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Abstract  
 

Traditional methods of non-destructive testing (NDT) are used to check the growth of fatigue 
cracks on the final stages of their development, but in some cases they do not ensure necessary 
safety level in the process of dangerous object operation. The early detection of fatigue cracks 
may be performed by method of acoustic emission (AE). 

This research was carried out for an aircraft undercarriage leg where a fatigue crack was 
grown from an artificial stress concentrator during cyclic loading. In the process of testing, the 
AE signals were continuously recorded. After disruption, the leg break was exposed to fractal 
analysis.   

The analysis showed that the crack was growing irregularly. Particularly, its development 
practically stopped for several times, which was related to the initial growth of multiple 
microcracks and their consecutive amalgamation. Then all microcracks merged into a single main 
crack. 

 It was observed that the total AE reflects the main stages of fatigue crack development. 
Particularly, depending on the number of loading cycles, there have been revealed several stages 
that differed by various velocities of AE accumulation. AE velocity changes may be used to 
check failure initiation and main crack growth. It is also shown that during the stages of quick 
crack development, AE signals in the loading cycle gradually become regular, which may be used 
to check the dangerous growth of the main crack.  

On the final stage of testing, a residual strength test was carried out. It is shown that the 
measurement of AE activity makes it possible to observe the crack development when the object 
of research is exposed to step-by-step loading, besides it can be used to prevent bench overload 
during object disruption. 
 
Introduction 
 

Traditional methods of non-destructive testing (NDT; ultrasonic, eddy current, magnetic 
particle, etc.) provides the opportunity to detect fatigue cracks on the final stages of their 
development. In some cases it does not ensure necessary safety level in the process of dangerous 
objects operation. The early detection of fatigue cracks may be performed by method of acoustic 
emission (AE). Probably this is the only NDT method when signals are connected with fatigue 
crack growth from the moment of its initiation to the moment of object disruption. Unfortunately, 
AE method does not provide direct information about the size of a crack. Besides, it is impossible 
to check its results by any other NDT method.  

It is known [1, 2] that a fatigue crack has 2 (or 3) periods of development when it transforms 
from micro- to macrocrack (or from micro- to meso- and then to macrocrack). For practical 
purposes it is necessary to determine the range where a microcrack (or mesocrack) transforms to 
a macrocrack, which can be dangerous for further operation of an object. In this case, in order to 
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determine and confirm the characteristics of fatigue crack development using AE method, it is 
necessary to use the fracture method.  

 
General description of experimental research 
 

The object of investigation in this case was a main leg of aircraft undercarriage. During the 
previous fatigue tests of similar legs, fatigue cracks occurred in the piston rod of leg shock 
absorber ([3]; the piston rod was made of chrome-nickel alloy steel). These cracks led to the leg 
disruption. During the given tests, an artificial stress concentrator in the form of a semi-elliptical 
notch (Fig.1) was inserted into the piston rod surface in order to initiate a fatigue crack in the 
certain zone of the piston rod. This part of piston rod is located inside the shock absorber 
cylinder. As a result, its check by traditional NDT methods was complicated, notably the 
ultrasonic method could be used only periodically. 

In accordance with the fatigue test program, the aircraft main leg was originally exposed to 
pulse cyclic loading created by a special hydraulic system of the testing bench. The middle value 
of pulse force amounted to 52 kPa; the loading was applied with frequency 4 Hz. The actual 
loading parameters acting upon the shock absorber were measured by strain gauges installed to 
the piston rod surface. Continuous AE measurement was carried out with special equipment. AE 
signals were converted by piezoelectric transducers which were installed to the free surface of the 
piston rod; their measurements were synchronized with signals from strain gauges, which made it 
possible to analyze the position of AE signal relative to the loading cycle (Fig. 2). 
 

  
Fig. 1. Artifical stress concentrator (after 

disruption).    
Fig. 2. Location of AE transducer and strain                                                                                     

gauge. 
 
The initiation of a fatigue crack was first detected by the ultrasonic method only in 3550 

cycles – the crack was developing from the concentrator. As the appearance of the crack was not 
stated, the testing was continued up to 4550 cycles when cyclic loading was suspended. The 
undercarriage leg was disassembled and the presence of a crack was confirmed by optical and 
magnet particle methods. Maximum size of the fatigue crack reached 1.8 mm. 

Then the piston rod was destroyed by static load. This kind of load was increased step by step 
and reached 70% of operational breaking load at the moment of disruption. 



   

 
Analysis of fracture data during fatigue tests 
 

 The elements of the break were prepared and researched with a focused beam electronic 
microscope. The fragments of relief of the fatigue break caused by the stress concentrator are 
represented in Fig. 3. 

 The results of the break analysis are set forth below. Firstly, initial disruption zones appeared 
along the stress concentrator. They caused the appearance of a multitude of separate cracks. 
During the crack development they reached the depth of about 30 mcm. At the same time the 
cracks formed a cascade of steps, which means that the autonomous zones of initial disruption 
approach to each other during the crack growth.  

 A more detailed analysis, with a higher microscope resolution, shows that initially there 
occurred the intensive development of crack cascade within meso-tunnels after which the velocity 
of their growth decreased. The repeated intensive disruption started from the border of sharp 
decrease of the crack growth velocity which can be confirmed by the increase of fracture surface 
roughness. The size of the first two zones of crack growth, where the cracks grew with different 
velocities, is shown with arrows in Fig. 4. In this case it is possible to see the borders of 
acceleration change during the development of disruption. 

Therefore, on the initial stage of crack development, there were two amalgamations of meso-
cracks. The first of them occurred when the depth of the crack reached 10…20 mcm. At this 
point, a multitude of narrow meso-tunnels merged into wider tunnels; however, a single main 

  

Fig. 3. Fragments of the break surface in the zone of fatigue crack. 

  
Fig. 4. Size of the first two zones of crack growth. 



   

 
crack did not form yet. Only when the crack depth reached approximately 30 mcm all initial 
cracks started to merge into a single main fatigue crack. 

During this process, the different parts of the main crack developed irregularly. Its accelerated 
development was observed in its middle zone, where the crack was the deepest, and in its edges, 
where the object hardness was the lowest. Apart from that, the chipping of fragile fragments 
occurred in different areas of the break. As a result, there appeared new microcracks that fell into 
the main crack (Fig. 5). 

 Having reached the depth of approximately 20 mcm, the crack stopped in certain zones (Fig. 
6). Then the crack repeatedly initiated and grew up to the border of the step where the meso-
tunnels quickly joined. It means that during the crack development in the piston rod, there were at 
least two sharp changes. The first of them is the formation of the crack up to the depth of about 
20 mcm with subsequent growth stop; the second of them is further initiation and development of 
cracks in the autonomous meso-tunnels. Then the broad meso-tunnels merged into a single main 
crack. 

 

  

Fig.5. Area of fracture surface in the zone of 
transition from fatigue disruption (right) to 

static fracture (left). 

Fig.6. Area of fracture surface with the initial 
zone of crack stopping (shown with dotted 

lines). 
 

Comparative analysis of AE and fracture data of fatigue tests 
 

The change of the dependence of cumulative AE NAE on the number of loading cycles N is 
represented in Fig. 7. General analysis of the graph reveals 6 stable periods of AE signals 
accumulation during the increase of the number of loading cycles. These periods differ from each 
other by various velocities of AE growth. The periods of slow AE increase are followed by the 
periods of quick growth (AE accumulation increase in periods 2, 4, 6 is shown by angles α1, α2, 
and α3). Obviously this difference reflects various processes of piston rod disruption. Position of 
AE signals in the cycles of loading (change of load P and AE intensity N') are additionally shown 
in Fig. 7a,b,c for periods 2, 4, and 6 accordingly. 

Fractal analysis of fatigue disruption, which was presented above, makes it possible to explain 
the main features of AE signal formation. 

The 1st period is characterized by relatively slow velocity of AE signal accumulation: AE 
signals appear only in separate cycles of loading. It is probably connected with energy 
accumulation in atomic bonding of the material. As any material possesses some internal defects, 
the part of accumulated energy carries out work when separate dislocations are moving. The 
development of such movements leads to multiple cracking of the material along the borders of 
stress concentrator.  



   

 

During the next period, the velocity of AE signals accumulation increases sharply – its 
increment can be characterized by angle α1 in Fig. 7, and this is a maximum angle in all the 
analyzed periods. AE signals appear in every cycle of loading and differ from each other by 
several times. Probably maximum AE emissions characterize the work which is carried out not 
only by the energy that is transferred to the object in the loading cycle, but also by the energy that 
had been accumulated before. In fractal picture, the period of AE signals change is characterized 
by the intensive growth of multiple, autonomous, 10-20 mcm deep cracks. Thus, this is a period 
of microcrack development and failure formation. 

By the end of the second period, previously accumulated energy is wasted on microcrack 
growth while the process of their further development slows down: a part of microcracks stops 
growing; in other areas, tiny meso-tunnels continue to merge. It is the third period where the 
velocity of AE accumulation decreases considerably. AE signals re-appear only during separate 
cycles of loading, that is, the accumulation of energy in atomic bonds is predominant, rather than  
crack development. 

During the fourth period, cracks begin to develop again; they are continued from the borders 
where they stopped during the previous periods. The velocity of AE signals accumulation 
increases again: its increase is characterized by angle α2. AE signals re-appear in all cycles of 
loading; and in separate cycles, they differ much less when compared to the second period. 
Probably the number of areas where crack development stopped in the previous period was rather 
small. That is why the given period is rather short. 

The fifth period reflects full amalgamation of all meso-tunnels into a single main crack. AE 
signals do not appear in all cycles of loading while the angle of AE accumulation line is 
practically equal to the angles of the first and the third periods. 

The final sixth period is characterized by the new acceleration of crack growth. It results in the 
formation of fracture surface relief, including the cracking of the material (Fig. 8a). This process 
is also accompanied by the increasing velocity of AE signals accumulation (it is characterized by 
angle α3). During this period, AE signals are observed in each cycle of loading and their level in 
separate cycles is approximately the same. 

 
Fig.7. Cumulative AE NAE depending on the number of loading cycles N and synchronous 

record of load P change and AE intensity N'  in zones 2 (a), 4 (b), and 6 (c).                                                                                                                      



   

 
 

 
a) 

 
b) 

Fig. 8. Fragments of fracture surfaces: a) with material cracking; b) in the area of transition 
from the zone of fatigue disruption (1) to the zone of static disruption (2), and to the zone of 

quick crack development (3; initiation of fatigue crack is shown with arrows).                         
 

Fracture and AE analysis of residual strength tests 
 

As it has already been mentioned above, loading during residual strength tests was increased 
step by step: in each step, the load was increased by 10% of maximum value, maintained for 10 
seconds and then increased again. The loading ended by sharp stepwise disruption of the piston 
rod and was accompanied by a loud bang.  

AE signals appeared only when the load reached 50% of the load under which the disruption 
occurred (maximum working load; Fig. 9). It proves that by end of fatigue cyclic tests, a 
considerable zone of plastic deformation appeared in the top of the crack. Therefore, AE signals 
appeared only after the maximum level of working stresses exceeded the residual stresses of the 
given zone and the crack began to grow again. 

The analysis of the break showed that each increase of load level accompanied by AE signals 
build-up (but it did not lead to a sharp stepwise development of the crack) was related to two 
processes: formation of „stretch” zone and slow advancement of the crack with the formation of 
pitting relief. The above-mentioned process of material deformation and disruption repeated 
several times.  

One of the fracture surface areas, which have the above-discussed deformation and disruption 
processes, is shown in Fig. 8b. According to the figure, in the considered break area, the 
advancement of the crack under the action of static load was not more than 0.5 mm deep. The 
same situation could be observed in other areas of the break: width of zone 2 was within 0.4…0.5 
mm. In this case, the maximum level of reached crack growth velocity was 0.6 mcm/cycle. For 
the material of the leg, it corresponds to stress level of about 30 MPa/m2. It provides the 
opportunity to calculate the size of plastic deformation zone in the top of the crack, which could 
reach 0.16 mm. 

From the given estimation it follows that during the 5 steps of static loading (from 50% to 
90%) the crack increase did not go beyond the limits of plastic deformation zone. Increasing of 
stress level and formation of „stretch” zone occurred irregularly along the whole front of the 
crack because of the differences in the stress state and the fatigue crack depth (see. Fig. 3). 



   

 

A typical picture of disruption formation is related to the development of a crack at the 
moment of material overload when a transition to a higher level of maximum stress (in 
comparison to the previous cycle of loading) occurs. It leads to the formation of a wave relief 
consisting of the stretch zone followed by elongated pits (Fig. 10). Such results are typical of all 
areas of the break. 

During residual strength evaluation, AE activity proved to be a more informative AE 
parameter. Its maximum value under 50% of maximum working load (under which the disruption 
occurred) as well as its decrease during the further steps of loading may be explained by the 
influence of residual stresses from plastic deformation zone which was created as a result of 
preliminary cyclic loading.  

 
Fig. 9. AE intensity depending on working load.                                                                           

 
a) 

 
b) 

Fig. 10. Break areas (а and b) where stretch zones can be seen (ЗВ) as the fragments of the 
break with wave relief (the tops of protuberances are shown with dotted lines; the fatigue zone 

is designated by (1); variant b is magnified). 
                                                                                                                                                       



   

 
In the final step of static loading, the crack went out of the zone of plastic deformation that 

formed before the top of the fatigue crack. It resulted in rapid expansion of the crack to the whole 
cross-section of the piston rod which caused its disruption. 
 
Conclusions 

 
Comparative results of fractal and AE analysis presented in this research show that the 

information received with the help of AE method provides the opportunity to analyze main 
features of fatigue crack development both during cyclic loading and when estimating the 
residual strength of an object. In particular, the following facts have been confirmed: 

- when the growth of a fatigue crack during cyclic loading is irregular, the total AE 
reflects the periods of its accelerated and decelerated development; 

- the change of total AE may help to determine the moment of crack initiation; 
- the moment of macrocrack appearance, which may be dangerous for object operation, 

can be determined by the analysis of AE change in the cycle of loading much earlier 
than in cases when traditional NDT methods are used; 

- AE activity can be used to check the development of a crack when estimating the 
residual strength of an object with the aim of preventing the overload of bench 
components during tests. 

Therefore, it is possible to recommend the application of the AE method during various 
fatigue tests. 
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