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Abstract 

 
We conducted the waveform analysis of acoustic emission (AE) signals to study the dynamic 

behavior of materials deformed or transformed; namely, two types of martensitic transformation 
in Cu-Ni-Al shape-memory-alloy (SMA) single crystals during tensile deformation that produce 
different martensitic structures. The AE source behavior is expected to be of shear. We simulated 
AE signals due to martensitic transformation using a shear-wave transducer as the artificial 
source. Results of AE waveform analysis in Cu-Al-Ni SMA single crystals are compared with 
the simulation results. The martensite with a simpler stacking structure exhibits faster transfor-
mation behavior. 

 
Introduction 

 
 Acoustic emission is generated by microcracking and phase transformation in materials. AE 
waveform analysis has the possibility to determine the dynamic behavior of materials under 
martensitic transformation. We have investigated AE waveforms due to two types of martensitic 
transformation during tensile deformation of Cu-Al-Ni SMA single crystal [1]. Their detected 
waveforms were analyzed by the modified Takashima’s spectrum-gradient method to calculate 
source rise time. The different tendency of the source rise time was considered to reflect the dy-
namic behavior of martensitic transformation. However, this result was not quantitative. It is ex-
pected that AE source is of shear nature due to the generation of martensitic habit plane in this 
material. However, there are few reports on AE source analysis with the shear-type vibration like 
the martensitic transformation. 

 
 In this research, an experiment is conducted using a shear-wave transducer to simulate AE 
sources of martensitic transformation. A Cu-Al-Ni SMA single crystal plate was used as a wave 
propagation medium. We changed the rise time of step function voltage to the shear-wave trans-
ducer. The induced waves were detected by a wideband AE sensor and recorded with a digital 
oscilloscope. S0-mode (zeroth-order symmetric) Lamb waves were analyzed using FFT, and the 
relation between the source-wave rise time and the obtained m-value from Takashima’s spectrum 
gradient method was confirmed. Finally, we detected the AE waveforms during two types of 
martensitic transformation in Cu-Al-Ni SMA single crystals. The results of source rise time dur-
ing actual martensitic transformation were obtained from the experimental simulation results. 

 
Martensitic Transformations and Habit Plane 

 
 The two kinds of martensitic transformation used in this study are β1→β1’ phase transforma-
tion and β1→γ1’ phase transformation. Sample Cu-Al-Ni alloy has the composition of 14.1 wt% 
Al and 4.1 wt% Ni. It was melted and cast in a high-frequency induction furnace under argon 
atmosphere. A single crystal of the Cu-Al-Ni alloy was grown with (001) surface and [100] ten-
sile direction, respectively, using the Bridgman method at a pulling rate of 32 mm/hr.  
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 To generate martensitic transformation by tensile deformation, it was solution-treated at 1273 
K for 1 hr. One sample was quenched into water at room temperature (Ms = 250 K, Af = 280 K) 
and the other into water at 373 K in order to keep the β1 matrix phase (Ms and Af higher than 
room temperature), respectively. These two specimens were formed to a shape for tensile test 
(thickness = 1.25 mm) as shown in Fig. 1. The specimens showed the stress relaxation with ap-
pearance of habit plane on surface when tensile stress was applied to each specimen. The optical 
microphotographs of habit plane of two kinds of martensitic transformation taken on the front 
surface and right-side surface are shown in Fig. 2. The specimen quenched into water at room 
temperature shows β1→β1’ phase transformation and one quenched into water at 373 K shows 
β1→γ1’ phase transformation. 
 

             
 Fig. 1 Shape of specimen used.  Fig. 2 Habit plane of each martensitic transformation. 
 

 
Fig. 3 (110) plane stacking figures of martensitic formations from β1 phase, and 18R and 2H 
structure [2]. 
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Fig. 4 Deformation state due to habit plane 
and slip plane [3]. 

 
 These martensitic transformations were confirmed by surface trace analysis. These marten-
sites have the same matrix phase (β1 phase) of the DO3 crystal structure. The transformation was 
by shear along <110> directions of the β1 structure [2]. However, β1→β1’ and β1→γ1’ phase 
transformations have different structures when they undergo the martensitic transformation. The 
accumulating stacking structures are of six kinds of martensitic plane generated in the (110) 
plane. The β1’ phase has 18R structure and the γ1’ phase has 2H structure. The 2H structure is 
simpler than the 18R structure as shown in Fig. 3. 
 
      Many kinds of martensitic transformation produce the lattice invariant deformation with 
twin. This combination of twin is called the martensitic variant. We can assume that the slip 
plane is replaced with the habit plane in the case of the shear deformation as shown in Fig. 4 [3]. 
Its volume change is extremely small under the martensitic transformation because of the exis-
tence of shear direction on the habit plane [3]. 
 
AE Simulation of the Martensitic Transformation 
 
      We simulated the AE waves generated on the martensite habit plane using a shear-wave 
transducer (resonance frequency = 2.5 MHz). This experimental setup is shown in Fig. 5. This 
shear-wave transducer was attached to the oriented plane of a Cu-Al-Ni SMA single crystal. The 
cross-section of the specimens is the same as that of the tensile specimens, and we attached an 
AE sensor (M5W) to the surface 20 mm from the shear-wave transducer. Two martensite habit 
planes were shown in Fig. 2. In β1→β1’ transformation, the habit plane is inclined by 15° at the 
front and 45° at right-side surface. In β1→γ1’ transformation, the habit plane is inclined by 45° at 
the front and 51° at right-side surface. The shear wave transducer was put on the corresponding 
planes. The voltage was applied to shear-wave transducer using a function generator. We used 
impulse or step function. The signals detected by the AE sensor were sent to the digital oscillo-
scope with 50-ns sampling time after amplified 40 dB through a band-pass filter of 100 Hz to 20 
MHz (NF9913). A longitudinal-wave transducer (resonance frequency = 2.25 MHz) was also 
used in this experiment for comparison. The experimental setup is shown in Fig. 5. 
 
 We characterized Lamb waves due to a shear-wave transducer. An impulse voltage (5 V, rise 
time = 1.0 µs) was applied. The waveforms obtained were analyzed with the wavelet transform 
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(AGU-Vallen Wavelet software). The waveforms and these wavelet contour maps simulating the 
β1→β1’ and β1→γ1’ phase transformations respectively are shown in Fig. 6. 
 

 
Fig. 5 Experimental set up of the wave transmission sensor to simulate Lamb waves. (a) Experi-
mental setup; (b) β1→β1’ simulation; (c) β1→γ1’ simulation 

 
 The curves in wavelet contour maps are the group-velocity dispersion curves of S0-mode 
Lamb waves calculated with copper velocity (P-wave = 4361 m/s, S-wave = 2322 m/s). The con-
trasts in the wavelet contour maps and the group velocity dispersion curves of S0-mode Lamb 
waves were almost same, implying that the Lamb waves are generated by shear AE source. Con-
sidering the range to 8.5 µs and 1200 kHz, we find that the only S0-mode Lamb waves arrived. 
Similar results were obtained using a longitudinal-wave transducer as the source in this range. 
Beyond the initial stage, the two AE simulation sources had different behavior of the AE wave-
form amplitude increase. Figure 7 shows AE waveforms of the shear and longitudinal source in 
the β1→β1’ simulation. AE amplitude due to the shear source has five-times difference in ampli-
tude between the second and third waves. The corresponding difference in AE amplitude due to 
the longitudinal source was sixty times. The third wave is thought that A0-component starting at 
8.5 µs and this part is similar in both cases. Therefore S0-component in the longitudinal case is 
much weaker than A0-component and results in the observed difference. 

 
 The existence and starting time of A0-component can explained using Two-surface sensing 
method [4]. Two same sensors were put on the front and back surfaces of the specimen, respec-
tively. S0-component should detect same wave phase at both sensors. Figure 8 shows Two-
surface sensing of simulated AE waveform (β1→β1’ transformation) due to longitudinal wave 
transmission sensor as the example. The detected AE waveform at the front and back sensors  
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Fig. 6 WT contour map of simulated AE. 

 
Fig. 7 AE waveform due to simulated source. (a) Shear source. (b) Longitudinal wave source. 

 
showed almost similar wave phase until 8.5 µs, but after this part these wave phases reversed 
each other. It is thought that this point indicates border between S0-component and A0-
component. 
 
     We need step functions as input applied to the shear-wave transducer to simulate the dynamic 
behavior. The rise time of step function was changed from 1.0 to 2.0 µs at 0.1-µs step. We used 
“m-value” obtained from Takashima’s method [5] to characterize the AE signals by source rise 
time changes. The “m-value” is the gradient of frequency spectrum. When the AE waveform in-
cludes high frequency spectrum, m-value is lower [5]. FFT analysis with Hanning window was 
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Fig. 8 Two-surface sensing of β1→β1’ simulation due to longitudinal wave source. 

 
conducted to the simulated AE waveforms in the 0.1～1.2 MHz range until 8.5 µs that only in-
cludes S0-mode Lamb waves. Figures 9 and 10 show the frequency spectra in varied conditions. 

 
Fig. 9 Frequency response of β1→β1’ simulation. 

 

 
Fig. 10 Frequency response of β1→γ1’ simulation. 

 
     In Figs. 9 and 10, the maximum frequency was constant for each group regardless of the in-
crease in source rise time. As expected, the power spectra decreased beyond the maximum fre-
quency with increasing source rise time.  
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Fig. 11 Relation between rise time and m-value. 

 
Figure 11 shows the obtained m-value vs. source rise time. In each experimental simulation 

with a given source, the obtained m-value increased gradually. The gradient values of these rela-
tions were obtained by linear regression. This result shows that m-values can be used to estimate 
the source rise time, but one must use a unique relation for the geometry and source type. 

 
Dynamic Behavior of Martensitic Transformation 
 
      We detected AE waveforms due to two kinds of martensitic transformations (β1→β1’ and 
β1→γ1’) in Cu-Al-Ni SMA single crystals during tensile deformation. The martensitic transfor-
mation appeared at the center of the specimen. We attached two AE sensors (M5W) separated by 
20 mm from the specimen center. AE measurements used a 2-channel AE monitoring system to 
discriminate the grip noise. The AE threshold level was 50 dB. Detected AE signals were ampli-
fied 40 dB through a band-pass filter of 100 Hz to 20 MHz (NF9913) and recorded at 50 ns sam-
pling time and sampling points of 2500. In this experiment, we detected AE waveforms obtained 
until the elongation of 0.1 mm after the beginning of stress relaxation from the appearance of 
martensitic plane on the surface. AE waveform analysis was conducted off-line using the same 
analysis as in the simulation. Figure 12 shows the load-elongation curve of each specimen. In the 
case of β1→β1’ phase transformation, the martensite plate appeared at about 0.57 mm elongation 
with stress relaxation. In the case of β1→γ1’ phase transformation, martensite plate appeared at 
about 0.29 mm elongation with stress relaxation. The martensite plates are shown in Fig. 2. 
 
 In AE experiments, β1→β1’ and β1→γ1’ phase transformations generated 401 and 174 AE 
event counts, respectively. AE signals were classified into two types from the amplitude behav-
ior. This depends on the third-wave amplitude. When this is five-times or less of the second-
wave amplitude, the AE is shear type (Event A; circles in Fig. 12). When this is more than five-
times of the second-wave amplitude, the AE is apparently longitudinal type (Event B; triangles 
in Fig. 12). The m-values were obtained by waveform analysis of AE detected by each marten-
sitic transformation. Using the data shown in Fig. 11, we estimated source rise time of each 
martensitic transformation.  
 

Since martensitic transformation as the AE source is due to shear behavior, we only consider 
AE Event A (filled circles) in Fig. 12. The average rise times of β1→β1’ and β1→γ1’ phase trans-
formation were 1.4 µs and 0.82 µs, respectively. The β1→γ1’ phase transformation appears to 
occur at a higher speed in generating the 2H stacking structure, as it is simpler than 18R stacking 
structure of the β1→β1’ phase transformation. With the use of simulation, we can estimate quan-
titatively the rise time of martensitic transformation. 
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Fig. 12 Rise time distribution of martensitic transformation and load-elongation curves. (a) 
β1→β1’ transformation. (b) β1→γ1’ transformation. 

 
 About the AE of Event B (triangles in Fig. 12), its source seems to have the longitudinal be-
havior on the basis of the behavior of increasing AE waveform amplitude. There is a possibility 
of a combination of shear sources of martensitic transformation producing this mechanism, but 
we need to examine this further. 
 
Conclusions 
 
      We have investigated the relation between source rise rime and obtained m-value by AE 
waveform analysis using shear wave transducer for the quantitative evaluation of two types of 
martensitic transformations in Cu-Al-Ni shape-memory-alloy single crystal. 
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1.  In the case that the AE source is shear, AE wave propagation in a Cu-Al-Ni SMA single 

crystal thin plate is due to Lamb waves. 
2.  The relation between the source rise time and m-value was obtained. The change of AE 

source rise time appears with decrease of power spectrum in the high frequency range of 
the S0-mode Lamb waves. 

3.  The source rise times of two kinds of martensitic transformation in Cu-Al-Ni SMA single 
crystal were estimated by each AE waveform analysis. The source rise time of β1→γ1’ 
phase transformation was shorter than the β1→β1’ phase transformation. 
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