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Abstract 

This paper treats the evaluation of fatigue damage appearing during the cyclic bending loading of the samples of 

titanium Grade 2 and Grade 5 (Ti6Al4V). Purpose was to detect the microstructural changes in pre-initiation 

stage (the stage before creation or identification of short cracks) during the fatigue loading using acoustic emis-

sion method and electron microscopy. Microscopic observation was used mainly to detect of the first short (mi-

cro)cracks. The measurement was completed with analysis of loading (resonance) frequency changes of the 

fatigue test device. In the acoustic emission signal we have found some changes, which can correlate with the 

evolution of dislocation structures or the creation of the surface relief in pre-initiation stage. The measurement 

results verification will be based on detailed observation of the material surface by electron microscopy and X-

ray diffraction in other research. 
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1.  Introduction 
 

Titanium and its alloys primarily stand out due to two properties: high specific strength and 

excellent corrosion resistance. This also explains their preferential use in the aerospace sector, 

the chemical industry, medical engineering, and the leisure sector. Unalloyed titanium comes 

in 4 grades determined by strength and impurity content. Primary uses are for corrosion re-

sistance when high strengths are not needed such as heat exchangers and chemical industry 

piping systems. On the other hand, titanium alloys have a combination of outstanding proper-

ties such as high strength, low weight, exceptional corrosion resistance, excellent biocompati-

bility and attractive low temperature fracture behaviour. However, titanium alloys are also 

characterised by poor tribological properties such as high and unstable friction coefficient, 

severe adhesive wear, susceptibility to fretting and a strong tendency to seizure [1, 2]. 

Today more than 100 titanium alloys are known, of which, however, only 20 to 30 have 

reached commercial status. Of these, the classic alloy Ti6Al4V (Grade 5) covers more than 

50 % of usage. Another 20 to 30% are unalloyed titanium. The properties of titanium alloys 

are primarily determined by the arrangement, volume fraction, and individual properties of 

the two phases α and β. Compared with the body-centred cubic β, the hexagonal α is more 

densely packed and has an anisotropic crystal structure. Unlike aluminum and steel alloys, 

titanium alloys can have a pronounced anisotropy of properties, which can be directly related 

to the inherent anisotropy of the hexagonal crystal structure of α. These crystallographic tex-

tures develop upon deformation (deformation texture) and can be further pronounced by a 

subsequent recrystallization annealing [3]. 

During above applications titanium structures are often exposed to fatigue loading. The life-

time of such a cyclically loaded, initially defect-free component is usually separated into a 

portion describing crack initiation and a portion describing crack propagation. These stages 

are often controlled by different mechanisms. The optimal microstructure for maximizing 

crack initiation resistance is often the microstructure that is least resistant to crack propaga-

tion. Therefore, differentiating between initiation and propagation allows one to determine 

whether microstructural changes that improve either initiation or propagation resistance 
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should be used to improve fatigue strength. Investigations of fatigue on titanium alloys have 

shown that for high stress or strain amplitudes, the crack initiation life can be very small 

compared to the overall fatigue life. Therefore, under low-cycle fatigue conditions, the com-

ponent lifetime is dominated by resistance to fatigue crack propagation. With decreasing load 

amplitudes, the portion attributable to crack initiation life continuously increases. Therefore, 

for titanium alloys, which are typically defect-free, the high-cycle fatigue strength can be con-

sidered a good measure of resistance to fatigue crack initiation [1, 4]. 

Various methods such as ultrasonic and eddy current are used for the detection of cracks. 

However, in cases where the crack is already close to critical crack length, there is not enough 

time to cope with the damages because the crack has already propagated for 50% of total fa-

tigue life [5]. However, early detection of fatigue damage can be achieved if the nondestruc-

tive techniques highly sensitive to materials behaviour are applied. Acoustic emission (AE) is 

a rapidly maturing nondestructive testing method with demonstrated capabilities for monitor-

ing structural integrity, detecting leaks and incipient failures in the mechanical equipment and 

for characterizing materials behaviour. AE is also suitable for detecting incipient fatigue 

cracks, differentiating between fatigue crack initiation and propagation, and analysing mecha-

nisms of failure [6-8]. 

The cumulative AE activity, as recorded by the sensors is indicative of the severity of crack-

ing, since crack propagation is a prerequisite for AE in most cases. High rate of incoming 

signals implies the existence of several active crack sources, while low or zero activity is con-

nected to healthy material. There are other important aspects of AE measurements, which are 

based on qualitative parameters of the received signals. The waveform shape depends on the 

cracking mode, enabling the classification of cracks in different materials. Shear cracks gen-

erally follow tensile type as the material approaches to final failure. Therefore, crack charac-

terization may lead to an early warning. In general, when a tensile event is occurring, the sides 

of the cracks move away from each other, leading to a transient volumetric change of the ma-

terial and consequently most of the energy is transmitted in the form of longitudinal waves, 

while only a small amount in shear waves, which propagate with a lower velocity [9, 10]. 

AE can detect incipient fatigue crack extensions of 10 µm, or less, in Ti6Al4V; it therefore 

can serve as a sensitive warning method for analysing material failure. There are three distinct 

stages during which AE is generated: crack initiation, slow crack propagation and rapid crack 

propagation [4]. The distinction between these stages is based primarily on increases in the 

rate of AE event accumulation. The rate of AE event accumulation corresponds to actual 

crack growth, as observed optically, and can therefore be used to anticipate failure. 

In this study, the AE technique is applied to study the signal characteristics emanating from 

crack initiation and pre-initiation stage (the stage before creation of crack) in Ti6Al4V alloy 

plates under bending fatigue loading. Fatigue behaviour has been evaluated by online detec-

tion of crack initiation inside of material using AE parameters and light microscopy in order 

to correlate the parameters obtained nondestructively with mechanical results (analysis of 

loading resonance frequency of the fatigue test device) and propose certain features as the 

most promising for fatigue damage characterization in materials. The AE waveforms generat-

ed during various stages of fatigue process and their power spectra have been analyzed and 

classified. 

 

2.  Experimental procedure 
 

2.1  Materials and mechanical testing 
 

Two materials were chosen for this study. Titanium Grade 2 (unalloyed and commercially 

pure) was used especially for evaluating fatigue properties and determination of the influence 



of specimen direction on the fatigue life. Ti6Al4V alloy was chosen for evaluating fatigue 

damage using acoustic emission method and microscopy observation because it is the most 

widely used titanium alloy with a combination of good properties and ease of production. 

Both materials were supplied in the annealed condition. The microstructure of the materials 

tested is shown in Fig. 1. 

 

  

a)       b) 

Fig. 1  Microstructure of titanium Grade 2 (a), Ti6Al4V alloy (b) 

 

Two types of test specimens have been made for the fatigue bending tests. The specimens 

with a cylindrical shallow notch (see Fig. 2a) have been manufactured for evaluating fatigue 

behaviour of titanium Grade 2. The specimens for evaluating fatigue damage of Ti6Al4V al-

loy using acoustic emission method and microscopy observation have been manufactured 

with a rectangular shallow notch (see Fig. 2b). These have directions L (in the rolling direc-

tion) and T (transversal direction), see Fig. 3a. Shallow notches are used for localization of 

the crack starting point. The chemical composition and mechanical properties of the materials 

are shown in Tables 1 and 2. 

 

Fig. 2  Specimen for evaluating fatigue properties (a), specimen for monitoring of AE sig-

nal (b) 

The fatigue tests were performed at room temperature using an electro-resonance RUMUL 

Cracktronic 8204/160 machine in bending loading (see Fig. 3b). The fatigue cycle was sinus-

oidal with a frequency about 70 Hz and the stress ratio was set to R = -1 (symmetric cycle). In 

the case of titanium Grade 2, the staircase method was used to estimate the fatigue strength 

for fatigue life values up to N = 1 x 10
8
. The fatigue tests have been carried out up to fracture. 

The maximum stress amplitude (initial stress level) was 90% ultimate strength of the material 

(407 MPa). 

a) b) 



Table 1  Chemical compositions of materials tested (wt %) 

Material N C H Fe O Al V Ti 

Ti Grade 2 0,006 0,016 0,002 0,110 0,100 - - Bal. 

Ti Grade 5 (Ti6Al4V) 0,008 0,01 0,003 0,04 0,06 6,3 4,3 Bal. 

 

Table 2  Mechanical characteristics of materials tested 

Material 
Yield Strength 

(MPa) 

Tensile Strenght 

(MPa) 

Young’s Modulus 

(GPa) 

Elongation 

(%) 

Ti Grade 2 373,74 449,39 101,62 29,51 

Ti Grade 5 (Ti6Al4V) 904 924,3 113,8 19,7 

 

  

a)      b) 

Fig. 3  Marking of the specimens for the fatigue tests (a), basic parts of the Cracktronic 

8204/160 machine (b) 

 

The constant bending stress amplitude of 504 MPa was applied for evaluation of fatigue dam-

age on the Ti6Al4V specimens using acoustic emission technique and microscopy observa-

tion. Fatigue life determined under this loading condition was about Nf = 150,000 cycles. 

 

2.2  Acoustic emission 
 

AE measurement was performed using systems XEDO and IPL manufactured by DAKEL 

Company. Three piezoelectric AE sensors also made by DAKEL (type MIDI, diameter 6 mm) 

have been used for AE detection during fatigue cycling process. One was attached the end of 

the specimen (it could not be closer to AE source, due to microscopic observation of shallow 

notch area). The other one was mounted on the clamp head and the last was on the fatigue 

testing machine (see Fig. 4b). 

Signal from the AE sensors has been amplified with preamplifier (the total gain was 55 dB) 

and evaluated in the measuring system XEDO and IPL. XEDO analyser is a multi-channel 

system for the analysis of acoustic emission signals making possible the sampling and saving 

of measured values to the disk of personal computer. The analyser covers the frequency range 

of approximately 80 – 550 kHz with a sampling rate from 2 to 8 MHz. The analyser IPL al-

lows the continuous sampling (sampling rate 2 MHz) and saves the whole signal up to the 

limit of the disk. It registers also even overshoots for tuned levels as well as information on 

events. It gives the possibility to make three-dimensional recordings showing the time - fre-

quency recording. The third parameter is the colour scale showing the density corresponding 

to frequency in all three registered acoustic emission events. 



 

a) b) 

Fig. 4  Illustration picture of the clamping mechanism (a), location of AE sensors (b) 

 

All measurements have been completed with registrations of resonance frequency changes for 

the tested sample taken with the fatigue equipment RUMUL Cracktronic. The AE sensors and 

both analysers have been calibrated by means of Hsu-Nielsen source with graphite 0,5 mm. 

The measuring system has been configured with help of the DAEMON software from the 

same DAKEL Company. It concerned strengthening the input amplifier, setting-up the 

memory oscilloscope parameters (like sampling speed etc.) and the parameters of emission 

event. The parameters analysed were: RMS – root mean square, count rate, cumulative event 

counts, waveform, frequency spectrum of signal – power spectral density (PSD) and AE ener-

gy. 

 

2.3  Microscopic observation 
 

Olympus PMG-3 inverted metallurgical microscope equipped with DP20 microscope digital 

camera was used for monitoring of the crack initiation and propagation during the test. The 

Olympus Stream Motion software was used for image analysis. Philips XL-30 scanning elec-

tron microscope was used for fracture analysis. 

 

3.  Results and discussion 
 

3.1  Fatigue behaviour of titanium Grade 2 
 

 

Fig. 5  S-N diagram of samples cyclically stressed in direction L and T of titanium Grade 2 

 



 

The experimental results of the high-cycle fatigue bending tests and the S–N diagram of tita-

nium Grade 2 are shown in Fig. 5. The aim was to evaluate the fatigue behaviour in L and T 

orientation and determine approximately the fatigue limit at N = 10
8
 cycles. The increased 

differences of fatigue resistance in the region from N = 10
5
 to 10

8
 cycles apparently are given 

by fluctuation in the production quality of the test specimens. Presented results of the fatigue 

tests show the impact of structural orientation for tested materials less distinctive and the ori-

entation factor does not play the main role. The fatigue limit was found to be about 305 MPa 

for direction L and 282 MPa for direction T (at 10
8
 cycles). The crack initiation site for the 

entire region of fatigue life was always at the surface of specimen (see Fig. 6). 

 

  

 a) b) 

Fig. 6  Fatigue fracture surface of titanium Grade 2 (bending loading, direction T, R = -1, 

σa = 331 MPa, Nf = 8,083 x 10
7
 cycles) 

a) overview of the fractured surface b) detail of crack initiation place 

 

3.2  Monitoring of cyclic damage in pre-initiation stages 

 
The results of cyclic damage of Ti6Al4V alloy in early stages fatigue process using AE meth-

od and by microscope observation will be described here. The goal was to find the changes in 

AE signal in initial stages of fatigue loading that can correspond to surface relief evolution 

and to detect cracks in a time frame. In our traditional AE testing, AE signal has been corre-

lated with a record of resonant frequency of loading device RUMUL and then used to charac-

terize material fatigue behaviour. Using this approach, the transition zones of fatigue damage 

with the changes in AE signal and resonant frequency is possible associate in pre-initiation 

stages. With waveform-based AE analysis, the signals during these stages are analysed in de-

tail and used to relate any changes in waveform features to possible evolution of fatigue dam-

age mechanism. The correlation between AE signal and a record of resonant frequency of 

loading device RUMUL is possible through the microscopic examination of material surface 

that are taken at regular intervals during the fatigue test. The microscopic evaluation has been 

performed at the beginning and after 30.000, 60.000, 80.000, 100.000 and 120.000 cycles. 

The record of AE signal versus number of loading cycles (or time which is relative to the test 

start) for a first stage (0 - 30,000 cycles) is shown in Fig. 7. There are AE parameters: AE 

energy (red), RMS (blue), cumulative events counts (black) and a record of resonant frequen-

cy of loading device (green). In this stage the changes of mechanical properties take place the 

whole volume of specimen. The evolution of fatigue damage is not a continuous process, es-

pecially as evidenced by the intermittent nature of the occurrence of AE waveforms (see Figs. 

8, 10). The signals were classified based on visual examination of their temporal and spectral 



features. In this stage the signals have a dominant peak at approximately 125 kHz, and also 

few smaller peaks after the main peak (150, 220 and 350 kHz). The spectral amplitudes of all 

the recorded signals decay rapidly at frequencies above 400 kHz and are not used in the 

source characterization studies. In the first half of the record takes place most of the changes, 

then comes a quiet period. This corresponds to cumulative event counts, which is constant 

from mid-stage. 

 

Fig. 7  Record of AE signal versus the number of fatigue cycles in the first stage of loading 

(bending loading, direction L, R = -1, σa = 504 MPa, N = 30,000 cycles) 

    

a) 

    

b) 

Fig. 8  Typical waveforms and their frequency spectrum at stage 1 

 

The next stage (60,000 - 80,000 cycles) of fatigue damage is shown in Fig. 9. At the end of 

this stage a crack was not found. However, the results of the AE signal and microscopic ex-

amination of the next stage (80,000 - 100,000 cycles) showed a fatigue crack propagating. It 

was therefore considered that the crack initiation occurs between 60,000 and 70,000 cycles 

and then AE activity is relatively dormant - incubation period for crack nucleus development. 

AE waveforms and their spectra from this period are in Fig. 10a-d. The dominant peaks of 

signals at crack initiation were at approximately 200 kHz and 125 kHz, in the incubation peri-

od in particular at 125 kHz. 
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AE signal monitoring showed in pre-initial stages of fatigue process that waveforms generat-

ed intermittently. This may be caused by low AE sensitivity to crack initiation and incubation 

or by poorly chosen threshold of AE event detection. Therefore, IPL analyzer by DAKEL 

Company will be used for continuous recording of AE signal for further research. 

 

Fig. 9  Record of AE signal versus the number of fatigue cycles in the third stage of loading 

(bending loading, direction L, R = -1, σa = 504 MPa, N = 80,000 cycles) 

    
a) 

    
b) 

    
c) 
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d) 

Fig. 10  Typical waveforms and their frequency spectrum at stage 3 

At the beginning of the third stage (80,000 - 100,000 cycles, in Fig. 11) the fatigue crack will 

begin to propagate and after 100,000 cycles, a crack approximately 65 µm in length was opti-

cally observed (see Fig. 13). It is clear that a crack was created the edge of specimen - as is 

usual for this type of specimen. The correspondence between this AE result and the progres-

sion of damage, detected optically, is indicative of AE sensitivity to fatigue crack initiation 

and propagation as well. It should be noted that optical observations can reveal only surface 

damage, while AE signal is generated throughout the entire thickness of the specimen. 

Figure 12 shows the typical AE FFT from waveforms at the stable crack growth stage of 

Ti6Al4V alloy. They show that the AE waveform as a signal of a burst type of high ampli-

tude, with peaks at around 125 kHz, 200 kHz and 320 kHz. It was found that waveforms gen-

erated during crack initiation are of higher maximum intensities (up to 1800 mV, see 

Fig. 10a) than those waveforms generated during stable crack propagation (see Fig. 12a-c). 

 

 

 

Fig. 11  Record of AE signal versus number of fatigue cycles in the fourth stage of loading 

(bending loading, direction L, R = -1, σa = 504 MPa, N = 100,000 cycles) 

    
a) 
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crack propagation 



    
b) 

    
c) 

    
d) 

Fig. 12  Typical waveforms and their frequency spectrum at stage 4 

 

Other waveforms generated had a different nature, and may also be due to different source 

mechanisms, such as plastic zone extension, friction or noise. The reason why there are many 

AE sources in these tests is because the loading system (see Fig. 4b) is coupled together, thus 

providing for acoustic transmission. 

Comparison of the frequency spectrum evolution from the first stage to the fourth stage of 

loading is shown in Fig. 14. Note that there are significant changes in the amplitude, frequen-

cy content and other signal characteristics of the AE waveforms during the fatigue damage. 

The AE events observed during the first stage show lower amplitude with dominant peaks 

around 125 and 150 kHz (see Fig. 14a). The AE events measured to 87,000 cycles at stage 3 

are burst type and have a frequency with dominant peaks around 125 and 150 kHz as well. In 

the fourth stage (crack propagation), other dominant level appear extended from 320 to 380 

kHz. 

To complement this study, a fatigue fracture surface of specimen tested is shown in Fig. 15. 

For more accurate results, a record the source location of all AE events can be used. This ap-

proach of representing the data provides a more graphical documentation of the increased AE 

activity. 
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   a)      b) 

Fig. 13  Crack detection after 100,000 cycles (a) and crack propagation after 120,000 cycles (b) 

 

 

 

 

Fig. 14  Frequency spectrum evolution, N = 30.000 cycles (a), N = 80.000 cycles (b) and 

N = 100.000 cycles (c) under fatigue bending loading of Ti6Al4V alloy 

 

a) 

b) 

c) 



 a)  b) 

Fig. 15 SEM micrographs of a fatigue fracture surface of Ti6Al4V alloy (bending loading, 

R = -1, σa = 504 MPa, Nf = 157,100 cycles) 

a) crack initiation a propagation b) detail of crack initiation place 

 

4.  Conclusion 

 
The paper discusses a study to understand the AE signals generated during the stages of dam-

age accumulation. The fatigue of Ti6Al4V alloy under bending loading is studied using AE 

technique. Typical waveforms are collected and correlated with fracture mechanism from 

different stages of fatigue. There are distinct stages of damage accumulation during which AE 

signal is generated: surface relief evolution or fatigue crack initiation. Material failure mecha-

nisms follow from the analysis of AE signal in terms of its count rate, cumulative event 

counts, waveform, energy and frequency spectrum. The rate of AE event accumulation corre-

sponds to actual crack growth, as observed optically, and can therefore be used to anticipate 

failure. 

The correspondence between this AE result and the progression of damage, detected optically, 

is indicative of AE sensitivity to fatigue crack initiation and propagation. It was found that 

waveforms generated during crack initiation are of higher maximum intensities (Fig. 10a) 

than those waveforms generated during stable crack propagation (Fig. 12a-c). For a more de-

tailed analysis, IPL analyzer by DAKEL Company will be used for continuous recording of 

AE signal for further research. Therefore, it can be concluded that the AE technique can serve 

as a sensitive early warning method for detecting fatigue damage in early stages of fatigue 

process. 
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