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Abstract

Cu-Al-Ni shape memory alloy exhibits a super-elasticity, which shows perfect recovery of plastic
deformation. The super-elasticity used in this study results from a perfect reversible martensitic
transformation. Acoustic emission (AE) behavior during the stress-induced martensitic transformation
has been investigated using two types of specimens of Cu-Al-Ni shape-memory alloy single crystal, each
of which has different stress concentration factors. AE total event counts generated during martensitic
transformation did not depend on the specimen volume. AE event rate and the amplitude distribution
were associated with the nucleation and growth of martensite plates during loading and their
disappearance and shrinkage during unloading. Sequential change of AE waveforms during deformation
was different in the two specimens because of differing martensite plate shapes. The martensitic
transformation rate obtained by AE waveform analysis increased with increase of fatigue damage.

Introduction

Martensitic transformation is known as a transient shear process in materials. The dynamic property of
the transformation must give an important information on the nature of the transformation [1]. In
general, the martensitic transformation proceeds both by nucleation and growth of martensite plate [2].
The dynamic behavior of martensitic transformation phenomena has been measured by transient
electrical resistivity change in Fe-Ni alloy [3], magnetic permeability change in Fe-Ni alloy [4] and AE
method in 304 stainless steel [5,6]. These results have two weak points to explain the dynamic behavior
of individual martensite plates. One is that the studies included the constraints due to grain boundaries
because materials used were polycrystalline. Another is that these could not be distinguish between
nucleation and growth of martensite plates because of difficulty of in situ measurement.

In this paper, the dynamic properties of the stress-induced martensitic transformation in two types of
Cu-Al-Ni shape-memory alloy single crystal were investigated using AE method. The martensitic
transformation used in this study was the β1’(DO3 structure)<=> β1’(18R structure) transformation,
which can be observed by an optical microscope during tensile deformation at room temperature.
Therefore, the nucleation and growth behavior of martensite plates was examined in detail.

Experimental procedures

Material used was a Cu-14.1mass%Al-4.1mass%Ni alloy (Ms=250K, Af=280K) for stress-induced
martensitic transformation. It was melted in argon in a high-frequency induction furnace and cast into a
plate-shaped copper mold. It was next put into a graphite mold. An oriented single crystal of the Cu-
Al-Ni alloy was grown using a seed crystal by the Bridgman method at a speed of 32 mm/h. They were
solution-treated at 1273K for 1 hr. and then quenched into water at room temperature in order to keep
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the β1 matrix phase. Two kinds of tensile specimens (shown in Fig. 1) were prepared by an electron-
discharge machine, polished mechanically and then electro-polished in a solution of phosphoric acid
supersaturated with chromium trioxide. These were nearly smooth (specimen No. 1) and double-side
notched (specimen No. 2) specimens. Stress concentration factors in these specimens were 1.01 and
2.65, respectively. For volume dependency on AE activity, rectangular samples (size: 12 mm x 4 mm x
0.9~1.8 mm were also used. The orientation of the single crystal specimen was determined by the
back-reflection Laue method. The specimen had (001) surface and [100] tensile direction, respectively.

Fig. 1 Specimen shapes and AE sensor locations.

Tensile test was carried out with an Instron-type testing machine at a strain rate of 5.6 x 10-5 s-1. Fatigue
test by plate bending was also carried out with a Schenk-type testing machine at a cyclic rate of 6 Hz.
Surface appearance during tensile test was observed and photographed microscopically by an optical
microscope.

Acoustic emission measurements were performed using 2-channel AE monitoring system (PAC:
MISTRAS-2001). The AE signals were detected by two AE transducers (M5W) with wide frequency
band. These were directly attached on the grip part of a specimen with a quick-acting glue. The distance
between the two transducers was 50 or 20 mm. Detected AE signals were amplified by a constant gain
of 60dB through a band-pass filter of 0.1 to 1.2 MHz. Acoustic emission parameters measured consisted
of the AE events, the peak amplitude and the waveforms. Threshold level was 50dB, which
corresponded to 316 µV at the preamplifier input.
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Results and Discussion

(1) Effect of specimen volume on AE activity
All the specimens exhibited super-elasticity and completely recovered the matrix phase upon unloading
because of the lower Af point of the material. When a given plastic strain is exclusively due to the
martensitic transformation, an amount of transformation is considered as proportional to the given
plastic strain energy. So effect of specimen volume on AE activity has been examined. All the specimens
were given the same plastic strain energy per unit volume and an amount of transformation changed by
the specimen volume. Results obtained during loading and unloading at the constant plastic strain of 2%
are shown in Fig. 2. Total AE event counts decreased with an increase in the specimen volume. AE
activity does not seem to depend on the amount of the martensitic transformation in material, but
strongly depends on the dynamic behavior of the transformation. Especially the tendency becomes
stronger under the reverse transformation. This indicates that it is possible to track nucleation and
growth of transformation by AE method.

Fig. 2 Effect of specimen volume on total AE event counts (constant plastic strain of 2 %).

(2) Difference of AE activity under different stress conditions
Relations between load-elongation curve, AE event rate and amplitude in the smooth (No. 1) and notched
(No. 2) specimens during loading are shown in Fig. 3 and 4. Typical sequential surface appearances at
the four elongation values by optical microscope are also shown. Less AE events were detected in the
smooth specimen than those in the notched specimen, but higher AE amplitude was observed in the
smooth specimen. According to the surface appearances in Fig. 3 and 4, the AE activity is related to the
nucleation and growth of a few, large martensite plates in the smooth specimen and to the nucleation of
many small martensite plates in the notched specimen.
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(3) Nucleation and growth behavior of the martensitic transformation
Acoustic emission behavior in the smooth specimen was different from that in the notched specimen in
the early stage of the transformation as mentioned above. In the case of the smooth specimen, martensite
plates extended to a single direction nucleated at first, and these grew in length and width directions and
expanded through the thickness direction during yielding. Acoustic emission, which occurs sporadically
during nucleation in the early stage of the transformation, had small amplitude, but AE changed to
medium or high amplitude with the growth in length and width directions and still higher with expanded
martensite plates. In the case of the notched specimen, many small amplitude acoustic emissions were
detected when numerous small-sized martensite plates nucleated near the notch roots into two or three
directions. There was only a small number of medium and high amplitude acoustic emissions because
many martensite plates nucleated near the notch roots did not grow in the width direction because of
stress concentration. Many higher amplitude acoustic emissions occurred with growth to the length and
thickness directions.

Fig. 3  Relations between load-elongation curve, AE event rate and amplitude during loading; in specimen
No. 1 (smooth). Sequential surface appearance at different elongation by optical microscope.

Fig. 4  Relations between load-elongation curve, AE event rate and amplitude during loading in specimen
No. 2 (notched). Sequential surface appearance at different elongation by optical microscope.
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Remarkable characteristics of acoustic emission waveforms in the smooth and notched specimens were
found. In order to understand that, we divided into three stages the region from the loading start to yield
point: Stage 1: starting point of loading to the nucleation region of martensite plates, Stage 2: mainly the
growth region of martensite plates, Stage 3: near yielding. FFT analysis of detected AE waveforms has
been performed in each transformation stage. A typical frequency spectrum of the waveform during
tensile deformation is shown in Fig. 5. First and secondary peaks were selected as the characteristic
parameters. Changes of these parameters during tensile deformation in the smooth and notched
specimens are shown in Fig. 6 and 7, respectively.

Fig. 5 A typical frequency spectrum of detected AE waveform.

Fig. 6 Changes of first and second frequency peaks in waveforms detected in each stage during tensile
deformation in Specimen No. 1 (smooth)
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Fig. 7 Changes of first and second frequency peaks in waveforms detected in each stage during tensile
deformation in Specimen No. 2 (notched).

First frequency peak is distributed near 200 kHz. This frequency seems to be characteristic of the
martensitic transformation. The second peak frequency shifted to higher frequency in the latter half of
Stage 2 in the smooth specimen but steeply to higher frequency in the latter half of Stage l in the notched
specimen. The shift of the second frequency to higher frequency seems to depend on a degree of
constraint against growth to length and thickness directions of the martensite plates. The shift suggests
that the rise time in the martensitic transformation becomes short as discussed next.

(4) Rise time change of the martensitic transformation with fatigue damage
The rise-time analysis of the martensitic transformation has already been conducted using AE waveform
analysis in the previous papers [7,8]. Takashima et al. tried to approximately conduct the source
characterization using the dynamic Green's function in an infinite isotropic medium, assuming the
Gaussian error function as the time shape function characterizing the dynamic property of the acoustic
emission source. As a result, the mean rise time of the source was calculated by the gradient of the
spectrum as the log-log expression in the frequency range of interest. Results obtained were apparently
valid because the rise time of pencil-lead breaking as reference in this method was consistent with that in
other method [9]. We applied the method to the martensitic transformation with fatigue damage. Change
of the mean rise time due to the fatigue cycles in the smooth specimen during loading and unloading are
shown in Fig. 8. Both of the mean rise times decrease with an increase in the fatigue cycles. Even if
fatigue is given to 30000 cycles, we could not find out a macrocrack on the specimen surface. In this
case, we could evaluate the growth rate of the martensite plates, which changed from 310 m/s to 500 m/s.
The martensitic transformation is indicated to be able to occur more easily with increase of fatigue
damage. Therefore, it is clearly possible to non-destructively evaluate the fatigue damage in the stage
before crack formation in this type of material using AE waveform analysis.
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Fig. 8  Effect of mean source rise time on fatigue cycles in loading and unloading process. Mean source
rise time was obtained by the acoustic emission wave analysis of Takashima et al. Decrease in mean
source rise time corresponded to increase in growth rate of martensite plate of 310 to 500 m/s.

Conclusions

Acoustic emission behavior during stress-induced martensitic transformation of Cu-Al-Ni shape-memory
alloy single crystals, which exhibit super-elasticity, has been investigated using the smooth and notched
specimens. Results obtained are as follows:
(1) There is no effect of specimen volume on AE activity.
(2) Sequential AE activity consisting of AE events, amplitude and waveforms in the smooth specimen is
different from that in the notched specimen because of different stress concentration.
(3) Acoustic emission method is effective to evaluate such dynamic processes as nucleation and growth
of martensitic transformation.
(4) It is possible to evaluate this type of material with fatigue damage using the acoustic emission
waveform analysis.
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