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The aim of the present investigation is to characterize plasticity-induced martensite formation of

metastable austenitic stainless steel at room temperature. Acoustic Emission (AE) monitoring is performed

on a 304L austenitic stainless steel during fatigue tests. This work aims at identifying the acoustic emis-

sion signals associated with the formation of the strain-induced martensite. The present work includes

the study of the influence of the specimen geometry. The use of statistical pattern recognition allowed

the identification of the acoustic emission signatures for three mechanisms: dislocation motion, mechan-

ical damage and martensitic transformation (MT). Moreover statistics on the energies of the AE signals

were found to obey power laws (P(E) ∼ E−˛) with exponent ˛ = 1.75 ± 0.15 for the cluster associated with

martensite formation.

1. Introduction

The austenitic phase of some stainless steels is metastable

at room temperature, such as that of 304L alloy. Martensitic

transformation (MT) � austenite → �′ bcc to slightly tetragonal

martensite can be induced by quenching or by plastic defor-

mation. By quenching the process starts at temperature Ms.

Transformation can also occurs above Ms under the influence of

mechanical stresses and strains [1–12]. Cyclic strains also induce

some MT. Since the displacive MT modifies the volume (with � → �′

martensite a volume expansion occurs [2]), internal stresses are

generated that can affect the lifetime of components subjected

to fatigue. Thus the monitoring of MT is of societal interest and

many non-destructive techniques have been applied, among which

eddy current testing [13,14] and acoustic emission [15,16]. The

aim of this study is to investigate MT by AE and MT in 304L

steel during fatigue tests, using two kinds of analysis: pattern

recognition and power-laws statistics, which we shortly describe

hereunder.

∗ Corresponding author. Tel.: +33 472438073; fax: +33 472437930.

E-mail address: nathalie.godin@insa-lyon.fr (N. Godin).

2. Acoustic emission and martensitic transformation

It is well known for a long time that martensite formation in

steels can be detected by AE monitoring [17,18]. Since then consid-

erable work has been carried out to relate the detected AE signals

to the kinetics of the martensitic transformation [19,20]. The AE

of the thermally induced MT has been more frequently investi-

gated [21–23] in the literature than that of the strain-induced MT.

The acoustic emission (AE) technique is an efficient way to mon-

itor damage growth in both laboratory specimens and structural

components. It deals with the analysis of transient elastic waves

generated by a sudden release of energy from localised sources

within a material. Sensors set on the specimen surface capture

these waves. Then, the recorded signals depend jointly on the

events they originate from, and on the elastic and damping prop-

erties of the propagation medium and the sensor features. Thus,

there is no universal signature of AE events. However, in permanent

set-up conditions, similarities exist among AE signals originating

from similar events. In the case of ASI 304L steel, many mech-

anisms during fatigue tests have been confirmed as AE sources

including dislocation motion, formation of martensite, twin for-

mation, inclusion fracture, crack nucleation and propagation. Then,

discriminating the types of source mechanisms responsible for the

detected AE signals is an exciting challenge. Indeed, it could allow

to continuously monitor the damage progression in vulnerable
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components. However, two main reasons make the discrimination

of the AE mechanisms a non-trivial task. On one hand, the AE

signals are complex objects that must be characterized by mul-

tiple pertinent descriptors in order to be processed. On the other

hand, the acoustic signatures of AE events are not known a pri-

ori and they are rather scattered due to their sensitivity to the

above-mentioned conditions. Consequently, AE signals collected

from tests performed in actual conditions must be segmented into

clusters based on closest similarities [24–26]. Any AE signal can

be represented in an n-dimensional space by a vector which com-

ponents are the signal descriptors. Cluster analysis partitions the

input data space into k regions based on the distances between

objects. The number k of clusters may or may not be known a pri-

ori. Depending on whether the cluster features are known or not,

the classification algorithms are said supervised or unsupervised,

respectively. In the case of AE data set, features of signal clusters

are not available and unsupervised classifiers have to be used in

order to search for them in the structure of the data set itself. The

k-means algorithm [26,27] is one of the most widely used methods

to determine cluster solutions for a particular user-defined number

of clusters.

Power law distributions of event sizes are usually observed

in physical systems close to the critical point of a second order

phase transition. However, power-law behaviour can also occur

in driven physical systems with intrinsic disorder, even when the

physical process involves a first-order transition. Experimental

observations of this kind have been reported for a large variety

of phenomena such as earthquakes, martensitic transformation,

Barkhausen noise, or rupture [28–31]. In some cases, it has been

suggested that such systems follow the theory of Self-Organized

Criticality (SOC) and thus evolve until a critical state is reached.

Then events occur in avalanches showing no characteristic tem-

poral and spatial scales. An important feature of such systems

is that they respond to external perturbations by avalanche of

all sizes S with a power law distribution P(S) ∼ S−� where � is a

scaling exponent. A martensitic transformation is a diffusionless

first-order phase transition. It involves a cooperative and almost

simultaneous movement of atoms from parent to product phase.

In athermal martensite, the martensite phase nucleates from iso-

lated regions which are usually defects like dislocations or grains

boundaries. Thus quenched disorder plays an important role in

the initial kinetics of athermal martensite. The avalanche size dis-

tributions have been mostly investigated through the amplitude

and duration of the peaks in acoustic emission signals [31,32]. The

important result is that both quantities exhibit power-law dis-

tributions. This is an indication that the system evolves without

characteristic time and length scales which is a typical feature of

criticality. Vives et al. [31] have characterized the avalanche dis-

tributions during a thermally induced thermoelastic martensitic

phase transition of a Cu–Zn–Al alloy, using AE techniques and

shown it exhibits power-law behaviour for more than one decade.

They obtained the exponents for the distributions of amplitudes

P(A) ∼ A−
 , 
 = 3.6 ± 0.8 and durations P(D) ∼ D−� , � = 3.5 ± 0.8. On

the other hand, for stress-induced transformation, Carrillo et al.

obtained 
 = 2.3 ± 0.2 [32]. In the study of dynamical systems, dis-

sipated energy is usually used as a universal and relevant parameter

to characterize the size of an instability. The energy E involved in

the process is proportional to the square of amplitude, so these

studies would lead to energy distributions P(E) ∼ E−˛ with the

following expected values of ˛ (˛ = (1 + 
)/2): ˛ = 2.3 ± 0.4 for ther-

mal cycling [31] and ˛ = 1.65 ± 0.1 for stress cycling [32]. More

recently, a theoretical work [33] has been able to reproduce the

magnitude of the exponent for thermal cycling but there is no

model that can account for the exponent observed in stress cycling

yet.

Table 1

Chemical composition of the 304L steel (wt%)

C 0.028

Si 0.490

Mn 1.40

P 0.034

S 0.017

Cr 18.21

Mo 0.46

Ni 8.15

Co 0.11

N 0.045

3. Material and experiments

The material studied in this work is a commercial 304L austenitic

stainless steel, previously monitored by Pasco et al. [34] by

Barkhausen noise (same batch of material). The material alloy is

supplied in the form of a bar, 20 mm in diameter. The chemi-

cal composition of the material is given in Table 1. In order to

obtain a homogeneous microstructure the material is annealed

above 1000 ◦C during about 1 h and quenched in water. After this

treatment, X-ray diffraction enabled to detect 15% of a bcc phase

which can be a mixture of ferrite and martensite and 85% of

the austenite (for low carbon contents, martensite has bcc struc-

ture). The resulting mean grain size is about 50 �m. An estimate

of the temperature at which plenty of strain-induced martensite

forms is the Md30 temperature, corresponding to the tempera-

ture at which an actual 30% strain induces the formation of 50%

of martensite �′. The Pickering relation (1), given in mass per-

centage, enables to estimate Md30 from the steel composition

[34–36]:

Md30 = 497–13.7Cr%–20Ni%–8.1Mn%–9.2Si%

–462(C + N)%–18.5Mo% (1)

For the studied steel, the application of the Pickering relation

gives a Md30 equal to 26 ◦C which indicates that a martensitic trans-

formation can appear under cyclic loading at room temperature.

The dimensions of the fatigue specimen are shown in Fig. 1. Spec-

imens with a cylindrical gauge length of 20 mm and a diameter

of 4 mm are machined from the bars. Moreover specimens with a

rectangular gauge length of 20 mm are tested in order to allow eddy

current measurements [37,38].

Low cycle fatigue tests are performed with alternating load

(R = −1) at room temperature on a 10 kN hydraulic testing machine.

The fatigue tests are carried out under stress control at imposed

maximal stress �max equal to 500 MPa, 600 MPa and 700 MPa

with a frequency of 0.25 Hz, 0.166 Hz and 0.0121 Hz. The yield

strength of the material is in a range 350–400 MPa. There is a

soft transition between elasticity and plasticity for such a mate-

rial. The strain is continuously measured throughout the test

by an extensometer with 8 mm gauge length clamped to the

specimen.

Metallography is performed on cuts of fatigue specimens. They

are first ground on silicon carbide paper using 80, 180, 400 and

1200 grit. Specimens are further polished with 3 �m diamond

paste. The chemical etching is mainly made by dipping the sam-

ple in an oxalic acid solution in order to reveal the austenic

grain structure including twins, slip bands and martensite. The

microstructure of the materials is shown in Fig. 2a. After the

fatigue tests the specimens are sectioned parallel and perpendic-

ular to the stress axis. Twins are detected in the specimen before

testing.
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Fig. 1. Fatigue samples with a gauge length having (a) a circular section and (b) a rectangular section (mm).

4. Acoustic emission technical features

4.1. Acoustic emission monitoring

A two channel Mistras 2001 data acquisition system of Physical

Acoustics Corporation (PAC) with a sampling rate of 8 MHz and a

40 dB pre-amplification is used to record AE data. The total ampli-

fication of the recording system is 80 dB. AE measurements are

achieved by using two micro-80 PAC sensors, coupled on the sam-

ples with a thin layer of vacuum grease. The sensors are mounted on

both heads of the specimens and are held in place with a mechanical

device. The amplitude distribution covers the 0–100 dB range (0 dB

corresponds to 1 �V at the transducer output). It is very important

to eliminate the acoustic emission originating from noise. Noise is

created by the testing machine and the specimen grips. Electronic

noise can also occur. So several precautions are taken to avoid extra-

neous acoustic noise. First, the amplitude threshold is set at 32 dB

above ambient noise. Secondly, the AE hits which have frequency up

to 900 kHz and with number of counts below 3 are eliminated. After

installation of the transducers, a pencil lead break procedure [39]

is used to generate repeatable AE signals for the calibration of each

test. So, the acquisition parameters have been set as follows: peak

definition time (PDT) = 300 �s, hit definition time (HDT) = 600 �s

and hit lock time (HLT) = 1000 �s. The attenuation is small enough

to avoid doing any correction of the measured amplitudes. After

the calibration step, AE is continuously monitored during tensile

tests. Several parameters are calculated for each signal from the

waveforms such as amplitude, duration, rise time, counts, counts to

peak, frequency and energy. These parameters are collected as the

components of an input vector X describing the signal they derive

from.

4.2. Data clustering: k-means method

Nine reliable parameters or descriptors have been retained on

account of the waveform diversity to describe an AE signal: ampli-

tude, duration, rise time, counts, counts to peak, energy, average

frequency, initiation frequency and reverberation frequency. Initi-

ation frequency is the ratio between the number of counts before

the maximal amplitude and the rise time. Reverberation frequency

is the ratio between the counts after the maximal amplitude and

the decrease time. Moreover, among an AE data set, each descriptor

is normalised by its variance in the range (0–1). This normalisation

confers the same importance to each descriptor in the classifica-

tion process. Then, a nine-component descriptor vector represents

each AE signal. The k-means algorithm divides out an input data set

among a predefined number of clusters k. The classification crite-

rion is then the minimisation of the sum of the squared distances

between all the descriptor vectors of a cluster and its centre. The

clustering is run 15 times and only the best result is saved. The

procedure is described in previous papers [25,26]. The k-means

algorithm can then be summarised as follows:

1. Initialise the co-ordinates Xi of the cluster centre for each class

Ci.

2. Assign each descriptor vector X to a class Ci such as the Euclidean

distance between X and the cluster centre Xi should be the lowest

among all the cluster centres.

3. Compute the co-ordinates of the new cluster centres.

4. If there is no change in the co-ordinates of the cluster centres,

then the algorithm has converged and the procedure is termi-

nated; otherwise go to step 2.

4.3. Power-laws statistics

In this study, we focus on the analysis of the energy distribution

P(E) ∼ E−�. These distributions have been computed using loga-

rithmically spaced bins in order to increase the range of energy

accessible in the statistical analysis. The exponent ˛ has been esti-

mated using a power law fit of the data and the error on the slope

is given for a 90% confidence interval that is based on the dis-

persion of the data around the fit. In several instances, a power

Fig. 2. Microstructure observed on the longitudinal cut of a fatigue specimen: (a) before fatigue test and (b) after failure (�max = 600 MPa, N = 605).
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Fig. 3. Cumulated opening �εp versus number of cycles for fatigue tests for seven

samples.

law behaviour could be observed only for a restricted range of

energy.

5. Results and discussion

5.1. Global behaviour: influence of the sample geometry

As expected from any Wöhler curve, the number of cycles at fail-

ure Nf drastically decreases with the increase of maximum applied

load �max. Anyhow, Nf is also affected by sample geometry: under

the same �max, samples with rectangular section tend to break

above samples of circular section. They also induce more cyclic dis-

sipation as shown by the plastic strain amplitude evolution over the

trial, Fig. 3. Fig. 4(a) and (b) shows the cumulated AE energy versus

the number N of cycles recorded at �max = 600 MPa for both types of

Fig. 4. Cumulative AE energy versus number of fatigue cycles: (a) circular section

�max = 600 MPa, Nf = 605 and (b) rectangular section �max = 600 MPa, Nf = 1062.

specimens. Different behaviours can also be observed on cumulated

release of AE energy. For the samples with circular section, during

a first stage, the AE energy increases steadily; in a second stage,

the activity globally decreases while presenting sudden bursts. The

transition occurs at about N = 70 cycles. These global behaviours

are very reproducible for several tests conducted under the same

conditions. Indeed, the transition occurs when about 10% of the

fatigue life has been spent. Shortly before fracture, there is a very

slight increase of activity. On the other hand, for the samples with

rectangular section, AE energy increases smoothly with the number

of cycles and the activity accelerates during the second stage, the

limit between stages occuring at about 50% of the lifetime. Fig. 2b

shows the typical microstructure of a fatigue specimen. The distri-

bution of the martensite laths in the austenic matrix is found to be

non-homogeneous. They form in the deformed austenite grains, in

twins and near the cracks. In a plane perpendicular to the stress

axis, there is more MT close to the free surfaces of the samples

than in the bulk. When comparing rectangular and circular sections,

there is also more MT in the corners. Orders of magnitude have

been provided by X-ray diffraction analysis combined with eddy

current measurements, which will be described in a forthcoming

paper [40]. The main features are 24% transformation in bulk, 34%

close to the surface and 48% in the corners in such conditions. The

given concentrations are the values of the total concentrations of

the bcc phases after the test. In a plane parallel to the stress axis,

the distribution of martensite is lower in the middle of the gauge

length and increases near the shoulders which correspond to the

failure zone. For the cylindrical section, the martensite is also con-

centrated in shoulders. In this area, one finds also a large number

of microcracks. The MT is strongly influenced by the geometry of

the sample. It is heterogeneous and very sensitive to strain gra-

dients: vicinity of free surfaces, or shoulders, or microcracks. The

role of strain gradients is not evidenced by the way Md30 is obtained

(monotonous tensile strain).

5.2. Pattern recognition (PR) analysis

From previous work reported in the literature [41], one would

expect AE from initiation of dislocation slip if it produces dislo-

cation avalanche but not simply from dislocation slip itself. The

packet or avalanche of moving dislocations must glide far enough

at sufficient velocity for the elastic waves to be detected. It is likely

to correspond to fairly long AE events. Another source of AE is

twinning, which would produce high amplitude AE bursts. It is

difficult to ascertain that twinning did not occur at all during test-

ing, but this mechanism contribution is certainly very low. Indeed,

metallographic observations did not reveal more twinning at the

end of the test MT, like twinning, is a displacive transformation

of velocity close to sound speed [42]. Anyhow, the formation of a

fine lath is likely to induce a very small release of energy. So one

would expect brief bursts with little released energy. Finally the

formation of microcracks as seen in metallography is also going to

produce AE bursts in a range of energy depending on the size of the

crack. So the postulated sources of AE are: (1) cooperative dislo-

cation motion, (2) martensitic transformation and (3) mechanical

damage such as crack initiation and propagation. The AE signals

have thus been classified into three clusters by using the k-means

pattern recognition method. Table 2 summarizes the mean charac-

teristics of the obtained clusters of AE signals. The three clusters are

always present and have the same mean characteristics indepen-

dently of the gauge length shape. The segmentation of the AE data is

very reproducible. From the AE distributions obtained after pattern

recognition, some important differences in the AE signals charac-

teristics are found. Indeed, three types of signals are identified to be

distinct. Cluster 1 signals have a low frequency with a long rise time.
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Table 2

AE parameters for the threes clusters and a schematic representation of the waveform

Cluster Rectangular section Circular section Schematic representation of the signal

1

Rise time (�s) 72 94

Amplitude (dB) 37 44

Duration (�s) 326 324

Av. frequency (kHz) 61 63

Energy (aJ) 16 87

2

Rise time (�s) 28 15

Amplitude (dB) 45 50

Duration (�s) 423 243

Av. frequency (kHz) 142 143

Energy (aJ) 226 559

3

Rise time (�s) 1 1

Amplitude (dB) 40 47

Duration (�s) 133 102

Av. frequency (kHz) 112 140

Energy (aJ) 20 137

Cluster 2 signals have a shorter rise time with a higher frequency.

The last cluster is constituted by very short signals. Cluster 3 corre-

sponds to almost impulse signals. Fig. 5 shows the projection of the

classified signals onto the ratio amplitude/rise time versus average

frequency plane. The three clusters are easily distinguishable on

this plane, which means the PR algorithm succeeded in creating

compact and well-separated clusters.

5.3. Clusters labelling

The resulting clusters should now be correlated with the differ-

ent AE mechanisms. We assume that the AE energy is proportional

to the energy dissipated at the AE source whatever the source

mechanism. Detectable AE bursts release a sufficient amount of

energy in a short period of time. The faster the fracture process,

the more the stress wave should look like a delta-pulse. The cumu-

lative energy as well as the AE rate for each of the three clusters

versus the number N of cycles is presented in Fig. 6 for samples

with circular section and in Fig. 7 for samples with rectangular sec-

tion. According to these plots, the difference between each cluster

AE response is strongly affected by the geometry. For circular sec-

tions as shown in Fig. 6, initially Clusters 1 and 2 are dominant.

Energy release of Cluster 1 is very active at the beginning of the

test during the first cycles. But at the end of the test, this clus-

ter contains less than 30% of cumulated AE energy. As for the AE

rate, this cluster is active throughout the test. Cluster 2 is increas-

ingly activated as the test proceeds, reaching about 40% of the total

number of signals and 60% of the total AE energy. Cluster 3 is not

energetic (less than 10% of the total energy) and gets activated by

sudden bursts. For rectangular sections as shown in Fig. 7, Clus-

ters 1 and 2 present the same chronology of activation in term of

energy and number of signals, characterized by a break of slope

at about half the lifetime. It is observed that Clusters 1 and 2 are

characterized by a high activity during the first cycle and next dur-

ing the second part of the test. With increasing number of cycles,

class 2 increased, reaching about 40% of the total in term of num-

ber of signals and 90% in term of AE energy. Again, the activation of

Cluster 3 appears significantly different from that of Clusters 1 and

2.

5.3.1. Cluster 1

The analysis of the AE Cluster 1 shows that the AE is basically

of continuous type and the emission is composed of a very large

amount of low energy, low frequency and long rise time signals.

It is very active during the first cycle, as shown in Figs. 6a and 7a.

This is consistent with the emission being generated by collective

dislocation motion, very large during the first cycles due to overall

plasticity. The decrease in AE activity of Cluster 1 (Figs. 6a and 7a)

after the first cycle can then be linked with dislocation storage that

reduces the mean free path of mobile dislocations, thus reducing

the statistical probability of detection of weak AE phenomena. The

higher activity of the rectangular sections is a consequence of their

higher plastic strain amplitude during the trial (Fig. 3). Indeed, it

cannot be excluded that additional contributions arise from twin-

ning, as well as from dislocation activity in front of crack tips and

even indirectly from martensitic transformation through disloca-

tion strengthening, that is through the motion of the additional

free dislocations created in surrounding ferrite [43].

Fig. 5. Clustering results in a 2D projection: amplitude/rise time ratio versus average frequency scatter plot for the three clusters identify on sample with circular section.
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Fig. 6. Evolution of the number of hits of each clusters versus number of cycles: (a) Cluster 1, (b) Cluster 2 and (c) Cluster 3. Sample with circular section �max = 700 MPa,

Nf = 281 cycles.

Fig. 7. Evolution of the number of hits of each clusters versus number of cycles: (a) Cluster 1, (b) Cluster 2 and (c) Cluster 3. Sample with rectangular section �max = 600 MPa,

Nf = 1062 cycles.

5.3.2. Cluster 2

A rapid crack growth produces signals with short rise time and

high energy. Cluster 2 is the most energetic, containing short high-

frequency bursts, releasing locally an important power. The crack

lips can rub against each other in the compression phases, thus

generating more AE. Indeed, Cluster 2 is also activated during the

unloading and the compressive phase [38]. Moreover it has a strong

activity at the end of the tests. All these arguments are coherent

with the attribution of Cluster 2 to cracking phenomena. An objec-

tion could be the important release of energy at the beginning of

the test. Yet the plastic strain amplitude is high: about 0.5%, so that

mechanical damage can readily occur from the very beginning of

the test.

5.3.3. Cluster 3

Concerning the formation of �′-martensite, there is a good

agreement in the literature that nucleation occurs preferentially at

intersecting shear band [2,44] so without mechanical damage. Bay-

erlein [2] showed that threshold plastic strain amplitude must be

exceeded to trigger the formation of martensite; he found around

0.3%. This result was reported by other authors [7,11]. In our case

the plastic strain amplitude is around 0.5% so the TM can occur from

the beginning of the test [34]. Moreover, Mohr and Mukherjee [45]

showed that in fully austenitic steels, the energy of acoustic emis-

sion generated during martensitic transformation is proportional

to the volume of transformed regions. The martensite laths we

observed is very fine so that the expected released acoustic energy

accompanying MT is weak but intense, due to the displacive char-

acter of MT [42]: TM should produce delta like signals. Indeed, the

analysis of the AE Cluster 3 shows that the emission is composed

of very short signals. Fig. 8 shows the evolution of the energy of the

Cluster 3 versus the martensite volume fraction at the end of the

test obtained with different samples. The energy involved in the

Cluster 3 seems to be proportional to the rate of MT. If we attribute

Cluster 3 to MT, it then starts at small number of cycles for each

specimen. It is consistent with the results obtained by Pasco et al.

using Barkhausen noise on the same batch of material [34]. The

extrapolation of the line given in Fig. 8 starts at (15%, 0) which cor-

responds to the initial bcc proportion phase in the sample. They

showed that the martensitic transformation starts from the first

cycle. Then at a threshold value of the number of cycles around 70

(Fig. 6c), a large amount of energy is released in one or few events.

In this scenario, the amount of transformation at a given number of

cycles is proportional to the overall energy released by the sample in

Cluster 3. The remaining transformation is completed gradually, by

relatively small events. The kinetic of the transformations actually

differ for each type of sample section. For rectangular sections, the

activity of the Cluster 3 in terms of both energy and number of sig-

nals increases linearly with the number N of cycles. In this sample,

almost all transformation is completed gradually by small events.

This result is in agreement with previous works [1,11,14]. Kalkhof

showed that for the given material and loading conditions the vol-

ume fraction of martensite depended on the cycle number. Indeed,

a linear relationship between the volume fraction of martensite

measured by eddy-current and the number of cycles is determined.

Moreover, the fact that MT starts quickly for the sample with rect-

angular section is coherent with the early transformation in the

edges and close to the plane surfaces of this kind of specimen. The

geometry of the samples as well as the variability of the results

show that the kinetics of the MT is variable.

5.4. Power-laws statistics

The first result of the present analysis is that the probability

density function of the AE event energies obeys a power law dis-

Fig. 8. Energy of the Cluster 3 versus proportion of bcc phase. Sample with circular

section.
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tribution independently of the maximum applied stress and the

sample geometry. The release of energy during the test follows a

power law and this over several decades. An exponent range from

1.4 to 1.7 was obtained whatever the shape of the sample and the

applied load. Here, no distinction between dislocations, cracking

and MT is done as if these phenomena belonged to the same global

dynamics. To go beyond this simple analysis, we consider separately

the data corresponding to each cluster. The change in P(E) depend-

ing on the cluster as seen in Fig. 9 is particularly remarkable. Fig. 9

shows the energy distribution for samples of cylindrical section.

Similar results were obtained with rectangular section. Although

chronologies of activation of the three classes are different for the

two geometries, the power law behaviour is independent of the

geometry of the sample. Globally, the distributions are power law

with different slopes depending on the type of cluster. In Fig. 9a,

for Cluster 1, we find ˛ = 2.14 ± 0.18 above E ≈ 100 aJ. We remind

that Cluster 1 was associated with dislocation motion and twining.

Distribution of acoustic energies associated to dislocation motion

have been studied in other systems such as ice and metallic sin-

gle crystals and also ice polycrystals. In single crystals, an exponent

close to 1.5 [46,47] is observed while in polycrystals the exponent

can be smaller, around 1.2 [48]. In polycrystals, it is argued that the

smaller exponent comes from the dislocation motion being hin-

dered by the grain boundaries. Given the polycrystalline structure

of 304L austenitic stainless steel, we could have expected to observe

in Cluster 1 an exponent close to the one in ice polycrystals. In

Fig. 9a, we observe a departure from power law behaviour at ener-

gies smaller than E ≈ 100 aJ. The first thing that comes to mind is

that this departure could be due to loss of small amplitude signals.

If we extract anyway the typical power law slope of the distribution

in this low energy range, excluding the behaviour at very low ampli-

tudes, we find that ˛ = 1.27 ± 0.18. We simply note that this value is

not far from the exponent measured for ice polycrystals, and not so

far from the exponent measured in ice or metallic single crystals.

In Fig. 9b, we find for Cluster 2 a power law behaviour with a slope

˛ = 1.31 ± 0.04 for a range of energies between 10 aJ and 1000 aJ.

We associated Cluster 2 with mechanical damage such as cracks

initiation, growth and coalescence. The power law that we find is

consistent with distributions of acoustic energies measured dur-

ing rupture of materials such as plaster or paper (˛ = 1.3) [49,50],

and not far from the slope observed for wood, fiber composites,

dense polymer foams, or volcanic rocks (˛ = 1.5) [28–30,51]. Note

also that Minozzi et al. [52] have been able to model numerically the

emergence of power law distribution for acoustic emission energies

associated to rupture events, but have found a slightly higher value

than most experiments (˛ = 1.7). Above 1000 aJ in Fig. 9b, there is a

change in slope (˛ = 1.99 ± 0.17) which is not necessarily a different

power law behaviour but could simply come from a finite size effect

cut-off of the largest events. However, both for Cluster 1 and Clus-

ter 2, it is important to realize that the mean value of the acoustic

energy in each cluster (see Table 2) is actually very close to the cut-

off observed in the low energy range for Cluster 1 and in the high

energy range for Cluster 2. This remark suggests that the restricted

range of the power law behaviour at the cut-off values might have

more physical meaning than being just an experimental limitation.

For instance, in the case of dislocation motion, Ananthakrishna et

al. [53] suggest that strong disorder can shift the dynamics away

from criticality, thus making the range of the power law behaviour

effectively smaller. Finally, as a side note, we observe that Cluster

1 and Cluster 2 have similar exponents both for the low and high

energy ranges. In Fig. 9c, for Cluster 3 that was associated with MT,

the distribution follows a power law for almost four decades in

energy. From the linear fit shown in Fig. 9c we get ˛ = 1.74 ± 0.07.

The exponent found depends little on the shape of the sample or on

the applied load. It is also remarkable that compared to Cluster 1

Fig. 9. Distributions of energies for the AE data of cluster: (a) 1 associated with

dislocations, (b) 2 associated with cracking and (c) 3 associated with MT. Lines are

power laws with exponents indicated above. Fatigue test on sample with circular

section.

and 2, there is no experimental cut-off value in the distribution for

Cluster 3. The reason for this lack of cut-off value is not clear at the

moment. Overall, we can conclude for Cluster 3 that the AE energies

distribution exponent shows a universal exponent 1.75 ± 0.15 inde-

pendent of the sample’s geometries and the stress amplitude. This

value is in the same range than the one obtained in previous exper-

imental studies [32] which reinforces the hypothesis that Cluster 3

is related to strain-induced MT. In [33], a model was proposed to

explain the power law behaviour of acoustic emissions during ther-
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mally induced MT. Although the theoretical value of the exponent

is close to the one observed in thermal cycling experiments [31],

there is currently no equivalent prediction for the case of strain-

induced martensitic transformation, and especially for the value of

the exponent.

In summary, taking into account the conclusions obtained from

AE activity, each cluster has been correlated with a different AE

mechanism as follows: (i) signals in Cluster 1 are assigned to dis-

locations; (ii) signals in Cluster 2 to mechanical damage and (iii)

signals in Cluster 3 to martensitic transformation.

6. Conclusion

The low-cycle fatigue of 304L stainless steel was monitored by

acoustic emission for two specimen geometries: a circular and a

rectangular cross section. Both geometries exhibit a different life-

time and a different plastic strain amplitude, as well as a different

AE behaviour.

The k-means method enabled to classify the AE signals into three

clusters with marked features:

• Cluster 1 with lower frequency and with longer rise time resulted

from dislocations movement;
• Cluster 2, the most energetic class, was associated with mechan-

ical damage: crack activity;
• Cluster 3, whose signals are of impulse type, was associated with

the martensitic transformation.

While the evolution of the activity of these clusters during the

tests showed large differences, the statistical distribution of the

energy within the classes did not depend on the geometry of the

sample. Most remarkably, the statistical distribution of energies for

the signals attributed to the martensitic transformation were found

to follow a power law over four decades with no sign of cut-off. The

exponent ˛ = 1.75 ± 0.15 is coherent with previous experimental or

theoretical works on critical dynamics.

Altogether, the k-means classification proved to be a power-

ful tool to find order or at least universality behind the apparent

disorder of concurrent AE mechanisms.
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