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Abstract 
 

Dynamic behavior of two types of martensitic transformation during tensile deformation of 
Cu-Al-Ni shape memory alloy single crystal has been investigated using acoustic emission (AE) 
waveform analysis. The martensitic transformation consisted of β1⇔β1’ (structural change of 
DO3 to 18R) and β1⇒γ1’ (structural change of DO3 to 2H), called super-elastic and thermo-elastic 
martensitic transformation, respectively. The martensitic transformation occurs during tensile 
deformation because of different heat treatment. The rise time at the source in finite elastic solid 
by a modified Takashima’s method was analyzed using the AE waveform detected during the 
martensitic transformation. The mean rise time to the γ1’ phase was smaller than that to the 
β1’ phase before yielding and became the same after yielding. The former means that the 
nucleation of the γ1’ phase is faster than that of the β1’ phase because of different crystallographic 
structure. The latter result shows that the growth rate of the  γ1’ phase is the same as that of the 
β1’ phase. 
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Introduction 
 

A peculiar character of the shape-memory alloy accompanies the martensitic transformation. 
The Cu-Al-Ni shape memory alloy causes two kinds of martensitic transformation such as stress 
induce martensitic transformation and thermoelastic martensitic transformation after different 
heat-treatment. It is thought that they have the same matrix phase (β1 matrix phase) of the crystal 
structure (DO3 structure), and it was transformed by shearing to parallel (110) directions of the β1 
structure [1]. However, the stress-induced martensitic transformation and the thermoelastic 
martensitic transformation have different structures when they undergo the martensitic 
transformation. In the case of the stress-induced martensitic transformation, the matrix phase was 
transformed to β1’ phase. On the other hand, it was transformed to γ1’ phase in the thermoelastic 
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 [1]. When 2H structure is compared with 18R structure, 2H structure is simpler than the 
18R structure, as shown in Fig. 1. When the martensitic transformation occurs, we can detect 
acoustic emission (AE) generated by the formation of these martensitic plates. AE is useful to 
monitor the dynamic behavior of the material during martensitic transformation. Source rise time 
is one of the AE source characteristics observed in this research. We use the AE parameter and 
investigate how the two different martensitic transformations affect the rise time of AE sources 
and how one transformation differs from the other transformation. 
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Fig. 1 (110) plane stacking figures of martensitic formations  Fig. 2 Shape of specimen used. 
from β1 phase, and 18R and 2H structures. 
 
Experimental Procedures 
 

The material used is Cu-14.1wt%Al-4.1wt%Ni. It was melted in a high-frequency induction 
furnace under argon atmosphere and cast into a plate-shaped metal mold. The single crystal of 
the Cu-Al-Ni alloy was grown in a graphite mold using the Bridgman method at a pulling down 
rate of 32 mm/hr. All specimens had (001) surface and [110] tensile orientations. It was 
solution-treated at 1273K for 1 hr and then quenched into water at room temperature (RT) or 
water at 373K. In either case, β1 matrix phase was retained. For RT quenched, Ms = 250K, Af = 
280K, and for 373K quench, Ms and Af were higher room temperature. The RT-quenched 
specimen shows the martensitic transformation of β1 to β1’. The 373K-quenched specimen shows 
that of β1 to γ1’. Specimens had a reduced section with arcs having the radius of curvature of 200 
mm, as shown in Fig. 2. These were machined with an electron discharge machine, polished 
mechanically and then electropolished in a solution of phosphoric acid supersaturated with 
chromium trioxide. 

 
Tensile test of these single crystals was carried out with a screw-drive testing machine at a 

crosshead speed of 0.02 mm/min. Changes of the sequential morphology during the tensile test 
were observed and recorded microscopically by an optical microscope. We used the time 
sequence in order to let the morphology correlate with the detected AE events and waveforms. 

 
AE measurements were made using a 2-channel AE monitoring system. The AE signals were 

detected by two AE transducers with the wideband frequency response (M5W), which were 
directly attached through rapid adhesive on the gripping parts of the specimen. Detected AE 
signals were amplified 60 dB through a band-pass filter of 100 kHz to 1.2 MHz. The signals 
generated between two transducers within a time lag of 2 µs were sent into the AE data memory. 
The threshold level was 45 dB or 50 dB. AE waveforms were sent to a microcomputer through a 
wave memory, in which the sampling time of 40 ns and the number of sampling points are 1024. 
AE waveform analysis was conducted by the off-line treatment using wavelet transform software 
by AGU-Vallen. Lamb waves mainly propagated through the specimen used in this research, 
because of a thin thickness (1.4 mm). Characteristics of Lamb waves are complex and the 
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waveform includes the velocity dispersion and mode change. Therefore, all Lamb waveform is 
unsuitable for AE waveform analysis. However, it is thought that this analysis is possible if it 
will be used for the first arrival waveform (S0 mode) for AE waveform that consists of Lamb 
waveform [2]. The wavelet transform was given the detected. We calculate the rise time of the 
AE source using S0 mode, in a finite elastic body and discuss the dynamics of the martensitic 
transformation. 
 

 
Fig. 3 AE measurement system. 

 
Results and Discussion 
 
Microscopic Observation and its Structural Verification 
 
 The nucleation and growth of martensites were observed using an optical microscope. In 
order to identity martensites β1’ or γ1’ phase, we used the surface trace analysis with the β1’ and 
γ1’ habit plane traces in the (100)[001] stereographic projection [1, 4]. The surface appearances 
of the specimens were correlated to load-elongation curves. The surface appearances and 
load-elongation curves of the stress-induced martensitic transformation (β1⇒β1’ phase) are 
shown in Fig. 4. Figure 5 shows those for the thermo-elastic martensitic transformation (β1⇒γ1’ 
phase). In the case of the stress-induced martensitic transformation, the acicular shapes are 
observed beyond yielding as shown in micrographs. The phase change progresses to a single 
crystal as the deformation after yielding continues. Upon unloading, the elongation is recovered 
perfectly. In the case of the thermo-elastic martensitic transformation, γ1’ martensite phase was 
nucleated at the center of the specimen and extended instantaneously. The interface between β1’ 
and γ1’ phases moved rapidly to the β1 phase (bottom right) direction with each deformation step 
as shown in Fig. 5. The γ1’ martensite phase with the fine acicular shapes are observed in the 
upper-right insert of Fig. 5. The fine acicular phase is considered to be the twin-like variant of γ1’ 
phases. Because the elongation is hardly recovered upon unloading [3], the reverse 
transformation of γ1’ to β1 phase is induced by heating in hot water of 373K. 
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Fig. 4 The microphotograph and load-elongation curve of the stress-induced martensitic 

transformation (β1⇒β1’ phase) 

 
Fig. 5 The microphotograph and load-elongation curve of the thermoelastic martensitic 

transformation (β1⇒γ1’ phase) 
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Source Rise Time as AE Parameter 
 

Takashima and co-workers [5] proposed a frequency spectral analysis to obtain AE source 
rise time. According to the theoretical analysis in infinite elastic body, the gradient of the log-log 
plot of Fourier spectrum, m, represents the source rise time, ∆τ, given by 

m =!
2
"#

2
/ 8   (1) 

where ω is the center frequency used. In this research, AE waveform analysis was conducted 
using wavelet transform, because the first arrival waveform (S0 mode) is suitable for this analysis. 
We calculated the wavelet spectrum and used it instead of the Fourier spectrum to calculate the 
source rise time by equation (1).  
 
Results of Source Rise Time 
 

AE waveform was detected during tensile test and the source rise time was calculated from 
the above-mentioned analysis. In each types of martensitic transformation, two experiments were 
conducted. First, AE threshold level was 50 dB until 1-mm elongation was reached during a 
tensile test. Second, the AE threshold level was lowered to 45 dB until yielding or during the 
elastic loading. The first experiment is to detect AE waveforms when the martensitic 
transformation is mainly in the growth stage, when the martensites become more complicated. 
The second experiment in to detect AE waveforms due to the nucleation of martensitic 
transformation at the early stage. The results obtained are described as follows. 

 
The source rise times of stress-induced martensitic transformation (β1⇒β1’phase) are shown 

in Fig. 6 along with load and elongation. The data for thermoelastic martensitic transformation 
(β1⇒γ1’phase) is shown in Fig. 7.  

 

  
Fig. 6 Source rise time distribution during 
β1⇒β1’ transformation and load-elongation 
curve after yielding.  

Fig. 7 Source rise time distribution during γ1
⇒ β1’ transformation and load-elongation 
curve after yielding 

 
Table 1 Maximum, minimum values, average rise time and standard deviation of the source rise 

time obtained after yielding in two types of specimens. 
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The source rise times for martensite growth in two types of specimens are given in Table 1. 
The average rise time was 1.19 µs for both β1⇒β1’ and β1⇒γ1’ transformation. The ranges of the 
values were between 0.4~1.6 µs and the standard deviation was 0.17-0.18 µs, indicating that 
there was no difference in the data. It appears that the same growth behavior of martensite plates 
is exhibited. 

 
In the second experiment, AE waveforms are detected during tensile loading before yielding 

in both specimens, because AE threshold level was lowered to 45 dB.  Previously, no AE 
events were detected in the elastic range. The data of stress-induced martensitic transformation 
(β1⇒β1’phase) is given in Fig. 8 and that of thermo-elastic martensitic transformation (β1⇒

γ1’phase) in Fig. 9, respectively.  
 

 
Fig. 8 Source rise time distribution during 
β1⇒β1’ transformation and load-elongation 
curve until yielding.  

Fig. 9 Source rise time distribution during γ1
⇒β1’ transformation and load-elongation 
curve until yielding. 

 
Table 2 Maximum, minimum value, average rise time and standard deviation of the source rise 

time obtained until yielding in two types of specimens. 

 
 

Unlike in experiment 1, differences are found in the rise time results. The data are 
summarized in Table 2. The average rise time was 1.17 µs in the β1⇒β1’ phase transformation 
and was 0.818 µs in the β1⇒γ1’ phase transformation. The ranges were 1.54-0.646 and 1.43-0.13 
µs, respectively. Considering the standard deviation of 0.173 and 0.296 µs, the source rise time 
of the β1⇒β1’ phase transformation is larger than that of the β1⇒γ1’ phase transformation. The 
minimum rise time (0.130 µs) in the β1⇒γ1’ phase is also much smaller than that (0.646 µs) in 
the β1⇒β1’ phase. 

 
 These two martensites come from the same matrix phase of the DO3 structure, and it is 
transformed by shearing along parallel (110) plane of the β1 structure as shown in Fig. 1. 
However, these have different structures when they undergo the transformation. In case of the 
stress-induced, it is transformed to β1’ plane with has 18R structure. When it is transformed to γ1’ 
phase in the thermo-elastic transformation, it has 2H structure. The 2H structure is simpler than 
the 18R structure and the nucleation of the γ1’ phase in considered to be easy to occur at shorter 
rise time that of β1’ phase.  
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AE Amplitude Distribution before Yielding 
 

The AE amplitude distributions detected during the β1⇒β1’ and the β1⇒γ1’ transformation 
before yielding in the second experiment are shown in Fig. 10 and Fig. 11, respectively. The 
distribution in each transformation are almost identical, while the number of AE events in 
different. It appears that the AE sources in both transformation are almost same. Therefore, the 
AE sources are considered to be the nucleation of the transformation at the early stage. However, 
the growth of the martensite plates may also occur even in the elastic region. However, the more 
research is needed on this issue. 
 

 
Fig. 10 AE amplitude distribution during β1⇒β1’ transformation before yielding. 

 

  
Fig. 11 AE amplitude distribution during β1⇒γ1’ transformation before yielding. 
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Conclusion 
 

AE source rise times were examined using the wavelet transform of AE waveforms detected 
from martensitic transformation of β1⇒β1’ phase or β1⇒γ1’ phase in the Cu-Al-Ni shape memory 
alloy. The results obtained are as follows; 
 

1) In the case of the specimens until yielding the average source rise time of the super-elastic 
martensitic transformation (β1⇒β1’ phase: DO3⇒18R structure) was larger than that of the 
thermoelastic martensitic transformation (β1⇒γ1’ phase: DO3⇒2H structure). 
2) The differences of the source rise times until yielding between the super-elastic and the 
thermoelastic martensitic transformation was dependent on the crystallographic structure. 
3) The average source rise time in all specimens after yielding was almost identical and had a 
value of 1.19 µs. 
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