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Abstract. This paper investigates acoustic emission of annealed and unannealed Ti alloys under static tension. 
Unannealed Ti alloys have three distinctive AE peaks related to different stages of strain hardening. There is a significant 
difference in AE signal form and two peaks for annealed Ti alloys. Discrete wavelet transform is used to analyze the 
measured acoustic emission peaks quantitatively. Calculated informative parameters of acoustic emission allow 
establishing the relation between acoustic emission and mechanisms of plastic strain and rupture under loading of Ti 
alloy. Obtained results can be used to analyze acoustic emission testing results of Ti alloys. 

INTRODUCTION 

Titanium alloys are widely used for the manufacturing of core structural parts of modern technical equipment. 
They have very high tensile strength and toughness, corrosion resistance, and the ability to withstand extreme 
temperatures. Such properties explain the importance of titanium alloys when dealing with various external 
environments. Widespread use of titanium alloys necessitates the development of modern methods and techniques 
for testing loaded alloy materials. Acoustic emission technique (AET) has been used extensively to characterize 
damage mechanisms in loaded materials [1, 2]. However, the relation between acoustic emission (AE) signal and 
mechanisms of plastic strain in titanium alloys should be established beforehand to ensure the success of AET 
application. Despite numerous research efforts, experimental data are contradictory [3–7], and the relation 
mentioned above actually has not been established yet. The object of this paper is to reveal the relation between AE 
and physical deformation mechanisms using the wavelet-based analysis of AE signals proposed by authors in [8, 9].  

MATERIALS AND TESTS 

Mechanical tests are conducted on VT1-0 (Grade 2) titanium alloy specimens in their initial conditions and 
annealed specimens by applying static tension. Annealing has been done at 885°С for 25 min with further air 
cooling. Surface structures of specimens were analyzed by optical microscopy, and surface profiles were studied 
with atomic force microscopy. Specimens demonstrate their equiaxed grain structures with an average grain size of 
15–20 μm (initial condition) and 50–70 μm (annealed). There are twinning bands in some grains of unannealed Ti 
specimens in their initial condition.  

Strain hardening curves σ– obtained using experimental measurements of loading and elongation describe the 
mechanics of titanium alloy specimens (Fig. 1). Figure 1 shows the decrease of the ultimate tensile strength (UTS) 
and the increase of critical strain for annealed specimens. 

AE signals, described by root mean square (RMS) voltages, were recorded simultaneously with measurements of 
loading and elongation. Piezoelectric transducers GT-301 with operational frequencies from 50 to 500 kHz were 
used to record AE signals with a sampling rate at 2.5 MHz. Calculated ratios of RMS voltages Us obtained from the 
transducer to the idle state noise level Un are plotted for unannealed and annealed Ti alloy specimens (Fig. 2).  
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FIGURE 1. Strain hardening curves for Ti alloy specimens: (a) initial condition (unannealed), (b) annealed 
 

  
FIGURE 2. AE curves for unannealed (a) and annealed (b) Ti alloy specimens. Unannealed Ti alloy specimens:  

A—the first peak, B—the second peak, C—the third peak, annealed specimens: D—the first peak, E—the second peak 
 
Figure 2 shows the qualitative difference between AE signals of unannealed and annealed Ti alloy specimens. 

There are three distinctive peaks with different amplitudes for unannealed Ti alloy specimens (Fig. 2a). The first 
peak A appears at the stage of linear hardening, the second peak B signifies the area of yield point and precedes the 
softening stage, the third peak C corresponds to a prefracture of a specimen. An annealed Ti alloy specimen have the 
oscillating AE curve with two wide peaks (Fig. 2b). Here, the first peak D covers the strain area that precedes the 
area of strong plastic flow. The second peak E represents the wide strain area at the stage of plastic flow. AE 
decreases monotonously in the areas of prefracture and fracture. 

Revealed peculiarities of AE signals demonstrate the difference of plastic strain mechanisms which influence AE 
sources. Deformation structure of Ti alloy specimens has been analyzed to understand these differences. Figure 3 
shows, as an example, the microstructure of a Ti alloy specimen in its initial condition according to the stages 
represented by three peaks of AE signals with strains of 0.02, 0.07, and 0.28, respectively. There are dislocation slip 
lines and small twins filling the grain area shown in Fig. 3a at small strains.  

 

           

FIGURE 3. Ti alloy deformation structures. Strain  = 0.02 (a), 0.07 (b), 0.28 (c) 
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Separate areas of non-uniform plastic strain and a multitude of dislocation slip lines, as well as individual large 
twins, can be found at the area of yield point (Fig. 3b) [10, 11]. Further increase of loading leads to strong 
fragmentation of a surface profile (Fig. 3c) and strong plastic effects around grain boundaries which cause relaxation 
of accumulated elastic strains at surface boundaries due to the appearance of microcracks.  

Obtained experimental data allows establishing the relation between AE signals and plastic strain mechanisms. 
The first observed peak A of AE signals of unannealed and annealed specimens is likely to be caused by dislocation 
processes [4]. According to [5], small twins appeared during recrystallization from the melt are likely to contribute 
partially to the formation of the first peak. Strong AE signal oscillations and peak D widening for the annealed 
specimens should probably be related to the increase of grains sizes and more powerful dislocation processes caused 
by annealing. Dynamic of large twins formation due to significant plastic strain can explain the second peak B of AE 
signal of Ti alloy specimens in their initial condition [5, 6]. The third peak C is caused by the appearance and 
propagation of microcracks [7]. At the same time, it is extremely difficult to reveal predominant processes 
responsible for the appearance of the second AE peak E of annealed Ti alloy specimens. Therefore, quantitative 
matching of the second peak AE signals with the corresponding peak AE signals of unannealed specimens is done 
with the approach proposed by authors [8, 9] and used to study Al-Mg alloys.   

PROCESSING RESULTS 

Following the approach [8, 9], portions of AE signals describing peak areas are divided into blocks containing 
107 instantaneous voltage values. Each block is processed by multilevel discrete wavelet transform (DWT) using the 
Daubechies wavelet [12, 13]. Calculated DWT coefficients are used as informative parameters of AE signals in each 
separate block and provide a quantitative representation of frequency and energy features of AE signals in peak 
areas [14]. 

Principal component analysis (PCA) is used to match the informative parameters for different peaks of AE 
signals. Calculated parameters for each block are treated as point coordinates in a multidimensional space. Latent 
dependencies are revealed by projection into lower dimension planes using principal components [15]. The first 
principal component is selected to stand for the maximum changes of the processed data, as well as the second and 
other principal components. This results in clustering of blocks with similar informative parameters. Further analysis 
is done using projections on planes of the leading principal components. 

Processing results and projections on planes of the first and the second principal components PC1 and PC2 are 
presented in Fig. 4. Each point here represents a separate block of AE signals. Points related to the same peak are 
clustered together. Components PC1 and PC2 describe 85% of the processed data, so no other components are 
required [15]. Figure 4a shows the matching of the second peak E of AE signals of annealed specimens with the 
corresponding first peak A of AE signals of specimens in their initial condition. Figure 4b and 4c show the matching 
of the second peak B and the third peak C, respectively. 

The closeness of two different clusters is estimated quantitatively using the minimum of Euclidean distance 
between two centers of clusters. For each cluster, PC1 and PC2 coordinates of points are averaged to produce the 
cluster center coordinates [16]. Euclidian distance is calculated using Eq. (1): 
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FIGURE 4. PCA analysis of AE peaks. Matching of the second AE peak of annealed specimens with the first (a),  
the second (b), and the third (c) AE peaks of unannealed Ti alloy specimens. Unannealed Ti alloy specimens:  

A—the first peak, B—the second peak, C—the third peak, annealed specimens: E—the second peak 
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TABLE. Calculated Euclidian distance between clusters centers 

Cluster number A B C 

Distance D to the cluster E 33.12 30.13 35.60 

 
where ki—cluster center coordinates of each cluster corresponding to known AE peaks of unannealed Ti alloy 
specimens, mi—cluster center coordinates of the cluster corresponding to the studied AE peak of annealed Ti alloy 
specimens, Dg(k, m)—Euclidian distance between the center of cluster E and centers of clusters A, B, C. Quantitative 
estimation of clusters closeness is shown in table. 

The results show (Fig. 4 and table) that the points of clusters A and C are located farther from the geometric 
center of the cluster E than the points of cluster B. This signifies that informative parameters of AE peak E of 
annealed specimens are very close to the informative parameters of the second AE peak B of unannealed specimens. 
It allows this AE peak to relate to the twinning process. 

CONCLUSION 

This paper investigates acoustic emission of annealed and unannealed Ti alloys under static tension. It is 
demonstrated that unannealed Ti alloys have distinctive AE peaks related to dislocation and twinning processes of 
plastic strain and microcracking at the stage of fracture. There is a significant difference of AE signal form and 
fewer peaks for annealed Ti alloys.  

AE signals are processed with multilevel DWT to uncover the mechanisms of plastic strain responsible for 
produced AE peaks. Calculated DWT coefficients are treated as informative parameters and processed further by 
PCA to cluster AE signals and reveal AE peaks with close informative parameters.  

The proposed approach can be used to analyze acoustic emission testing results of Ti alloys.  
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