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Abstract:  

LPSO (Long Period Stacking Ordered Structure)-Mg alloy has both low density and high strength, and 
it is expected to be applied to transport equipment. However, it is necessary to evaluate the 
deformation and fracture behavior for usage as structural materials. Acoustic emission (AE) signals 
were analyzed and classified using several machine learning methods to evaluate the deformation 
mechanism of various LPSO-Mg alloys. It is difficult to identify AE signals due to each deformation 
mechanism in extruded materials consisting of two phases, α-Mg phase and LPSO phase. In this 
study, the high-speed camera was used to directly observe the kink deformation in LPSO phase and 
the twinning deformation in α-Mg phase. Compression tests were carried out, and AE signals during 
tests from sensors attached to the jig were continuously measured and recorded using Continuous 
Wave Memory (CWM) developed in our laboratory. Surface motion of specimens was captured by a 
high-speed camera using the AE signal as a trigger. Based on the recorded AE signals corresponding 
to kink deformation and twinning, AE behaviors of different extruded LPSO-Mg alloys were 
successfully classified into the kinking and twinning by machine learning methods. 

1. Introduction 

Recently, Mg alloy having a long period stacking ordered (LPSO) structure has been 
developed and lightweight application such as transportation equipment is expected because 
of its high strength [1-4]. It is necessary to evaluate the deformation/fracture behavior to use 
the LPSO-Mg alloy as structural materials. We have evaluated the deformation mechanism 
of LPSO-Mg alloy in both the directionally solidified (DS) specimen and the cast specimen 
using the microstructure observation and the clustering analysis of Acoustic Emission (AE) 
signals during the mechanical test [5-12]. there are also some researches on AE of Mg alloys 
[13-16]. However, in-situ deformation behaviors of extruded materials consisting of two 
phases of α-Mg phase and LPSO phase which are expected as practical materials have not 
yet been elucidated. Therefore, in this study we focus on the twinning deformation and kink 
deformation as the main deformation mechanism in the α-Mg phase and LPSO phase, 
respectively, and associate each deformation mechanism with the AE signal during the 
compression test of the model material. The dynamic deformation/fracture mechanism of 
extruded LPSO-Mg alloy containing two phases was evaluated by classifying of AE signals 
using the machine learning method with AE of model material as learning data. 

2. Experiment and analysis method 
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Fig. 1 Observation of twining in pure Mg by high-speed camera. 

Pure polycrystalline extruded Mg alloy (model material for twinning deformation), Mg97Zn1Y2 
extruded material (B3 material, LPSO phase volume ratio of 25%) and Mg89Zn4Y7 extrusions 
(B4 Material, LPSO phase volume ratio 85%) with two-phase structure of α-Mg phase and 
LPSO were used. In all the extruded materials, the bottom texture is oriented in a direction 
parallel to the extrusion direction. 

A cubic specimen of 5×5×5 mm was prepared from pure Mg and heat treatment was 
performed to increase the particle diameter, and then one side of the specimen was polished. 
Using this specimen, a compression test was conducted in a direction in which twin 
deformation is likely to occur, that is, a load was applied in the extrusion direction. During the 
test, the AE signal was measured by the AE sensor attached to the upper and lower jigs, and 
simultaneously the polished side surface was observed using a video microscope. By 
operating the high-speed camera with the AE signal as a trigger, in-situ observation was 
done at the instant of deformation occurred at a photographing speed of 5,000,000 fps or 
10,000,000 fps. A cubic specimen of 5×5×5 mm was also prepared for B3 material and B4 
material, and a compression test was conducted. The compression direction was a direction 
tilted by 0 ° and 45 ° with respect to the extrusion direction. The AE signal under test was 
measured in the same manner as pure Mg. Structural observation was carried out using 
SEM at each stress. 

 

Fig.2 Evolution of length and growth speed of twin. 



 
 

 
 

 

Fig. 3 Normalized average energy spectra of twin and kind for learning data. 

AE events were extracted by setting a threshold value from continuous AE waveform, and 
energy spectrum of frequency was calculated [17]. In this study, we classified AE events 
using two kinds of machine learning methods. One is conventional clustering, which is an 
unsupervised learning method (hereinafter referred to as learning A). All generated AE 
events during one test were used as data and classified into two clusters by k-means method. 
The other is classification by supervised learning which uses AE waveform corresponding to 
in-situ observation as learning data (hereinafter referred to as learning B). Twin deformation 
observed with pure Mg corresponding to AE waveform and kink deformation observed in 
LPSO-Mg alloy of DS material [12] were prepared, and the machine learning was performed 
using these signals as learning data. After that, the AE event of B3 material and B4 material 
was classified as twinning or kinking as test data. Linear support vector machine (linear 
SVM) was used for learning algorithm. 

3. Results 

AE features due to twin generation were investigated. The characteristics of the AE 
waveform corresponding to the high-speed camera observations have the peak frequency 
majority of 200 ~ 400 kHz, and those were mainly generated in the initial stage of 
deformation. After the timing was adjusted by considering the propagation of the waveform 
and the time lag in the camera, the generation times of twin nucleus were consistent with AE 
waveform arrival times for almost all the events. Therefore, it was demonstrated that the AE 
acquired in this experiment was corresponding to twin nucleus generation. 

Twinning was observed in crystal grains in pure Mg. Figure 1 shows an example of twin 
generation captured by a high-speed camera. A deformation zone of a certain length was 
generated within 0.2 μs of Fig. 1(a) - (b), and then it grew and became as shown in Fig. 1(c). 
As shown in Fig. 1(d), another deformation zone was formed at the lower left with a slight 
delay in the first deformation zone. Figure 2 shows the evolution of the length of the first 
deformation zone and the growth rate. There was a region where the growth rate became 
constant between about 1 μs immediately after generation and the growth rate at this time 
was 610 m/s. Similar growth rates were measured for other twin crystals, and it was 
distributed in the range of 300 to 1000 m/s. 



 
 

 
 

 

Fig. 4 AE event rate of twinning and kinking in (a) Mg97Zn1Y2 and (b) Mg89Zn4Y7. 

Deformation behavior of extruded LPSO-Mg Alloy was also evaluated. First, the AE events of 
the extruded LPSO-Mg alloy were classified by learning A. In this case, the number of events 
of two clusters showing high energy on the low frequency side and the high frequency side 
were almost the same number of events. Next, classification was done by learning B. Figure 
3 shows the energy spectra calculated for the twin/kink AE waveforms used for learning and 
they were normalized after averaging of the energy spectra. The twin showed the prominent 
peak in the low frequency band around 300 kHz with high energy, and the kink showed 
relatively high energy in the wide range from 200 to 800 kHz. Machine learning was 
performed using this learning data, and the AE events generated during the 0° direction 
compression test (B3-0, B4-0, respectively) of B3 material and B4 material were classified. 
Figure 4 shows the evolution of the twin and kink AE events. Overall, the ratio of kink tends 
to be larger in B4-0, which is considered to reflect that the ratio of LPSO phase is higher. 
Comparing learning A learning B, different criteria for each material is necessary to classify 
the phenomena in learning A and manually associate the clusters and phenomena. It results 
in the difficulty in the comparison between a plurality of materials. In learning B, the same 
classification model can be used for any material and the correspondence to kink or twin is 
automatically made. It is concluded that quantitative evaluation and comparison of 
deformation behavior are possible. 

4. Conclusion 

(1) Compression test was performed on pure Mg, and the instant of twin generation was 
observed by high-speed camera observation with the AE signal triggered. It directly indicates 
that the source of AE is twin nucleation. We could clarify the formation and growth rate at the 
time of twin generation from observation results. 

(2) The AE waveforms by twinning deformation were extracted by making each twin 
responsive to AE waveform and the AE waveforms for kink deformation were also prepared. 
Finally, we prepared the twin and kink classification models by machine learning. By 
classifying the AE of the extruded LPSO-Mg alloy by using these data, the time change of 
deformation mechanism and the ratio of twin / kink to ratio of two phases were evaluated. 



 
 

 
 

(3) Using the machine learning based on the results of in-situ observation by a high-speed 
camera, it is possible to classify AE more effectively than the conventional method and to 
evaluate and compare the deformation behavior quantitatively. 
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