
This article may be downloaded for personal use only. Any other use requires 
prior permission of the author and AIP Publishing. 

This article appeared in Applied Physics Letters 112, 251906 (2018); and may 
be found at: https://doi.org/10.1063/1.5040486   

https://doi.org/10.1063/1.5040486


Acoustic emission avalanches during compression of granular manganites
Daniel Soto-Parra, Eduard Vives, M. E. Botello-Zubiate, J. A. Matutes-Aquino, and Antoni Planes

Citation: Appl. Phys. Lett. 112, 251906 (2018); doi: 10.1063/1.5040486
View online: https://doi.org/10.1063/1.5040486
View Table of Contents: http://aip.scitation.org/toc/apl/112/25
Published by the American Institute of Physics

Articles you may be interested in
Carbide-derived carbons for dense and tunable 3D graphene networks
Applied Physics Letters 112, 251907 (2018); 10.1063/1.5030136

Optically transparent wideband CVD graphene-based microwave antennas
Applied Physics Letters 112, 251103 (2018); 10.1063/1.5037409

Ultrasonic rheology of visco-elastic materials using shear and longitudinal waves
Applied Physics Letters 112, 241906 (2018); 10.1063/1.5029905

  step of conductance fluctuations due to the broken time-reversal symmetry in bulk-insulating BiSbTeSe2
devices
Applied Physics Letters 112, 243106 (2018); 10.1063/1.5031013

Structured ultrasound microscopy
Applied Physics Letters 112, 251901 (2018); 10.1063/1.5026863

Deepening subwavelength acoustic resonance via metamaterials with universal broadband elliptical
microstructure
Applied Physics Letters 112, 251902 (2018); 10.1063/1.5022197

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1883721461/x01/AIP-PT/APL_ArticleDL_0818/AIP_CP_eTOC_1640x440_ad.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Soto-Parra%2C+Daniel
http://aip.scitation.org/author/Vives%2C+Eduard
http://aip.scitation.org/author/Botello-Zubiate%2C+M+E
http://aip.scitation.org/author/Matutes-Aquino%2C+J+A
http://aip.scitation.org/author/Planes%2C+Antoni
/loi/apl
https://doi.org/10.1063/1.5040486
http://aip.scitation.org/toc/apl/112/25
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5030136
http://aip.scitation.org/doi/abs/10.1063/1.5037409
http://aip.scitation.org/doi/abs/10.1063/1.5029905
http://aip.scitation.org/doi/abs/10.1063/1.5031013
http://aip.scitation.org/doi/abs/10.1063/1.5031013
http://aip.scitation.org/doi/abs/10.1063/1.5026863
http://aip.scitation.org/doi/abs/10.1063/1.5022197
http://aip.scitation.org/doi/abs/10.1063/1.5022197


Acoustic emission avalanches during compression of granular manganites

Daniel Soto-Parra,1,2 Eduard Vives,1 M. E. Botello-Zubiate,3 J. A. Matutes-Aquino,3

and Antoni Planes1

1Departament de F�ısica de la Matèria Condensada, Facultat de F�ısica, Universitat de Barcelona, Diagonal,
647, E-08028 Barcelona, Catalonia, Spain
2Instituto Potosino de Investigaci�on Cient�ıfica y Tecnol�ogica A.C., Camino a la Presa San Jos�e 2055,
Col. Lomas 4a, CP 78216 San Lu�ıs Potos�ı, S.L.P., Mexico
3Centro de Investigaciones en Materiales Avanzados, S. C. Miguel de Cervantes 120, Complejo Industrial
Chihuahua, 31109 Chihuahua, Mexico

(Received 17 May 2018; accepted 5 June 2018; published online 20 June 2018)

We have studied acoustic emission (AE) during compression of La0.8Ca0.28Sr0.08MnO2.7

manganites with different microstructures obtained by selected synthesis techniques. In ceramic

samples with large grains obtained by a solid-state method, avalanche criticality is confirmed when

grain fracture is the AE dominant mechanism. In samples synthesized by means of micro-wave and

sol-gel techniques, grains are much smaller and the AE is mainly originated from friction effects

associated with relative displacement of grains during deformation. In this case, significant devia-

tions from avalanche criticality have been detected. Published by AIP Publishing.
https://doi.org/10.1063/1.5040486

LaCaSrMnO manganites show attractive functional prop-

erties associated with a paramagnetic to ferromagnetic transi-

tion.1,2 In the transition region, these materials exhibit rather

good magnetocaloric properties, which makes them poten-

tially interesting for refrigeration applications. However, their

magnetic properties are affected by the microstructure, which

in turn is strongly dependent on the synthesis method. Good

properties have been reported in ceramic systems obtained by

high temperature sintering of powders. These samples are

usually subjected to high temperature annealing to reduce

porosity. The consequence is grain growth, which results in

very brittle samples. This is detrimental for magnetocaloric

applications since crackling during cooling might occur due

to anisotropic thermal expansion.3

This paper deals with the study of the mechanical behav-

ior of La0.8Ca0.28Sr0.08MnO2.7 manganites obtained from

selected synthesis methods, which lead to microstructures

with different grain sizes and porosities. Mechanical behavior

has been studied using the acoustic emission (AE) technique,

which enables to follow the progression of failure of the

material subjected to an applied stress. This is an interesting

technique that provides relevant information about the collec-

tive mechanical response of the material during the process.

In some cases, it has been reported that AE event features

such as signal amplitude, energy, or duration are, to a very

good approximation, power law distributed. This behavior

defines a class of non-equilibrium criticality usually denoted

as avalanche criticality or crackling noise. It is associated

with an intermittent sequence of avalanches, which occur in

the absence of characteristic scales.4 It has been reported for

many physical processes ranging from externally driven sol-

ids,5–9 to Earth seismicity10 and stellar evolution.11

Recently, this AE statistical method has been used to

study failure in synthetic glasses,12 natural minerals,13–15

martensitic alloys,16 wood,17 bones,18 among other materi-

als. Avalanche criticality has been confirmed in the case of

porous Vycor where the power law behavior has been found

in more than nine decades characterised by an energy expo-

nent close to 1.4.19 However, in general, the power law is

much less well defined and the exponent takes values within

a relatively broad range from 1.4 to 2. At present, it is no yet

clear to which extent these values might be influenced by the

microstructure, the porosity, or by a combination of critical

and non-critical mechanisms that are operative during the

process. The aim of the present paper is to analyse the influ-

ence of the microstructure on the avalanche behavior during

uniaxial compression of La0.8Ca0.28Sr0.08MnO2.7 manganites

obtained from micro-wave (MW), sol-gel (SG) and solid-

state (SS) synthesis methods.

Samples were prepared starting from a mixture of stoi-

chiometric quantities of lanthanum nitrate of 99.999%

purity, calcium nitrate of 99.0% purity, strontium nitrate of

99.0% purity, and manganese nitrate of 97.0% purity, which

were dissolved in distilled water and subjected to magnetic

stirring during 15 min. Then, citric acid and ethylene glycol

were added while keeping stirring for 30 min more.

For hydrothermal synthesis assisted by MW, the solution

was transferred to a vial of an Anton Paar Multiwave PRO

MW system and sintered in a temperature controlled reaction

mode at 250 �C during 60 min. Subsequently, the obtained

product was heated up to 110 �C at a rate of 2 �C/min (to elim-

inate liquid waste), kept at this temperature during 15 min and

then heated up to 800 �C at a rate of 30 �C/min and annealed

at this temperature during 3 h. Finally, the obtained powders

were milled, pressed, and sintered during 3 h at 900 �C, 3 h at

1000 �C, 3 h at 1100 �C, and 3 h at 1200 �C. These samples

will be denoted as MW samples.

For Pechini SG chemical synthesis, the solution was

maintained at 75 �C until the formation of a gel. The gel was

then calcined at a heating rate of 10 �C/min up to 250 �C and

annealed during 14 h. Then, thermal treatments at 550 �C
during 3 h and 1000 �C during 10 h were carried out. The

obtained powder was pressed and sintered at 1200 �C during

6 h. These samples will be denoted as SG samples.
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For the SS reaction method, nominal compositions were

prepared from high oxides and carbonates of La2O3 (99.99%),

Mn2O3 (99%), SrCO3 (99.9%), and CaCO3 (99.99%), which

were mixed in an agate mortar and calcined in a two-stage

thermal process: 15 h at 750 �C and 18 h at 950 �C, respec-

tively, with intermediate grindings in a planetary micromill

Pulveriste 7 (Fritsh GmbH) between each heat treatment.

Finally, the samples were pressed and sintered at 1300 �C for

24 h. These samples will be denoted as SS samples.

SEM images of the microstructure of the samples are

shown in Fig. 1. In MW samples, irregular and faceted par-

ticles are observed with an average size of 0.4 lm. For SG

samples, a granular morphology is found with an average

particle size of 1.5 lm. For SS samples, a granular morphol-

ogy bounded by grain boundaries is observed, with average

particles size larger than 3 lm. Porosity decreases as the

average grain size increases so that the MW sample appears

much more porous than the other two. In all cases, the crys-

talline structure is the same as confirmed from the x-ray dif-

fraction patterns shown in Fig. 1(d).

Compression experiments were carried out using a

mechanical test machine ZMART.PRO (Zwick/Roell).

Cylindrical samples, with cross-section U’ 11.3 mm2, height,

h’ 4.3 mm and mass, m’ 0.16 g (SG), U’ 6.75 mm2,

h¼ 2.5 mm, m’ 0.09 g (MW) and U’ 41 mm2, h’ 3.5,

m’ 0.4 (SS) were placed between two parallel plates.

Compression was applied in the axial direction of the cylin-

drical samples with no lateral confinement at a constant and

low displacement rate of 0.1 mm/min. The force/stress was

measured using a load cell, in the range up to a maximum

nominal force of 5 kN (with uncertainities �61 N).

AE signals were detected using piezoelectric transducers

embedded in both plates. The electric output signals were

pre-amplified (60 dB), band filtered (between 20 kHz and

2 MHz), and analysed by means of a PCI-2 system from Euro

Physical Acoustics (Mistras Group) working at 40 MSPS. We

have assumed that an AE event starts at the time ti at which

the pre-amplified electric signal V(t) crosses a fixed threshold

of 22 dB, and finishes at time ti þ Di, when, after this time,

the signal remains below threshold during a preset time (200

ls). The energy Ei of each signal is obtained from the integra-

tion of V2(t) in the time interval Di divided by a reference

resistance of 10 kX.

Figure 1(e) shows stress-strain curves. The strain has

been estimated as the sample shrinkage, Dh, divided by its

initial height h. A significant yield stress is observed in MW

and SG samples followed by a stress softening of more than

50%. In contrast, the strain dependence of the stress in the

SS sample is much smoother showing a plateau at a rather

low stress value and a further tendency to monotonously

increase. This different behavior might be related to the dif-

ferent grain size and porosity of the samples. In all cases, a

noteworthy increase in stress occurs at the late stages of the

process. In this late regime, samples are already fragmented

into small grains that remain in the compression plates. The

increase in stress is associated with a hardening effect, which

might be a consequence of the fracture of these grains.

AE during compression has been detected in all the stud-

ied samples. The stress and AE activity (given per unit mass

to take into account the different sizes of the studied sam-

ples) are depicted as a function of time in Fig. 2. In all sam-

ples, a highly non-stationary time evolution of the AE

FIG. 1. SEM image of the microstruc-

ture of the samples obtained by (a) MW,

(b) SG, and (c) SS techniques. The aver-

age grain sizes are 0.4 lm, 1.5lm, and

3 lm, respectively. (d) X-ray patterns

and (e) stress-strain curves of the three

samples.
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activity occurs with large peaks well correlated with signifi-

cant stress relaxation events. For MW and SG samples, most

of the AE activity is associated with large stress drops that

occur close to the yield stress. Instead, for the SS sample the

region of larger AE activity is associated with the stress drops

that happens at the late stage hardening region and are proba-

bly associated with grain cracking. This different behavior is

indeed a consequence of grain characteristics obtained by syn-

thesis of the samples. In general, it is expected that during

compression of granular materials two main mechanisms are

operative giving rise to deformation and finally to failure:

grain breaking and relative grain displacement with associated

friction. In all our samples, the AE during early stages is orig-

inated from dominant friction effects.

The distribution of the energies of AE events over the

full compression process is shown in Fig. 3 in a log-log rep-

resentation. A first glance suggests an effective linear behav-

ior of the probability distribution over at least three decades,

p(E) � E–e, in all the studied samples. To corroborate this

behavior, a numerical analysis based on the maximum

likelihood method has been performed. This consists of

studying the behavior of the exponent e fitted using the maxi-

mum likelihood method as a function of a varying lower cut-

off Emin.21 If the process is scale-free (power-law) within a

certain range, a plateau of constant exponent will be obtained

in the likelihood plot. Deviations from such a plateau can be

interpreted in terms of mixing of different mechanisms oper-

ating simultaneously during the process or due to the exis-

tence of exponential damping effects associated with some

characteristic scale.20

In our case, a plateau is only well defined over more

than four decades in the case of the SS samples. An exponent

e¼ 1.45 6 0.05 is obtained. However, for MW and SG sam-

ples, the likelihood plots indicate clear deviations from

power law behavior. Actually, in the expected plateau region

(cutoff energy in the range between 1 and 100 aJ), the likeli-

hood function shows a significant positive slope in the case

of the MW sample, while it shows a kind of parabolic shape

in the case of the SG samples. From the analysis reported in

Ref. 20, these results suggest that for the MW samples the

process is affected by a characteristic scale, while for SG

samples, in addition to this effect, the process might be con-

trolled by two mechanisms. In any case, since the obtained

behavior could be strongly influenced by late stage effects,

we have reanalysed the distribution suppressing the signals

detected during this regime. This is shown in Fig. 4 where

only signals detected for times lower than 750 s (see Fig. 2)

have been considered. No plateau occurs in any of the stud-

ied samples. Positive slope is obtained for both MW and SS

samples, while a less significant parabolic shape is still

obtained in the case of the SG sample.

A complementary analysis can be carried out from the

study of duration, D, vs. energy, E, density maps. Maps cor-

responding to the whole process are shown in Fig. 5 (left col-

umn), on a log-log scale. The isolines indicate regions with

the same number of counts. An approximate statistical rela-

tion D � E� (�’ 0.4) is obtained for all samples. For the SS

sample, the map suggests that two families of signals can be

distinguished. The first is constituted of signals with low

FIG. 2. AE activity (number of hits recorded in time units of 2 s) and stress

as a function of time corresponding to (a) MW, (b) SG, and (c) SS samples.

Note that for all samples, large AE activity occurs, which is associated with

big stress drops.

FIG. 3. Energy distributions corresponding to the three studied samples.

From each kind of sample, results corresponding to two experiments are

depicted.
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energies and durations, which show a tendency to deviate

from the power law behavior for energies and durations

larger than �40 dB and �60 dB, respectively. The second

branch corresponds to higher energy and duration signals.

This branch also shows power law statistical behavior. For

MW and SG samples the two branches are much less well

defined, particularly in the case of the SG sample. This is

due to the small number of detected signals.

To establish the influence of AE signals arising from late

stages crackling effects, in Fig. 5 (right column), we have

replotted the same maps with only the signals recorded before

the first 750 s. For the SS sample, the present map does not

now contain the second branch corresponding to large ener-

gies and durations. This confirms that this branch is consti-

tuted of the signals detected in the late compression stages,

which are originated from crackling of grains. This effect is

much less significant in MW and SG samples, for which the

present maps are much more similar to those obtained with

the whole set of data. These results confirm the conclusions of

the previous analysis based on the likelihood plots.

In conclusion, we have shown that the behavior of the AE

detected during the compression of La0.8Ca0.28Sr0.08MnO2.7

manganites shows some dependence on the synthesis method,

which has a strong influence on the sample grain size and

porosity. The statistical analysis of the AE detected during

compression indicates that the first stage of deformation is in

all cases controlled by the relative displacement of grains.

The distribution of the energies of AE signals reveals signifi-

cant deviations from power law behavior, which reflect that

the process does not display avalanche criticality. This behav-

ior is favored by larger porosity as occurs in the MW sample.

However, when the AE is dominated by the grain fracture in

the hardening region, as in SS samples, avalanche criticality

occurs to a very good approximation. The critical exponent,

e’ 1.45, is in good agreement with the universal exponent

reported for porous Vycor glass, which is a prototypical mate-

rial displaying crackling criticality during compression.
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