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Abstract

Stress induced martensitic transformations (MT) in Cu-based shape memory alloys at room
temperature were studied by acoustic emission method (AE). AE phenomenon is indicative par-
ticularly of the kinetics of MT�s and can be used for nondestructive in-situ recognition of the
various transformation processes. In this paper, correlations of structural processes and accom-
panied AE activity during forward and reverse MT in single crystals are shown and discussed.

Introduction

The functional materials are not being produced for their structural properties but for the
unique functions they exhibit in thermomechanical loads. Shape memory alloys (SMA) are ge-
neric class of intermetallic alloys that display mechanical memory effects upon stress/thermal
cycling. These properties are derived from a solid phase change - thermoelastic martensitic trans-
formation (MT) taking place upon changing external stress and/or temperature. Nondestructive
investigation of such materials requires novel experimental and theoretical approaches particu-
larly in-situ studies under the external loads.

The ultrasonic techniques are based on detection and evaluation of acoustic properties
changes taking place during MT�s. Changes of acoustic wave velocities and attenuation bring
information about the elastic moduli and structure variations (direct structure state characteriza-
tion) [1]. Structure anisotropy and elastic properties of phase compositions, changing in the
transformed polycrystalline material, need to be known and this is why single crystal experi-
ments play an important role. The ultrasonic nondestructive techniques have a potential to pro-
vide (namely bulk) phase information complementary to classical phase identification methods
(e.g. chemical analysis, TEM, X-ray).

Kinetics of MT�s is characterized by acoustic emission (AE) activity. AE studies available in
the literature (e.g. [2]) mainly focus on the thermally induced transformation. We have been
studying AE accompanying stress induced MT in [011] and [001] oriented Cu-Al-Ni single
crystals loaded in compression at a constant temperature.

Specimens

In the particular case of Cu-based SMA�s, the high temperature austenitic ordered phase of
high symmetry bcc structure (β1) transforms mainly into lower symmetry martensitic phases with
18R monoclinic (β′1) and/or 2H orthorhombic structures (γ′1).
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The different processes of MT are demonstrated on prismatic specimens (10x3x3 mm3) pre-
pared from Cu-Al-Ni single crystals with orientation near [001] (sample C110t) and [011] (sam-
ple C101t) directions. Depending on temperature, the three stage may be distinguished: above Af,
between Af and Ms and under Ms. The stress-free specimen above the temperature Af is in the
austenite phase (β1) and its deformation exhibits super-elasticity effect; i.e. after unloading, the
structure returns again to the austenite. Both specimens studied display this phenomenon at room
temperature (RT), as shown in Fig. 1. The hysteresis of the stress-strain loop depends not only on
the loading orientation but also on the maximal strain level (εmax). The four different transition
processes (β1→ β′1, β1→γ′1, β′1→ β1 and γ′1→ β1) were realized during the first (partial) and the
second (complete) loading cycles. Accompanying AE activity of these separate processes is
analyzed below.

Fig. 1. Compression tests of Cu-Al-Ni single crystals. Samples C101t (left) and C110t (right).

Experimental Procedure

The experimental arrangement is described in [3]. Miniature AE sensors (PZT transducers,
frequency band 1.4 MHz) were placed in the special designed loading heads of the testing ma-
chine TiraTest 2300. The heads had a shape of hollow rods, which enable one to place the sen-
sors in the specimen axis. The strain rate control of compression tests was 0.1%/min. The classi-
cal AE parameters (count rate dNc/dt, event rate dNE/dt, AE amplitude distribution) were moni-
tored each time step (0.5 s) by AE analyzer Dunegan-Endevco 3000 interfaced to PC via GPIB.
The AE waveforms were recorded (12 bits/10 MHz) simultaneously by a transient recorder
ADAM (Maurer). The AE events recording rate of the system is very low (several events per sec-
ond). The AE parameters were resumed to the period ∆τ = 5 s and additional AE parameters
were evaluated by post-processing: averaged count rate per events ∆Nc/∆NE during the time in-
terval ∆τ and characteristics of AE amplitude distribution in the interval ∆τ (see Fig. 2; the
maximum amplitude Amax, the averaged amplitude AAVG and the best-fit slope b of the cumula-
tive amplitude distribution; Fig. 2b). The AE amplitude is restricted by the threshold level of 44
dB and by the maximum of 100 dB. (In Fig. 2b, this range is from 2.2 to 5.0.)

The AE activity from forward and reverse MT�s of both crystal orientations in the form of
the AE parameters history and the stress curve are plotted together in Figs. 3 and 4. The obser-
vation of optical changes on the specimen surface was recorded, synchronously with the acousto-
mechanical measurements (Fig. 5). The snapshots were obtained during the first loading cycle at
the marked times in Figs. 3 and 4.
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 a.

 b.
Fig. 2.  Parametrization of instantaneous AE amplitude distribution. a. Differntial; b. Cumulative

distribution. Note Amplitude A (dB) = 20 log Relative Amplitude.

Results and Discussion

Sample C101t
At first, we notice the partial loading cycle of the sample C101t in Fig. 3. The AE indicates

formation of the thin individual lamellae of the martensite  β′1, in the austenite single crystal
(Fig. 5b). The martensite appears randomly at the characteristic orientation along the whole
length of the sample. AE may be characterized by relatively averaged level of count and event
rate, higher amplitudes and low level of the slope b of 1.5. During the process, the number of
newly arisen lamellae decays and lamella width grows. This advanced stage of the forward MT
is accompanied by lower AE activity (namely ∆Nc/∆NE and Amax, note also dNc/dt). During the
unloading part of the first cycle AE activity changes dramatically: High level of dNc/dt, dNE/dt,
∆Nc/∆NE; i.e. high number of low amplitude events causes a higher level of the averaged ampli-
tude AAVG and high values of b up to the value of 6.1. The martensitic lamellae transform by the
same way and synchronously.
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Fig. 3. AE activity during partial and full compression cycles of the sample C101t.
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Fig. 4. AE activity during partial and full compression cycles of the sample C110t.
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Higher level of AE activity indicates formation and growth of the martensite.  It is in agree-
ment with the expectation of the 2H-phase in the sample loaded over strain level 5%. The exis-
tence of high amplitude signals up to 100 dB causes lower values of b or the slope of cumulative
amplitude distribution and higher values of AAVG. High amplitude AE events correspond also
with the optical observation. The γ′1 martensite growth in the whole cross-section is found along
the sample length, alternatively in both directions from the origin area.  The AE decays quickly
during the final linear part of the stress-time curve, as the forward MT is finished.  The resulting
structure is a single crystal of the γ′1-martensite having the orientation forced by the unidirec-
tional stress. The AE from the reverse transformation (γ′1→ β′1 + β1) of the second circle is dif-
ferent from the process  β′1 → β1 (the first cycle). The reverse MT from the γ′1-martensite is
more or less symmetric to the forward MT in the sense that γ′1-phase area transforms in whole
cross-section and decreases along the sample axis. Nevertheless, the unloading path is longer
(greater hysteresis in the stress-strain diagram), the MT is distributed over longer time and AE is
less intensive than during the forward process. AE amplitudes of up to 80 dB are found and the
parameter b reaches up to the value of 4.5 at the starting part and then moves around the value of
2 during the following constant stress period.

Sample C110t
The MT of the sample C110t (Fig. 4) differs from that of C101t described above. The 2H

martensite appears shortly after starting β1→ β′1 transformation, Fig. 5c. The phase β′1 exists for
a short period and the martensitic transformation proceeds to β1→ γ′1 directly after the stress
step, which is notable in the loading curve (Fig. 4). From this moment, the continual martensite
area spreads along the specimen. The β1/ γ′1 interfaces move gradually in parallel planes.

The AE activity reaches the same level during the final unloading stage of the first partial cy-
cle. The reverse MT from single martensite γ′1 (the second full cycle) is accompanied by rela-
tively stable AE activity with notable increase of high amplitude AE events the moment after
starting and before finishing the reverse transformation process. The complete forward MT into
the 2H-phase seems to be more acoustically efficient than the reverse one, but not as radically as
in the case of β1↔β′1.

AE source localization
The character of the β1→ γ′1 transformation in the form of the interfaces movement along the

specimen length leads us to an idea of localizing this process by AE. The first wave arrivals were
determined by AE signal records from the two AE sensors placed in the loading heads. The nu-
merical procedure utilized adaptive threshold and denoising technique described in [4] and modi-
fied in [5]. The obtained results are plotted in Fig. 6a. The localization map brings only qualita-
tive information; therefore the initial austenite structure is strongly anisotropic (anisotropy factor
is about 12) and the elastic properties changed during MT. Nevertheless, the specimen length is
dominant (prismatic bar shape), reducing anisotropy effect, and directions of the aus-
tenite/martensite interfaces (marked by arrows) are notable.

The more convincing result is obtained from the test of the sample C44t, which can be seen
in Fig. 6b. The specimen is made also of the Cu-Al-Ni alloy and with the same orientation as
C110t ([011]), but the transformation temperature Af is shifted to ~40ûC by a thermal treatment.
It exhibits the shape memory behavior at RT. The specimen is driven to the martensite (2H) by
compression and the structure stays permanent after unloading. The γ′1-phase is formed after the
main peak during the loading stage and the only one interface, bordering the γ′1 phase,
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a. Observed field position on the specimen.

b. Sample C101t. Title corresponds to the snapshot number marked in Fig. 3.

c. Sample C110t. Title corresponds to the snapshot number marked in Fig. 4.
Fig. 5. Optical observation of MT-induced surface changes during compression.

propagates dominantly from the one side of the specimen to the other. The AE localization corre-
sponds to only one active place, in contrast to the previous case of the sample C110t, where both
sides of the γ′1 area are active at the same time.

Conclusions

Acoustic emission during stress induced martensitic transformations in Cu-Al-Ni single
crystals at room temperature was analyzed and correlated with structural changes observed on
the specimen surface by optical microscopy. Understanding of martensite transformation proc-
esses in single crystals contributes to identification of structure changes in polycrystalline SMA�s
from acoustic emission.

AE signals of the forward and reverse β1↔ β′1 MT were found to be different. This indicates
that this transformation, though otherwise fully reversible, has different kinetics in the forward
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Fig. 6. Results of AE source localization and interpretation. C110t (left) and C101t (right).

and reverse processes. Similar behavior of AE activity was observed also during tensile tests of
single crystals [6]. A bi-crystal with crystalline interface along the specimen axes has the same
character of AE.

AE signals of the β1↔ γ′1 MT in forward and reverse compression loads are similar. But
complete and partial loading cycles give different results due to difficult nucleation of the stress
induced γ′1 phase. By changing of the loading direction, the martensite phase may be reoriented
(it is symbolized like γ1↔ γ′1). The reorientation is a much less active AE source than transfor-
mation processes described above [7].
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