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Abstract 

Acoustic emission of bending fatigue of titanium alloys has been investigated using technique of signal 

classification by type of sources (microcracks, dislocations). AE sources identification methods were applied to 

identify the stages of bending fatigue. Samples of titanium alloy Ti-4Al-1.5Mn were tested under cyclic tests on 

the fatigue tester with low acoustic noise, developed by the authors. AE signals using the new identification 

method are divided into different types: the emitted by dislocations, by micro- and macrocracks. Based on the 

activity of various AE signals, six stages of fatigue were found. In Stage III, we detected low AE count rates 

compared with other stages, and found almost linear increase at stages IV and V, with similar values of the 

duration. Graphs of microhardness at various stages of fatigue, for different places of measurements, have 

similar character. When the stage III begins, microhardness is increased, which indicates that the titanium alloy 

is hardened at fatigue increase. 
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1.  Introduction 
 

Most engineering products and constructions operated under cyclic stresses. Material 

properties, that influence the fatigue life of constructions, are determined by their structure 

and ability of cyclic loading to resist.  

One of the important tasks is to predict the life and to control the safety their possible 

destruction.  It is most important when using aircraft [1]. 

In modern aircraft use advanced materials,  which should have high mechanical properties. 
Therefore, the study of the kinetics of materials degradation is important. Titanium alloys 

because of their unique properties is used in aircraft manufacture. 

 

2. Materials and Research Methods 
 

Cyclic bending tests were carried out on the fatigue tester with low acoustic noise, developed 

by the authors. Frequency of cyclic tests average 29 Hz. Samples of titanic alloy Ti-4Al-

1.5Mn were tested with various number of fatigue cycles at the set loading. Samples were 

make of a plate by  2 mm thickness under the form of an isosceles triangle. The form of a 

samples provided equal load resistance. AE sensor was fixed on a dead end of the sample.  
Sensor pass-band was 50-550 кГц. Dynamic range of amplitude was 66 dB.  

AE was recorded during all time of test. Some samples had been destroyed under fatigue test. 
 At the end of tests were carried out microstructure studies and microhardness testing on the 

HMV-2 at different depths from the surface. We used a new identification method for 

separation of signals into various types: the emitted by dislocations, by micro- and 

macrocracks [2].  

 

 

3. The research results 
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Fig. 1 shown two-parameter distribution ЕAE - Kf  (ЕAE – energy of AE signal, Kf – frequency 

coefficient, developed by authors). The frequency coefficient is defined as the sum of 

standard deviations of AE signals wavelet decomposition coefficients.  Wavelet transform 

was carried out on the basis of wavelet db8. The frequency coefficient Kf  shows the 

contribution of a frequency components in a signal [2].  

 Distribution indicates the separation of AE signals on the types of sources: 

1) dislocations: (Kf > 3,7)∩(ЕAE < 0,5 mV
2
sec); 

2) microcracks: ((0,5<ЕAE<20 mV
2
sec)∩(Kf > 3,7))U((ЕAE<20 mV

2
sec)∩(Kf < 3,7)); 

3) macrocracks: (Kf < 3,7)∩(ЕAE > 20 mV
2
sec). 

 
Figure 1. Two-parameter distribution EAE - Kf of AE signals during cyclic 

deformation of sample of Ti-4Al-1,5Mn alloy  

 
High activity of each type’s of AE sources is not constant during all time of fatigue test. 

Figure 2 shows the most typical graphs of AE signals accumulation, separated on types of 

sources. Graphs of AE signals accumulation correspond to fatigue tests of samples that are 

brought to destruction at the maximum cyclic load 550 MPa. 

 
Figure 2. Graphs of AE signals accumulation during the fatigue test to failure of 

sample of Ti-4Al-1,5Mn alloy 

 

AE signals in quantity NAE mac= 8 emitted during the macrocracks formation are not displayed 

in the graph (Fig. 2) because they were registered for a few cycles to destruction of samples. 

Stage I (up to ~ 1000 cycles) is characterized by low activity of both types of AE signals. At 

stage II (NII = 13200 cycles) the activity of dislocation type’s AE signals is increased. The 

activity of AE signals emitted by the microcracks are still low. Stage III is the most extended 

and is more than half of sample life (NIII = 35800 cycles). The stage III takes place at a low 

activity of all type’s AE sources. At stage IV (NIV = 8000 cycles) is increased activity of AE 

signals emitted by the microcracks formation. However, in stage IV does not happen 
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increased activity of dislocation type’s AE sources that reasonably allows to identify the stage 

V, corresponding to a significant increase in the activity of dislocation type’s AE signals. In 

the final stage V the activity of AE signals emitted by a microcracks and dislocations 

(NV = 10400 cycles) does not decrease up to sample destruction. For 60 cycles before the 

sample had destructed, which at a tested frequency 29 Hz corresponds to 2 seconds, AE 

signals with high value of AE energy are emitted (ЕAE mac=20÷500 mV
2
sec). These AE 

sources are identified as macrocracks. AE signals emitted by macrocracks formation are 

registered when a high-speed development of the main crack only during destruction of the 

sample occurs. 

Figure 3 shows the diagram of relation of AE counts emitted by the dislocations and 

microcracks to number of fatigue cycles Ni at each stage, received on the basis of graphs in 

figure 2. The received relations of AE signals emitted by dislocations and microcracks, 

differed at 10 times.  

 Figure 3 shows that the selection stages for each of the graphs of the AE signals 

accumulation is legitimate because it carries information about changing the mechanisms of 

damage and defect accumulation. 

 
Figure 3. Graphs on the counting rate of AE signals at different stages 

 

Graph shows a low level of AE count at stage III, in comparison with other stages, and high 

increasing level at stages IV and V, taking into account the close values of the length of these 

stages. 

The microhardness, measured at different stages of fatigue (fig. 4), i.e. when a certain number 

of test cycles specified by the research program has identified the character of 

hardening/softening of titanium alloy Ti-4Al-1,5Mn.  

 
Fig. 4 Graphs of a microhardness at various stages of fatigue of 

sample of Ti-4Al-1,5Mn alloy  
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Microhardness HV measured in various areas of cross-section of samples with number of 

fatigue test cycles: 15000, 30000, 43000, 60000, 66000 and 68000 (destruction). 

 Change of microhardness on the degree of a fatigue accumulation for the various sites of 

measurement is similar. On the graphs shows the values of microhardness, measured at the 

locations of defects in a form of straight sections had found by microstructure analysis. 

The bands detected in the microstructure in the cross section had a length of 10-40 um and 

were, as a rule, through the entire cross section extending along the surface. The bands are 

located at angles of ~60° and ~30° to the sample surface and had been revealed at etching 

of samples (fig. 5).  

 

Figure 5. Microstructure of a lateral surface of the sample after fatigue test 

Position of defects proved a crystallographic structure of the titanium. Titanium is 

FCC-lattice, the angle of one of the possible slip planes (1011), which is ~57°. Formed 

microinhomogeneity could be formed as a result of accumulation of dislocations in the re-

variables bias in the slip planes with a small grain crystallographic disorientation. 

 

4. Discussion of Results 
 

Presented in the work the separation on the stages of fatigue accumulation to change of 

activity of various types of AE signals has a strong correlation with the theory of the fatigue 

stages, proposed in 1975 by V.S. Ivanova and V.F. Terentyev [3]. According to the existing 

theory full fatigue process can be divided into several stages, by analogy with the static 

deformation: I – cyclic microflow , II – cyclic flow, III – cyclic hardening, IV – development 

of submicrocracks to the size of microcracks, V –development of microcracks to the size of 

macrocracks, VI – destructions area. Low activity in stage I of AE signals emitted by the 

dislocations and microcracks, which differ from each other at 10 times approximately, may 

indicate the proceeding process microflow. This process is characterized by slight movements 

of the local microvolumes of the surface layers, the release of dislocations on the surface and 

the formation of small submicrocracks along the grain boundaries. Negligible activity was 

detected at the stage of elasticity and the static deformation of samples of alloy Ti-4Al-1,5Mn 

[4-7]. Increasing of AE count in stage II confirms action of the mechanism of flow and the 

behavior of active plastic deformation, distributed throughout the volume of the loading 

material. The count of AE signals emitted by the microcracks at this stage is minimal. In stage 

III, there is a significant hardening of the material, accompanied by a decrease in the activity 

of AE signals of all types. Based on the data presented in [7, 8] that all the materials in the 

σB/σ0,2 < 1,2 with cyclic deformation softening, while the materials for which a σB/ σ0,2 > 1,4, 

cyclically hardening. However, for the titanium alloy Ti-4Al-1,5Mn by reference data of 

mechanical properties of the ratio is in the range of σB/σ0,2 = 1,12 - 1,28. Therefore, this alloy 

can be either hardening or softening. For Ti-4Al-1,5Mn alloy is increased microhardness 
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values, which confirms the fact of hardening of alloy with an increase in the degree of fatigue. 

At the stage IV AE signals identified as the formation of microcracks are registered regularly 

confirms the previously proven development and merger submicrocracks to the size of 

macrocracks. The areas of developing microcracks hardened as a result of movement of 

dislocations, are sources of AE signals. 

The activity of dislocation type’s AE signals at stage IV low enough, apparently, because of 

the high density of dislocations and forest dislocations in the formation of hardened area. The 

resulting growth of microcracks in the stress relaxation, causes a redistribution of the cycle 

loading and the possible localization of deformation. The redistribution of stresses leads to a 

secondary deformation in areas of growth and advancement of macrocracks. However, the 

expected emission of AE signals, identified as the macrocracks formation do not occur. This 

is explained by the fact that at cyclic deformation there is no increase in stresses, and the 

increment macrocracks less than the previous values. As a result of registered a higher activity 

of AE radiation microcracks and dislocations, localized at the apex of the growing 

macrocracks. In stage V, the highest AE signals activity observed dislocations type and 

radiated macrocracks. 

The final phase of rupture area is sufficiently short, and no more than a 50 cycles. In the last 

stage were registered AE signals emitted of the macrocracks formation. 

 

5. Conclusion 
 

The studies had established the possibility of selection stages of the accumulation of fatigue 

during cyclic deformation of the emission on the activity of AE signals of different types of 

sources. Based on these data we can make some important summary: 

- under cyclic bending deformation of titanium alloy Ti-4Al-1,5Mn by the method of 

acoustic emission activity of AE signals of various types have been allocated six stages, 

including stage rupture area, each of which may be according with the stages of the cyclic 

fatigue, identified on the basis of the fracture analysis; 

- the formation of microcracks and their development to the size of the macrocracks 

accompanied by an increase in count of AE signals emitted by dislocations and microcracks. 

Macrocracks formation is not accompanied by corresponding of AE signals due to the gradual 

growth of microcracks to the size of macrocracks; 

- AE method has a high degree of reliability in the analysis of the evolution of developing 

defects and can be used for the determination of the structural state of the cyclical impact on 

the material and the prediction of durability. 
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