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Abstract. It is urgent and acute to monitor the process of crack origination and 
propagation in terms of predicting the collapse of objects, evaluating the residual life 
of structural components, obtaining data to develop physical models of fatigue 
fracture for various materials. The aim of this study is to develop a coherent optical 
technique enabling one to observe and record the processes of fatigue crack 
origination and propagation during mechanical tests without discontinuing the cyclic 
loading. A compact optical system enabling one to form speckle images of a 
specimen being tested is mounted on a test machine platform. The idea of the 
method is to select the camera exposure time multiple to the period of cyclic 
loading. In the absence of irreversible processes changing the relief of the surface of 
a reflective object, the time-averaged speckle image of the object remains 
unchanged. If there appear irreversible processes changing the surface profile, the 
speckle pattern changes. The change of the speckle field in an image area is detected 
from the value of the correlation coefficient h of the digital images of the area taken 
at two times. Prismatic Charpy-notched specimens are taken as test objects. 
Annealed specimens are used, as well as samples taken from different areas of a 
weld. The distributions of the values of h obtained in the stage of crack origination, 
start and motion is compared with the changes in the surface relief found by an 
optical profilometer and an atomic force microscope with a height resolution of 3 
and 1 nm respectively. A good correlation is observed between the relief changes in 
the crack origin zone, 50 to 100 µm in size, and the value of h. It is shown that, 
simultaneously with crack origination, there appears a plastic strain zone, 500 to 700 
µm in size and about 1 µm deep. The greatest changes in the value of h fall on the 
steepest slopes of the contraction. Thus, a speckle technique enabling one to observe 
and record in real time the process of fatigue crack initiation, start and propagation. 

Introduction  

Monitoring of crack initiation and propagation processes is actual in order to prevent object 
destruction and evaluate construction elements residual life as well as for assessment of 
data for the development of different materials fatigue failure physical models. 

Investigations of physical methods possibilities for detection of damage 
accumulation during multicycle fatigue were the subject a large number of studies [1-7]. In 
particular the data [6] indicate the possibility of diagnostics the state of ferromagnetic 
materials near the crack tip and the elaboration of fatigue failure resistance prediction 
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method of these metal materials based on their magnetic properties by using devices that 
provide the measurement of the magnetic characteristics of the material in volumes of about 
1 mm3. For this purpose the non-destructive method such as eddy current is also seems to 
be promising [7]. 

Among all physical methods of greatest interest are those that allow us to study 
fatigue damage accumulation without stopping cycle loading. For example in [5] features 
of heat emission and acoustic emission signals generation (AE) during cyclic loading of 
Armco-iron were studied. Although the authors note methodological difficulties of using 
thermal effects and AE signals as precursors of fatigue failure. 

Immediately after the creation of lasers and detection of spotted or speckle patterns 
of scattered coherent radiation attempts to use the speckles for investigation of materials 
fatigue processes were made. Initially the proposed methods were not widely used because 
of their methodological difficulties and nonmonotonic variation of signals. Further 
development of speckle interferometry applied to the fatigue failure processes [11, 12] have 
shown that the method of time-average speckle images correlation may be used for 
researching the materials fatigue phenomenon without stopping cyclic loading. The aim of 
this work was to evaluate the possibility of using the named method for monitoring the 
process of crack initiation and propagation during multicycle fatigue. 

1. Speckle Method of Fatigue Phenomena Monitoring 

While illuminating the rough surface using coherent radiation in the image plane of the 
surface spotted or speckle pattern of the scattered radiation is formed. The brightness of the 
speckles and their size in this picture has a random value. It is known [13] that the 
minimum size bs of speckle is equal to lens diffraction limit which forms surface image 
with magnification equal to m. Random value of radiation intensity at some point B in the 
image plane can be regarded as the result of mutual interference of waves propagating from 
the scattering centers located in the vicinity of its conjugated point A on the surface of an 
object. The diameter of this vicinity as is equal to bs/m. If applied to object periodic loads 
varies harmonically due to the movement and deformation of the surface at the point B the 
radiation intensity during the period of oscillation T will change randomly. Obviously these 
changes will be repeated with the period of T. However if the emission intensity will be 
averaged over the time τ multiple to T (τ = nT, n- whole number), in the absence of 
irreversible processes averaged intensity at point B will remain unchanged. Therefore, in 
the plane of image surface time-unchanged pattern of time-average speckles will be 
formed. 

Thus, if during periodic loading of the object irreversible processes does not occur, 
the time-average intensity I~  at any pixel of the camera used for fatigue phenomena 
monitoring will be unchanged. Similarly, digital speckle image correlation coefficient  
found on the same digitized image fragments but taken at initial time 0 and  current time 1 
is equal to 1. Utilized technique proposes the usage of images fragments in the two-
dimensional matrices form and determination of  value according to the formula:   
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where i, j – number of line items (pixels) and numbers of rows of the matrix; n, m – number 
of pixels in rows and number of rows of the matrix; Aij - the numerical value of the pixel 
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with indices i and j  for time t1; Bij – the numerical value of the same pixel at the time t2, A
- arithmetic mean of the matrix element numerical values at the time t1; B - arithmetic 
mean of the matrix element numerical values at the time t2. 

If at any phase of the object periodic deformation irreversible processes will emerge 
the values of I~  and  will vary. Identified features of I~  and  changes depending on the 
number of cycles in different parts of controlled samples which provide crack initiation and 
propagation process monitoring during multicycle fatigue are listed below. 

2. Samples and Experimental Technique 

The object of the study was prismatic mild steel specimen of size of 10×10×55mm. For the 
purpose of probable fatigue crack initiation region the sharp V-type notch depth of 2 mm 
and radius on the top of 0.25 mm was applied to the sample. After milling and grinding 
with subsequent vacuum annealing the observed sample side was subjected to polishing for 
the purpose of creation the mirror surface with a roughness parameter Ra (the arithmetic 
mean deviation of the heights from the mean) in a range of 1-50 nm. 

Cyclic loading of the sample was carried out using MIKROTRON (RUMUL) 
resonance testing machine  by three point bending scheme with constant cycle force up to 
1.08 kN, at loading frequency of 100Hz and stress ratio coefficient R=0.1. 

Speckle dynamics was detected by optical system shown in detail on Figure 1. The 
optical system was placed on the testing machine platform. Object 4 was illuminated by 
beam 2 from KLM-H650-40-5 type laser module 1 with wavelength of 0.65 microns and 
power of 40 mW. Because while illuminating the polished specimen’s surface speckles do 
not appear the frosted glass 3 was injected in the illumination beam for speckle fields 
formation. Speckle pattern was recorded in the plane of sample image. Magnification 
formed by the optical system was equal to 0.7. The size of the lens aperture 5 was adjusted 
in such a way that the minimum speckle size was slightly larger than camera matrix 
photocell 6. 

 
Fig. 1. Optical system scheme. 1- laser module, 2- beam radiation, 3- frosted glass,  

4- specimen, 5- lens with an aperture , 6-camera matrix photocell. 
 

In the experiments a monochrome video camera Videoscan M-415-USB with a 
matrix containing 782x582 photocell with size of 8.3x8.3 microns was used. The selected 
camera exposure time corresponds to 50 load cycles which was 0.5 seconds in a typical 
experiment. Registration of single speckle images was carried out through 2500 load cycles 
after stabilization of the testing machine resonant frequency.  

3. Results and Discussion 

Typical speckle patterns registered for a motionless sample and during cycle loading are 
shown in Figure 2. As can be seen from Figure 2 b under cyclic loading of the sample 
spotted structure looks less contrast due to the averaging of speckles in time. Figure 3 
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shows a typical distribution of value obtained for the different stages of cyclic loading. 
The values  were calculated according to formula (1) in areas with size of 88 pixels. 
These distributions were compared with surface profiles obtained using an optical 
profilometer and a scanning microscope with a resolution of normal to the surface 3 and 0.1 
nm respectively. Typical three-dimensional surface profiles built according to the optical 
profilometer WYKO NT-1100 data are shown in Figure 4a-4c. 

 

  
a b 

Fig. 2. Typical speckle patterns: a) motionless sample, b) during cycle loading. 
 

   
Fig. 3. Distribution of value obtained for the different stages of cyclic loading. 

 

   

Fig. 4. 3D surface profiles at the notch tip. 
а) N = 50 000, b) N = 100 000, c) N = 110 000 cycles. 

 
It is clear from the figures that the plastic deformation zone having cavity form with 

diameter of about 300 microns and about 0.5 microns deep was formed near the notch tip. 
Besides, directly on the top of the notch an additional zone of about 3040 μm size which 
relief differs significantly from the outside area has appeared. Surface profiles analysis 
showed that the surface relief in a zone is characterized by aggregate portions with a 
diameter of about 5-10 μm and the height difference reaches hundreds of nanometers. 
Because of significant difference between z-axis and axes of x and y scale these areas are 
seen as randomly arranged protrusions. Fatigue crack is formed and started approximately 
in the middle of this area. It was found that the features of surface topography changes and 
correspondingly the speckle dynamics for crack initiation zone and the plastic zone differs 
significantly.  
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3.1 Fatigue Processes in Crack Initiation Zone 

Relief changes and variations of speckle fields using the data obtained for three sections 1, 
2, 3 located on the path of macro-cracks propagation were compared. These plots are 
shown as black squares in Figure 5. 

 

 
Fig. 5. Layouts of sections 1, 2 and 3 on the sample surface in the crack formation zone . 

 
Fatigue macro-crack has passed through the middle of 1 and 2 sections. It reached 

section 3 and possibly joined section 3 partially. For sections 1, 2 and 3 combined 
dependences of =1- value from the number of cycles are shown in Figure 6. The figure 
shows that the most significant speckle image changes occur on final stages of cyclic 
loading.  

 
Fig. 6. Dependence of  value of the number of load cycles N in the image plan areas 1(▲), 2(), 3(■); 

 
Experiments have shown that the values in the crack formation zone are of two 

orders greater than its value in the section image at a distance of 1.5 mm from the notch. 
The  value variation in the images of sections 1-3 depending on the sections Ra value is 
shown in Figure 7. 

 
Fig. 7. Dependencies of parameter Ra in areas 1-3 near the notch.  

Interpolation line numbers correspond to sections:  1 - (, ), 2- (■, --), 3 - (, ---). 

Δη 
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Results of experimental data linear interpolation are also shown in the Figure. As 
can be seen from Figure 7 the initial Ra values of sections are different, however the 
tangents of tilt angles of (Ra) dependence  have similar values. Found for the three 
graphs average value of tilt angle tangent was equal to 0.0090.001 nm-1. The obtained data 
enable us to estimate Ra value corresponding to the minimum relief changes. The proposed 
method permits to evaluate speckle dynamic while surface relief is changing, if 0.01. 
Assuming = 0.01 by the value of angle tangent (Ra) dependence  we can find that 
the method makes it possible to register Ra changes of 1 nm and over. 

3.2 Plastic Deformation Zone Evolution and Speckle Dynamics 

Comparison of  values distribution with three-dimensional and two-dimensional (Fig.8) 
profiles of the surface showed the maximum changes in  value are on the steepest slopes 
of cavity formed near the notch tip. 

 
Fig.8. Combined dependences of correlation coefficient  (1)  

and the relief height difference h (2) of coordinate x. 
 

In Figure 8 value h is the difference in relief heights evaluatеd by comparing two 
surface profiles corresponding to the number of cycles N1=57500 and N2=99500. The 
values  were calculated according to formula (1) by the digital images having size of 44 
pixels. The coordinate x was corresponded to the center of digital image. The two-
dimensional profile was registered in cavity center. At the bottom of the cavity roughness 
parameter Ra increased by tens of nanometers leading to decrease of the  value 
approximately of 0.05. A significant decrease in  value up to negative values shown in 
Figure 8 has been explained in [14] as a result of quasi-periodic intensity variations at the 
point B (see Section 2) when region with size as rotates rigidly in the vicinity of the 
conjugate point A. 

3.3 Monitoring of Fatigue Crack Propagation 

The experimental results showed that the changes occurring in the plastic deformation zone 
is convenient to observe by comparing frames of speckle images recorded through 2500-
5000 cycles. Analysis of found in this way distribution of η values showed that up to         
N = 107500 load cycles all changes were observed within a cavity. Starting from N = 
107500 load cycles η values field offset corresponding to plastic strain increment has been 
established. It has been suggested that this fact should be regarded as a crack starting 
moment. Figure 9 shows the distribution of η value obtained during macrocrack 
propagation (shown schematically in the figure by the dotted line) and demonstrating the 
plastic deformation zone increment. Observation on the polished sample showed that the 

η 
Δh, 
μm 

1 
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nearest to the notch border zone of η value changes roughly coincides with the image of the 
crack tip. It was suggested that this fact can be used for determination of crack length l 
dependence of the number of cycles N. 

 
Fig.9. Field of values in the specimen image plane: 1 –  notch tip,  

2 – increment of plastic deformation zone; 3 – fatigue crack.  
Grid spacing along x and y axes is equal to 10 pixels. 

 
For validation of this assumption we compared the two dependences of l values on 

N found by dynamic speckle interferometry and conventional optical method. The first 
dependence was determined by the change in η value field corresponding to plastic 
deformation zone increment and the second by optical observation of the sample surface 
under natural light. As seen in Figure 10 there is a good correlation of fatigue crack length 
data obtained by different methods. 

 
Fig.10. Comparison of fatigue crack length as determined by optical microscopy (l0) 

and the speckle field changes (ls). 
 

The advantage of fatigue crack length determining and the rate of its growth by the 
speckle image correlation is the possibility of using this experimental approach to the 
samples with a rough surface for which the crack detection by optical methods is difficult. 

4. Conclusion 

The principal possibility of registration of the surface regions, where signs of fatigue 
irreversible processes changing surface elevation on the order of 1 nm appear  by 
dynamic laser speckle interferometry without stopping the cyclic loading are shown. 
The relationship between relief changes occurring with crack initiation and propagation 
during multicycle fatigue and changes of speckle images correlation coefficient  was 
studied. Four main factors causing changes in  value were found: 

1. Small forward movement of the object associated with the appearance of residual 
deformations. Such displacements caused a decrease in the η value from 1 to 0.99. 
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2. Small changes in surface roughness within the formed plastic zone leading to 
increase in the value of the parameter Ra to tens of nanometers along side with 
decrease of η value approximately on 0.05. 

3. Randomic changes of relief height to hundreds of nanometers in the area of fatigue 
crack initiation promoting to alteration of η value to 0.7-0.8 in this area. 

4. Determined relief modifications during the formation of cavity having depth about 1 
micron at which the largest decrease in η value to negative values equal to - 0.5 are 
registered. 

The research was partially supported by Russian Fund of Fundamental Research Grant # 
16-08-01077 and projects of Urals Branch of RAS # 15-15-1-52, #15-10-1-22 and # 15-7-
1-20. The researchers used the equipment of the CUC “Plastometriya”. 
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