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Abstract 

Long-period Stacking ordered (LPSO) Mg alloys were attracted attention due to its high properties. The 

materials used in this study were unidirectional solidification (DS) Mg85Y6Zn9, as-cast Mg97Y1Zn2 and as-cast 

Mg85Y6Zn9. Compression test and fracture toughness test were conducted with AE measurement. In compression 

test of DS Mg85Y6Zn9, kink deformation was generated from the early deformation stage. The number of 

microcrack was increased from about half of yield stress and it was rapidly increased around the yield point. The 

clustering analysis was applied to the extracted AE events. The AE events were divided into two clusters. The 

observation results showed that cluster one was considered as the AE events generated by kink deformation and 

cluster two was considered as the AE events generated by microcrack. The inverse analysis was applied to the 

extracted AE events. The displacement of height generated by kink deformation was estimated in compression 

test. It is considered that the dynamic behavior of deformation and fracture in LPSO-Mg alloys was evaluated by 

AE method. 
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1. Introduction

A unique deformation mechanism in synchronizes long-period stacking ordered (LPSO) 

structures contributes to generate an excellent macroscopic mechanical property [1-6]. 

Analysis of dynamic deformation mechanism in nanometer scale is expected to develop new 

materials with better performance. Observation by measurement and analysis equipment such 

as transmission electron microscope is very useful to understand the deformation mechanism. 

However, these analyses are usually applicable to only surface of materials and basically give 

static images. Combination with other techniques will be effective to obtain dynamic 

mechanism in detail. Acoustic emission (AE) has been used to obtain dynamic information in 

mechanical deformation which is difficult to be analyzed using other methods. 

AE is well known as an elastic wave in materials due to deformation, fracture and so on. 

Macroscopic mechanical properties of materials such as strength, elongation, fracture 

toughness, fatigue strength and corrosion characteristics are related to dynamic microscopic 

behaviors in materials which are mostly sources of AE. One of the advantages of using AE 

method is to globally monitor the deformation and fracture behaviors in samples with high 

sensitivity. Many researches have been done to understand the deformation or fracture 

behaviors in various materials including metals, ceramics, polymers and composites by 

analysis of AE behaviors. However, electrical or mechanical noises sometime interfere in the 

effective AE signals related fracture behaviors. Recently our research group has developed a 

novel AE analysis system with continuous recording function of AE waveforms in order to 

avoid noises and extract useful information related to deformation behaviors in materials [7]. 

Our system also includes advanced waveform analysis methods such as wavelet transform 

with high frequency resolution and accurate location algorithm by Akaike information criteria 

(AIC) picker.  
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AE parameters such as amplitude, energy, duration etc. are used to identify AE sources and 

explain the dynamic evolution of deformation and fracture behaviors in materials. Also 

clustering by AE parameters gives better understanding of aspect of deformation in material 

testing. However, it is usually very difficult to identify dislocation movement with continuous 

type AE signals. Recently novel cluster analysis of AE signals using frequency components 

has been successfully applied to understand the evolution of plastic deformation in Mg alloys 

[8-9]. In this paper, mechanical properties of LPSO-Mg alloys with different microstructures 

were investigated using tensile test, compression test and fracture toughness test. Two 

materials with different composition, Mg97Zn1Y2 and Mg85Zn6Y9, were used for experiments 

in this paper. Mg97Zn1Y2 has a volume fraction of α-Mg phase with 75% and 18R LPSO-Mg 

phase with 25%, and Mg85Zn6Y9 demonstrates a fully18R LPSO-Ma phase. AE signals during 

tensile, compression and fracture toughness tests were recorded and analyzed. Frequency 

analysis for each AE event suggested that deformation in α-Mg phase generated a higher 

frequency signal and deformation in LPSO-Mg phase a generated a lower frequency one. 

Evolution of deformation mechanism during material tests was also analyzed by clustering 

techniques using frequency components. 

2. Experimental and Analytical Procedures

The materials used in this study were unidirectional solidification (DS) Mg85Y6Zn9, as-cast 

Mg97Y1Zn2 and as-cast Mg85Y6Zn9. The surfaces of the materials were observed by a 

scanning electron microscope (SEM, JSM-6510LA, JEOL). The parallel section surface of 

specimens of unidirectional solidification Mg85Y6Zn9 was shown in Fig. 1(a), vertical section 

was shown in Fig. 1(b), as-cast Mg97Y1Zn2 was shown in Fig. 1(c) and as-cast Mg85Y6Zn9 

was shown in Fig. 1(d). The LPSO phase in DS Mg85Y6Zn9 was grown to the parallel 

direction to solidification direction. DS Mg85Y6Zn9 and as-cast Mg85Y6Zn9 had LPSO single 

phase, as-cast Mg97Y1Zn2 had LPSO phase and α-Mg phase. The volume fraction of LPSO 

phase was about 25% and α-Mg phase was about 75% in as-cast Mg97Y1Zn2. The DS 

Mg85Y6Zn9 specimens of compression test were prepared. The size of compression test 

specimen was 5×5×5 mm with cube shape. The as-cast Mg97Y1Zn2 and as-cast Mg85Y6Zn9 

specimens of fracture toughness test were prepared. 

Figure 1. Surface of specimen. : (a) Mg97Y1Zn2, DS, parallel section, (b) Mg97Y1Zn2, DS, 

vertical section, (c) Mg97Y1Zn2, as-cast, (d) Mg85Y6Zn9, as-cast. 
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Compression test was conducted at constant crosshead speed of 5×10
-4

 mm/s by a universal 

testing machine (AG-5000C, Shimazu Co.) (Fig. 2(a)). The load direction was parallel to 

solidification direction. The surface observation was conducted by a video microscope (VHX-

600, KEYENCE Co.) or high-speed camera (HPV-X2, Shimazu Co., Kirana, Specialised 

Imaging Ltd., Phantom Miro M110, vision Research Co.) during compression test. The 

maximum frame rate of high-speed camera was 5 Mfps. The surface observation was 

performed by SEM and a laser microscope (LEXT, OLYMPUS Co.) after the compression 

test. The height and size of kink deformation were measured by a laser microscope. Four-

point-bending tests were carried out at a constant displacement rate of 8.33×10
-3

 mm/s with 

AE measurement. During the tests, the crack path was observed by microscope. The positions 

of AE sensors were sides of specimens (Fig. 2(b)). AE sensors were AE254SMH177 (Fuji 

ceramics, Japan). Continuous Waveform Memory (CWM), which was developed by our 

group, was used to perform AE measurement. The high-pass filter was set at 100 kHz. The 

RMS voltage was measured with 200 ms time constant. 

AE signal was measured by continuous wave memory (CWM) during both tests. The 

sampling rate was 10 MHz, and the range of measurement was 5 V. Two AE sensors (M304A, 

Fuji Ceramics Co.) were used in compression test. The AE signal was inputted for the trigger 

of the high-speed camera in order to observe the generation of kink deformation. The high 

pass filter of 100 kHz was applied to the AE signal for removing mechanical noise. AE events 

were extracted from filtered AE wave measured in each tests. The energy spectrum of the AE 

events was calculated by fast Fourier transform (FFT). The FFT length was 512 samples near 

the rising point of each AE events. The energy values of each 19.55 kHz were extracted and 

Savizky-Golay filter was applied to these energy values for smoothing the energy spectrum. 

The all energy values in the filtered spectrum were divided by the maximum energy values of 

filtered spectrum in each AE events to reduce the effect of AE amplitude. Normalizing was 

applied to the all energy values in the spectrum. 

Principal component analysis (PCA) was conducted to the all energy values in the spectrum. 

Clustering analysis was applied by using calculated several principal components of each AE 

events. K-means method was used for clustering analysis. The value of k in compression test 

was decided by average silhouette coefficient. Average silhouette coefficient was calculated. 

High average silhouette coefficient means that the data of same cluster was gathered at short 

distance and different clusters were far away with each other. The k value at maximum 

average silhouette coefficient was used for analysis. 

Figure 2. Schematic figure of system. : (a) compression test, (b) fracture toughness test. 
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3. Results and Discussion

The specimens were compressed to eleven different stress levels in compression tests of DS 

specimens. The part of generation of kink deformation showed low brightness (Fig. 3). Kink 

deformation fraction at each stress levels was calculated by using this difference of brightness. 

Kink deformation was started to generate from low stress level and this fraction rapidly 

increased near the yield point. The specimen surface was divided roughly, and the number of 

grains introduced kink deformation was calculated. The number of grain introduced kink 

deformation rapidly increased in low stress levels and stabilized after rapid rise. First kink 

deformation generated at each grain in early deformation stage represented by white-colored, 

and further kink deformation generated at each grain already introduced kink deformation in 

later deformation stage represented by grey-colored. 

In the compression tests, the cumulative contribution rate was over 0.7 where the number of 

principal components was 3. Average silhouette coefficient was calculated at k value from 

two to seven in this principal components, and it showed maximum value at k = 2. The 

clustering analysis was applied to the AE events in compression test at k = 2. Fig. 4(a) shows 

the average energy spectrum of each cluster. The energy of cluster one showed high value at 

low frequency, and that of cluster two showed high value at high frequency. The cumulative 

number of AE events in each cluster was calculated (Fig. 4(b)). AE events of cluster one were 

measured from low stress level and dominant under 100 MPa. On the other hand, AE events 

of cluster two were increased around 100 MPa, and the specimen was yielded at the time of 

rapid increase of cluster two. 

Figure 3. Surface observation of compression test. : (a) 50 MPa, (b) 100MPa, (c) 200MPa, (d) 

200 MPa and 200 s. 
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Figure 4. (a) Energy spectrum of each cluster , and (b) cumulative AE event of each cluster of 

compression test. 

The discussion about the classification of AE sources by clustering analysis is effective for 

understanding the deformation behavior. The kink fraction behavior coincided well with the 

AE events behavior of cluster one in early deformation stage, and it did not corresponded with 

the AE events behavior of cluster one at all in later deformation stage. The kink fraction was 

rapidly increased and few AE events of cluster one were measured in later deformation stage. 

On the other hand, the number of grains introduced kink deformation accorded with the AE 

events behavior of cluster one through the compression test. Our previous papers 

demonstrated that the first twin deformations in each grains emitted high AE energy, and the 

twin deformations after the first ones emitted low AE energy in the tensile test of rolled AZ31 

[10-15]. As well as twin deformation, it was suggested that the kink deformations in early 

deformation stage emitted high AE energy and the kink deformations in later deformation 

stage emitted low AE energy. Therefore, the AE source of cluster one was considered as the 

kink deformation generated in early deformation stage. The microcrack behavior coincided 

with the AE events behavior of cluster two. The AE source of cluster two was considered as 

the microcrack. AE event generated by kink deformation tended to have high energy at high 

frequency and AE event generated by microcrack tended to have high energy at low 

frequency. 

5. Conclusion

In this study, compression test and fracture toughness test were conducted for the 

understanding of deformation behavior in DS LPSO-Mg alloys. The following conclusions 

were drawn.  

(1) Kink deformation was generated from the early deformation stage. The number of 

microcrack was increased from about half of yield stress and the rapid increase of microcrack 

caused the yield in compression test of DS Mg85Y6Zn9.  

(2) The classification of AE sources by clustering analysis is effective for the evaluation of 

the dynamic behavior of kink deformation and microcrack. 
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