycling loads [14, 26]. The theoretic DF(N/NB) curve in Figure 1 is the desired curve. It is 

supposed that this curve has a more universal character and should not depend on the type of 

material and load. The three plateaus can be related to the symmetry of the deformation or 

magnetic domain structure at different stages of fatigue according to micro/meso/macro 

classification.  

This paper presents results of Barkhausen Noise measurement at construction steels S325 and 

S355 during different fatigue experiments, and the effort to discover the universal step-like DF 

curve. In addition, it will be demonstrated that the innovative Laser Speckle Metrology [27] 

technique is capable to evaluate the fatigue damage by fractal analysis of the signals. 



Fig. 1: Schematic representation of scale levels of shear stability losses in deformed solids with 

the micro/meso I/meso II classification and the formation of the three plateau at the DF(N/NB) 

curve [26]. The y axis is presented as logarithms of cycle number N dependent on the cycle 

number until sample failure NB. The SEM Images of the X6CrNiTi1810 alloy shows the raising 

rippled surface with the fatigue damage [12, 13].  

 

2.  Experimental Details 
 

A flat bar tension specimen made of S235 and S355 steel sheets was used for the measurement of 

fatigue damage. Prior to the experiment, the sample was stress free annealed. The BN sensor was 

applied in the center of the sample and LSP at the opposite side (back) of the sample, see Figure 

2.  

 

 

Fig.2: Steel specimen with marked areas for sample heating and BN and LSP measurement 

points. 

 

The device FracDim system developed at the Fraunhofer Institute for Nondestructive Testing 

(IZFP) was used for BN detection during the online uniaxial fatigue-load measurements at 

samples S235 and S355. This FPGA based platform, integrated with a low-loss power amplifier 

in a single enclosure, allows seamless operation of commercially available BN sensors. The 

sensor generates a varying magnetic field and allows the resulting BN to be inductively acquired, 

amplified, filtered and digitized. In addition, the magnetic flux in the core of the electromagnet 



can be measured and evaluated by means of harmonics analysis. The system was operated at a 

frequency range from 10kHz to 10,000kHz and an excitation frequency of 60Hz. The optimal 

excitation voltage amounted to approximately 250mV.  

The time-resolved Laser Speckle Photometry (LSP) is a newly developed nondestructive testing 

technique that can quickly and without contact determine states, physical properties and damage 

of materials. The technique is based on the analysis of speckle patterns, resulting from the optical 

illumination of rough surfaces with coherent light. LSP allows the characterization of surfaces by 

analyzing static speckles and dynamic speckle patterns that are caused by tiny surface changes 

due to thermal or mechanical excitation.  

The time-resolved LSP method aids the evaluation of material conditions, such as hardness and 

porosity, and also fatigue damage and residual stress changes. The LSP measurement setup [27] 

primarily consists of three elements: illumination, heating source (flame header) and speckle 

movement detection (CMOS Camera). The sample illumination is performed by the irradiation of 

the surface with coherent light from an He-Ne laser 1 (wavelength of 663nm) at a 30° angle.  

The fatigue test is implemented by tension-controlled guidance. The force time process is 

sinusoidal with the constant frequency f = 4Hz. The maximal stress σmax
amp

 is equal to 350MPa 

and the minimum was σmin
amp = 35MPa for S235 and σmax

amp = 510MPa and σmin
amp = 51MPa for 

S355. The magnetic and optical measurements were taken during breaks of multiple cycles at the 

minimal stress amplitude. 

 

3.  Analysis Algorithms 
 

The fractal behavior of the time-resolved Barkhausen Noise signals was used to evaluate the 

material damage caused by plastic deformation during the fatigue processes. Information about 

the deformation structures in near surface areas of ferromagnetic materials are contained in the 

Barkhausen Noise signals S(t). For the mathematical analysis of the measured BN signals 

concerning their scaling behavior, the correlation functions of the q-th order were used as 

statistical approach [26]. For one-dimensional BN signals, the equation reads: 
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The exponent q (by limit formation 1/q � 0) permits elimination of system-specific random 

perturbation contributions to S(t). These can be suppressed in addition, if the integrated time 
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is used for later calculations. Consequently, the given equation (1) is as follows: 
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In the case of a fractal structure the equation  
)(.),( qHqqC ττ =       (4) 

applies.  

A scaling behavior (Eq. (4)) is only available for ideal or mathematical fractals in time and space. 

Physical fractals have only a limited range of scaling behavior. On the other hand, DF is a suitable 

value for characterizing the scaling behavior of mesostructures over the limited range. Algebraic 

behavior is observed in a limited time range only. The parameter H is a characteristic measure of 

fractals.  



The fractal dimension DF is calculated according to the equation 

q
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The fractal dimension of a one-dimensional time series is 1 < DF < 2, while the fractal dimension 

of a time -dependent BN series is 1 < DF < 1.5. 

  

The calculation of DF depends on the parameter q. The increased parameter q (q > ∞) involves 

higher accuracy of the DF calculation. For this reason the parameter q was set to 65, 70 and 75. 

In a similar way, the fractal analysis of the time-depended signals of LSP was used for the 

evaluation of the material damage [27]. The integral time series IZ(t) of originally measured 

intensity of digital images series Z(t) was applied. The difference correlation function is defined 

as follows: 

( )∑∑∑
= = =

−+=
max max max

1 1 1max

),,(),,(
1

)(
n

n

i

i

j

j

q
jitIZjitIZ

n
C ττ ,  (6) 

where the nmax is the number of the images in the video sequence; IZ(t, i, j) is the integral gray 

scale of the speckle-intensity signal in the nth image, where i and j are the coordinates of the 

pixels in the speckle patterns. <...> is the averaging of all measurement times t for a fixed value 

of the time difference τ. The exponent q equals 2. In the case of fractal behavior from overtravel 

the equation (4) was applied and the fractal dimension parameter was calculated as follows: 

 H(q)-2(q)DF =       (7) 

 

3.  Results 
 

The results of the measurements acquired by the magnetic and optical method with the effort to 

evaluate the fatigue damage by the parameter fractal dimension DF, and to observe the universal 

DF(N/NB) curve are shown in the Figure 3. It was noticed that the parameter DF increases during 

fatigue load and does not exhibit well pronounced plateaus. The proposed plateaus are defined 

manually. The tendency of plateau formation is shown at S355, where plateau II is the most 

pronounced. The functional dependence DF(N/NB) acquired by the BN technique, following the 

results of the previous investigated materials, does not vary from sample to sample, but depends 

on the measurement distance to the breaking point at the sample.  

 

Fig. 3: Development of the fractal dimension DF during the fatigue test, represented as a function 

of cycle numbers N und the number of the cycles until sample break NB. In each case, the 



machine was stopped at minimum power. The measurements were performed on construction 

steel S235(a) and S355(b) by BN and LSP. 

 

The LSP measurement shows the dispersion of the measured DF parameter at each plateau; the 

dispersion is caused by the sensitive optical technique to external perturbation, such as air 

convection by flame heating. However, the formation of the three plateaus during the fatigue test 

is clearer then by the BN measurements. The absolute value of the DF acquired by both 

measurement techniques is not identical. The BN fractal dimension is higher than the value taken 

by the LSP measurement. It is essential, that the absolute value of the calculated fractal 

dimension of different measurement techniques is not comparable; only the tendencies of DF can 

be compared. The tendency differences of the BN measurement and LSP can also be caused by 

the penetration depth of the measurement technique. The LSP method characterizes the surface 

deformation structure, while the BN method the near-surface layers of approximately 0.5 mm. 

The formation dynamics of the mesostructure at the surface cannot be the same as at near-surface 

layers [28]. In addition, LSP and the BN measurements were not taken at the exact same location. 

 

4.  Conclusions 
The presented method to characterize fatigue damage of materials is based on the fractal 

evaluation of BN and the speckles time series. The obtained results show that the fractal 

dimensions of deformation structures grow with cyclic loading and with the tendency to form 

with a step-like increase (plateaus). However, the strict definition of the plateaus for the 

investigated material was not found. The agreement with the mesomechanics theory of meso-

level formation due to the nature of cyclic loading and the measurement results is difficult, 

because the detection of the mesostructure by other destructive and nondestructive methods is 

impossible. Both measurement techniques yield comparable results. The fractal analysis method 

may have a high application potential for nondestructive testing. Therefore, the concept aims for 

new test equipment with the opportunity to be positively evaluated. 
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