313

On the origin of acoustic emission during thermoelastic martensitic
transformations

LL Masiosa', D. Rouby’, J.L. Macqueron®, P. Fleischmann®, M. Morin®, A. Planes’.

t d'Estructura i Constituents de la Materia. Pacultat de Pisica. Univ. Barceloaa (Cataloaia).
§: Groupe d'Etudes do Métallurgic Physique et Physique des Materiaux-1.NS.A. 69621 Villeurbanne (France )
$:Laboratoire do Traitement du Signal ot Ulizasons-1.NS.A. 69621 Villeurbanne (France)

L. Introduction

Itis well established that intense acoustic emission (A.E.) is generated during martensitic trans-
formations [1,2). A.E. can be easily detected by suitable piezoelectric transducers. It is usually
analysed on counting the mumber of times that the electric signal furnished by the transducer
crosses a prestablished threshold level (ring-down counting technique)[3). This technique is
very sensitive but provides only information at a qualitative level; hence, the physical origin of
A.E. signals (A.B. source) cannot be obtained from this kind of measurements. In order to in-
terprete the experimental results in terms of theoretical models describing the A.E. source
mechanism, it is necessary to use experimental systems able to digitise the signals at high sam-
pling rates (> 10 MHz)[4].

The aim of this work is to present the possibilities of different A_E. techniques on the study of
the martensitic transformations and the main results achieved. The paper is organized as fol-
lows: in section 2 we outline the most significant results obtained with the ring-down counting
technique, in section 3 we summarize the theoretical background for typical A.B. models and,
in section 4, we present some experimental results obtained at high sampling rates and inter-
prete them in terms of an A.E. source model for marteasitic transformations.

&: Ring-down counting

The most common techniques used to analyse the acoustic emission accompanying martensitic
transformations are the ring-down counting techniques. The most relevant features associated
with them are:

i) The technique is very sensitive, able to detect the transformation of very small amounts of
material, even when other techniques (like resistivity, calorimetry,..) are not. For example, the
transformation temperature M; associated to the start of the acoustic activity can be several
degrees higher than the M; obtained with other measurement methods [5,6).

ii) The general A.E. pattern for different alloy systems is dependent to a significant degree on
the state of the parent phase, but is reproducible for each specific thermomecanical treatment
[7]. Also, in each case, differentes in A.E. during forward and reverse transformations have been
detected: in most alloy systems the number of counts recorded in the reverse transformation is
larger than in the forward one (5,8).

Tbe usefulness of performing simultaneous coupled experiments of A_E. and other physical
properties like optical micrograpby (2,9), electrical resistivity [10] and calorimetry [11] has been
stated. In such conditions, a more complete information about the transformation can be
achieved.
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Using optical microscopy and A.E,, and dealing with a single interface transformation, Baram
and Rosen {2] have shown that acoustic activity is only detected when the transformation
proceeds in a jerky way. This observation has also been confirmed by other authors [9,12]. The
result suggests that the interaction of structural defects with moving interfaces plays a role in the
physical origin of acoustic signals.

Other interesting results arise from measuring A.E. simultaneous to thermal emission, using
high sensitivity microcalorimeters (11). Thermal and acoustic records are strongly correlated
(see fig. 1)[11,13). This proves that the physical origin for both effects is the same, and there-
fore leads to the conclusion that the source mechanism for AE. is the coordinate motion of
atoms during transformation.
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The whole set of results aforementioned provides a basic qualitative information, necessary to
define a model for the acoustic emission source in a martensitic transformation. The definitive
validity of such model must, however, be checked with experiments specifically designed for such
purpose; this will be the scope of sections 3 and 4.

3.- Theoretical considerations

In this section we present useful theoretical background to understand the origin of acoustic
waves. Itis based on the dynamic Green’s function formalism for elastic continuous media [14).

The displacement field created in a solid by an arbitrary displacement discontinuity across an
internal surface X, can be expressed in a general way as the convolution product:

ui(x0) = [5 v [94] Grpm * Gipa 42 (1)

where Gipq are the components of the elastic constants tensor of the medium, [uk) expresses
the discontinuity in the k-direction, vj is the j-component of a unit vector normal to I and Gipq
is the partial derivative 9/a¢q of the dynamic Green function,; £ is a general position on the sur-
face .

Usually, in typical A.E. experiments, only longitudinal waves are detected. In this case, in the

far field approximation, and assuming that {uk) = nx Au(&,t), the following expression is obtained
[14):

wl(xt) = (holxlc3)'l(>,quvi1p~tqvk n; Q(t-Ixi/c) (2)
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where v are the director cosines of the x vector and n; is the j-component of a uait vector in the
direction of the displacement discontinuity. ¢ is the mass density of the medium, ¢ the sound
velocity for longitudinal waves and 03(t-1x|/c) is given by:

t-Ixl/c) = L; Au(gt-|xl/c) 4T (3)

Expression (2) can be analysed adopting two complementary points of view. On the one band,
the kinematics of the process are only contained in the function 03 and, on the otber hand, the
time independent term determines the radiation pattern, Rp(x), for longitudinal waves, given
by:

Rp(x) = Gipq1p 7% Dj (4)
A complete characterization of the source involves the study of both therms.
4. Results and Discussion,
4.1 Acoustic radiation pattern

To analyse the radiation field Rp(x), we bave used a quasi-cubic (5.44x5.46x6.50 mm’) single
crystal (with parallel opposite faces) of a Cu-13.81 Zn - 17.05 Al (at%) alloy, trained in order to
activate a single martensite variant when the transformation is thermally induced (M; ~285K).
From a Laue pattern of the sample we determine the orientation of the crystal faces and of the

martensite variant: the three planes are parallel to the (111), (102) and (231) planes, and the ac-
tivated variant is the (011) <011 > one.

Taking into account these orientations, the radiation patterns for shear (Rps(x)) and volume
(Rp " (x)) mechanisms, corresponding to longitudinal waves become [15}):

Rp%(x) = (Cu1-C12) (3 13- 2 W2)2

Rrv(x)-C11(21111+nn+n73)/2+ (5)

+Cre(nn+rnn)2 +2Curn v3

Several of the acoustic signals generated during the transformation have been recorded. Each
of them has been simultancously detected at four different faces of the sample, by means of four
piezoelectric transducers. After amplification, the electric signal furnished by the transducers
has been recorded using two digitizing oscilloscopes (Tecktronix 2430A), each one with two in-
dependent channels. In order to approach the far field approximation, duraluminium
waveguides have been placed between sample and transducers.

The model presented before, leads to the following prediction for the signs (sense of the first
motion) of the recorded signals on the different faces:

i) when detected on faces (231) and (102) signals must present different sign of their amplitude
for a shear mechanism, and the same sign for a volume mechanism.

if) For both mechanisms the sign of the signal must always be the same whea the signal is recorded
on opposite faces.

iii) No acoustic emission, associated to a shear mechanism should be recorded on faces (111).
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Information concerning the magnitude of the signal amplitude cannot be easily compared with
experimental data, since it is strongly affected by attenuation effects [16,17].

In our experiments more than 200 signals have been detected in faces parallel to the (231) and
(102) planes. They have been analysed in terms of the predictions of the model, about the sign
of the amplitude. Results indicate that more than 75 % of the signals can be interpreted accord-
ing to the theoretical predictions. The remaining 25 % can then be reasonably attributed to
parasite signals (noise)and to non-controlled signal reflections in the sample. From the inter-
pretable signals, 63 % correspond to a shear mechanism and 37 % to a volume mechanism.

The results seem to indicate that volume and shear mechanisms act separately in time; this is
not a definitive conclusion however, since with the present experimental technique only the sig-
nals crossing a threshold level are recorded.

It is important to cmphasize that if a random generation of signal signs is assumed, only 25 % of
signals could be interpreted in terms of the model.

4.2 Kinematics of the AE. source

The kinematics of an A_E. source are completely described by the source function Au(t). The
waveforms detected at far field alone cannot uniquely determine such function; for this reason

a model is necessary in terms of a small number of source parameters that can adequately
describe the source function.

A simple model that approaches quite well a martensitic transformation consists on describing
the surface X by a rectangular fault plane with lenght L and width W. The fault (displacement
discontinuity) initiates at one end of the length and propagates along the length with speed v
(see fig2).

Qavcaodocan=pNpN

Fig 2: Unidirectional faulting oa a rectangular fankt
Assuming W to be small, it can be proved [14) that the fault propagation over a finite length of
fault has a smoothing effect on the recorded waveform. f.e. the recorded waveform will present
an apparent duration of fault propagations = L (v - ¢ cos ¢) for fault speed v, wave propaga-
tion ¢ and ¢ the angle formed by the direction to the receiver and the direction of fault propaga-
tion
When analysing the kinetic features of A.E. sources, the waves must be detected in such a way

that the experimental set-up itself does not produce any distortion in the recorded waveform.
For this reason it is necessary to use broad-band detection systems. In the present experiments,
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some of the A.E. sigoals generated during the martensitic transformation bave been simul-
taneously detected on two opposite faces (102) of the sample described in section 4.1. We have
used two broad-band piezoelectric transducers; the electric signal furnished by the transducers
bas been amplified by two broad-band amplifiers and then fed into a digitizing oscilloscope, con-
nected to a microcomputer which is used for off-line processing of the signals. Again
duraluminium waveguides have been placed between sample and transducers.

By simultaneous detection of an A.E. signal at opposite faces, the following source parameters
can be determined:

i) from the time difference between arrival of the signal at the two transducers ( At), one can
easily obtain the depth of the source (z) as:

z=(l-cat)2 (6)
where [ is the total length of the sample, in the measurement direction.

ii) Taking into account that the angle formed by the two directions of detection is 180°, the fault
length can be obtained from the difference in the apparent duration of the signals recorded on
the two transducers (Doppler effect for A_E. waves):

L=(a1cos ¥)/2c (7)

iii) Once L is known, we can obtain the fault speed v from the expression for the apparent dura-
tion +.

In table I we present a few values obtained with the preceding assurnptions. These are very
preliminar results and, actually, extensive work is in progress, aiming to analyse a high number
of signals which can statistically represent the whole transformation.

z (mm) v(ms™) L(mm)
241 2292 0.51
0.71 1454 026
0.50 ' 582 0.09
2.16 625 0.09
f
.- Conclusions

We bave characterized, for the first time, the source generating A_E. during the thermoelastic
martensitic transformation of a Cu-Zn-Al shape memory alloy. The main conclusions obtained
from our study are:

i) It bas been statistically proved that two mechanisms are responsible for the A.E. generated
during a thermoelastic martensitic transformation: a predominant shear mechanism in the
(110) < 110> system and a volume change effect.
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ii) We bave characterized the kinematics of the transformation by using the Doppler effect. The
results presented here show the first experimental evidence of such effect for A.E. waves. We
have determined that the transformation proceeds by §teps- With the present experimental set-
up, we have obtained travelled distances around 10 m for each transformation step. These
values agree well with those measured during optical microscopy observations. The travelling
speed has been found to range between 10 to 60 o of the sound velocity for longitudinal waves
in these materials,
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