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Abstract. The aim of this paper is to study the damage mechanisms in a sandwich polymer structure that
contains three layers: two polyolefin skins and the foam core (skin–foam–skin). Specific tests on structure
associated with the acoustic emission (AE) technique and tomographic observations (RX) are used to identify
the damage. Initially, a conventional tensile test was performed to correlate the acoustic emission with the
initiation of plasticity and damage to a polyethylene sample. The results obtained are close to those observed in
other studies and it is possible to separate the signal from cavitation and propagation of necking. The technique
is then employed to capture the rupture of a polymer skin on a multilayer rotomoulded structure (bottle). Tests
were carried out on this bottle under internal water pressure. Three tests are performed with more or less early
interruptions in order to identify the first damage and understand their evolution. Different quantities (average
frequency, RA value, etc.) are observed in order to quantify and understand the perceived damage. With the
AE/RX correlation and mechanical behaviour, a scenario of structural damage is proposed.
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1 Introduction

Sandwich materials are currently being used in an
increasing number of industrial applications such as the
marine, automotive, aerospace and aerospace industries.
Sandwich materials or sandwich structures are generally
composed of two thin skins and a thicker lightweight core.
The face skins are generally metal, composite (Kevlar,
carbon or fiberglass) or polymer, while the core may be
honeycomb, cellular foam or balsa. Skins and cores are
mechanically separable. The properties of these materials
can therefore be modified by tuning the proportion of their
constituents or the properties of the constituents them-
selves. These adjustments therefore make it possible to
achieve the desired properties to meet well identified
applications. This type of structure is more advantageous
than a traditional monolayer structure (metallic, compos-
ite or polymer) because it is characterized by its lightness,
insulation, hardness, resistance to fatigue, flexibility, high
level of rigidity, high flexural strength, low surface density,
etc... Thus, sandwich structures offer great potential to
designers.
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Researchers of oil major Total have developed a new
sandwich material consisting of a foamed polyethylene
(PE) layer between two polyolefin skin layer. The structure
is produced in a process that is called rotational moulding
[1–3], a polymer conversion technology specifically
designed to produce hollow plastics parts. The production
of polymer foam involves the dispersion of gases within a
polymer matrix, with the gas phase being generated from a
physical or chemical blowing agent. A foamed structure in
the rotational molding process requires the polymer matrix
to form a continuous melting phase, minimizing the loss of
blowing gas released into the atmosphere and reducing the
negative effect of incoherent polymer melting on the
morphology of the bubble [4].

This type of sandwich material (skin–foam–skin,
Fig. 1a and b) dramatically increases the bending stiffness
for the same weight. New technology opens the door to
lightweight structures by using polyolefins. It is easy to
imagine its interest particularly for the automotive [5],
aeronautical, storage and transport industries. For exam-
ple with this technology (rotomoulding) an electric vehicle
was produced with a chassis having a skin–foam–skin
structure [5], with skins in BIO-TP Seal

®

. If the process is
perfectly mastered today, building and designing structur-
al parts require knowledge of the behaviour and resistance
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Fig. 1. (a) Photo of the section of a BIO-TP Seal
®

MultiLayer
bottle. (b) Tomography of the section of a PE Multilayer bottle.

2 E. Lainé et al.: Mechanics & Industry 21, 105 (2020)
of such a material and more particular the evolution of
damage under mechanical load.

The tests to characterize the mechanical behaviour of
sandwich structures (or sandwich materials) in static and
dynamic are generally bending (3-point or 4-point) and
impact (weight drop) tests. In the literature, numerous
works on these subjects and describing the different
structures of materials are presented. Here are just a few
of the many works describing the bending characterization
[6–10] and falling weight impact test devices that have been
reported [11–13]. In addition to the knowledge of the
mechanical behaviour of these sandwich structures, the
structural complexity of these ones requires additional
means. Thus, to track the damage on these materials, a
large number of authors mainly used the acoustic emission
(AE) technique.

Acoustic emission has become an important non-
destructive evaluation (NDE) technique in structures
working under pressure by gas or liquid [14,15]. The AE
technique for damage detection in carbon fibre composite
pressure vessels has been evaluated for constant and cyclic
internal gas pressure loading conditions [14]. AE was
capable of monitoring the initiation and accumulation of
damage events in a composite pressure vessel (CPVs), and
it is possible to reliably distinguish carbon fibre breakage
from other microscopic damage events (e.g. matrix cracks,
fibre/matrix interfacial cracks). AE tests performed on the
carbon fibre laminate used as the skin of pressure vessels
revealed that the development of damage is highly variable
under constant pressure, with large differences in the
rupture life and acoustic emission events at final failure.
Burman et al. [16] conducted the study of damage initiation
and progression in cellular foam core sandwich composites
using an acoustic emission. Acoustic characteristics of
mode I andMode II fracture of PVC foam were determined
in Single Edge Notch Bend and End Notch Flexure tests.
Core shear fracture initiation and growth were detected in
four-point bending fatigue tests. Ben Ammar et al. [17]
have investigated the mechanical behaviour under static
and dynamic loadings and have evaluated damage by the
acoustic emission method of two types of sandwich
composite materials.

While some materials, due to their morphological
structures or components (fibres), make it possible to
capture a consequent acoustic activity (AA) during
mechanical stress, the same is not true for thermoset
and semi-crystalline polymeric materials. These materials
are increasingly used in a wide range of applications
(automotive, aerospace, transport...). However, the ex-
treme conditions of use of these materials suggest that new
methodologies are required to monitor deterioration of
their properties in order to predict accurately their lifetime.
Plastic deformation, damage and fracture mechanisms of
semi-crystalline polymers have been extensively studied
[18–22] and particularly for polyethylene [22–25]. Despite
all this work, the characterization of the damage in PE
remains a real challenge. The in situ determination of the
initiation of microstructural plastic events or cavitation
remains challenging and requires complex devices (SAXS,
tomography, etc.). It was used to study these mechanisms
in vitreous polymers [26,27], for example, Ronkay et al. [27]
have recorded the acoustic activity emitted from PET
during tensile tests. The authors attributed the signals to
the formation of cavities, which appear with the neck-
propagation. Nevertheless, Bohse [28] observed very low
acoustic activity during plastic deformation of HDPE and
PP in tensile tests. Qian et al. [29] recorded few AE signals
during the deformation of a wide range of polymers
including semi-crystalline polymers. While it is still
difficult to conclude on the origin of AE signals, this
technique has been used successfully by Galeski et al. [30]
to collect AE signals during the spherulitic crystallization
of semi-crystalline polymers from the melt. The authors
attributed the release of acoustic waves to the formation of
cavitation from melt. In their work, Teófilo et al. [31]
analysed the rupture of poly (ethylene terephthalate)
under tensile and relaxation conditions under stress and in
contact with a sodium hydroxide solution. The use of
acoustic emission, an unconventional technique, proved to
be very useful for monitoring changes in the material
during experiments. The authors were able to detect
phenomena such as shear bands, the formation and
location of cracks, and to assess polymer damage under
different experimental conditions. Acoustic events related
to stresses and deformations were determined for a number
of situations, which is very useful in stress crack failure
analysis. Recently, Casiez et al. [32] have shown for two
types of PE samples that AE may be sufficiently sensitive
to analyse the initiation of plastic strain, including
cavitation, of semi-crystalline polymers above their glass
transition temperature. Finally, Gomez et al.’s [33] study
examined the use of AE techniques to monitor and
characterize the effects of two different chemical agents
(i.e., aqueous detergent and toluene) on the structure of a
semi-crystalline polymer (high density polyethylene,
HDPE) over different exposure periods. The characteriza-
tion of the aged polymer using X-ray diffraction and tensile
tests was correlated to the analysis of AE information
based on signal and parameters.

The results presented in this literature review reinforce
the use of AE assays as a promising technique for
understanding structural changes in polymers. On labora-
tory specimens it is possible to connect the mechanisms
(cavity � plastic strain) with the characteristics of the
acoustic emission signals. On the other hand, very few
studies used these results on the scale of polymer
structures. For the intended application, these studies
respond only very partially to the knowledge of the
evolution of the mechanisms of damage in such a complex
structure.
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The aim of the paper is to characterize the failure
scenarios of a three-layer polymer structure, which does not
exist in the literature, by combining RX and AE. However,
one of the challenges is to verify whether this AE technique
is capable of apprehending damage in a complex polymer
structure of the type manufactured by Total (skin–foam–
skin). More precisely the representative structure used
in this study is a multilayer bottle. The question to be
addressed: is it possible with AE associated with
tomography to obtain information on the damage in a
three-layer structure. The difficulties with this system are:

–
 the complexity of the sandwich structure (skin–foam–
skin),
–
 two different materials (PE foam, PE skins),

–
 different density materials,

–
 the internal environment (water),

–
 the “decimetric” dimensions of the bottle,

–
 the interface skin and foam which present a gradient of
density.

In order to characterize the mechanisms with AE tools
it is necessary to impose a particular protocol. The initial
step is to identify the first acoustic signal associated with
the first appearance of damage. Consequently, an analysis
of the acoustic emissions during a tensile test can be carried
out on polymer specimens which constitute the skin of the
sandwich material and serve as a benchmark. At the scale
of the structure different loading–unloading internal
pressure should be applied on a multilayer bottle equipped
with multiple sensors. A second challenge is to locate the
area of the first damage in a complex multilayer structure.
To link these signals to the damage, tomographs of the
bottles in the initial state are compared with the scans
made after each interruption of a test.

In the following paragraph, the material samples and
structure, experimental systems and acoustic emission
sensors are presented in detail in the experimental
procedure paragraph. The results and discussions para-
graph presents the results of the tensile test and the three
specific protocols applied to the bottle before concluding.
The tensile allows characterizing the parameters corre-
sponding to initiation of damage (correlation). In the first
experiment on the structure, the pressure is increased and
the test is stopped when the first event appears. Loading–
unloading steps with an increase of pressure are applied
during the second test, the aim is to identify the first
failure of a skin and its location. In order to identify the
kinetics of damage a growing load is applied until
breaking.
2 Material and structure

2.1 Material

The material is Lumicene
®

mPE M4041 UV which is a
new generation metallocene medium density polyethyl-
ene (mMDPE) with hexene as comonomer having a
density of 0.940 g/cm3. The structure is produced by
rotational moulding, a polymer conversion technology
specifically designed to produce the foam with a density
of 0.200 g/cm3.
A second material is obtained by combining polylactic
acid (10% PLA) with polyolefins (Lumicene

®

mPE M4041
UV). Developed by Total in collaboration with Persico,
BIO-TP Seal

®

features innovative structural character-
istics and ensures a superior glossy finish. Now components
that require high surface shininess can be manufactured
using rotomoulding. This last material has a rigidity about
20% higher than the Lumicene

®

mPE M4041 UV.
The tensile test specimens that are tested in this work

are extracted frommonolayer rotomoulded bottles with the
Lumicene

®

mPE M4041 UV material.

2.2 Structure (bottle)

A sandwich structure consists of a foam layer between two
layers of polyolefin skin. The first two bottles tested are the
sandwich structure consisting of a foamed polyethylene
(PE) layer between two PE skin layers. The third bottle
tested is the sandwich structure consisting of a foamed
polyethylene (PE) layer between two BIO-TP Seal

®

skin
layers. More precisely the dimensions of multilayer bottles
are: height 330mm, width 200mm and depth 140mm
(Fig. 2a–d). The section of the bottle is rectangular, the
bottom is slightly curved and the edges have external and
internal curvature radii of 15mm and 5mm, respectively.
For bothmaterials, the skins and foam have a thickness of 2
and 10mm, respectively. A threaded tip is present at the
top of the bottle. It is removed by machining here to install
the jaws that maintain and seal the bottle during pressure
testing (see next paragraph � Fig. 4).

Remark: this is a reference test structure for the
company Total. It is used during the development of new
materials to define and optimize the process parameters, to
extract specimens for a thermo-mechanical characteriza-
tion and to perform tests under different loading cases
(creep, etc.).

3 Experimental procedure

3.1 Tensile tests

Uniaxial tensile tests were performed in an Instron Testing
machine 1195 which is equipped with a 500N load cell.
Temperature was regulated at a constant value (±1°C).
The tensile tests are carried out at one constant strain rate
1.75� 10�3 s�1 with the Videotraction system and
performed at ambient temperature. Strains are computed
from the displacement of four marks laid at the surface of
the specimen using the Videotraction

®

software (distrib-
uted by ProViSys Engineering, France). During tests, the
four marks are followed in real time by a CCD camera
(resolution 800� 600 pixels and frame rates 1.875–15 fps).
The logarithmic longitudinal (el) and transverse (et) strains
are calculated following equation:

el ¼ ln
L

L0

� �
¼ ln

�
1þ DL

L0

�
; ð1Þ

et ¼ ln
W

W0

� �
¼ ln 1þ DW

W0

� �
; ð2Þ



Fig. 2. (a) Bottle tomography. (b) and (c) Two transverse sections tomography. (d) Tomography of a longitudinal (bottle axis)
section of the bottle.

Fig. 3. (a) Positioning of the bottle on the test machine. (b) and
(c) Specific assembly.
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where L and L0, W and W0 respectively stand for the
current and initial distance between longitudinal and
transverse (in width direction) marks, DL and DW the
increments of these values.

The longitudinal Cauchy stress (or True stress) is
calculated following (3), in isochoric framework and
assuming isotropy of transverse strains (in width and
thickness):

sn ¼ F

S
¼ F

S0

1

expð2etÞ ; ð3Þ

where S0 is the initial cross-section area, S is actual cross-
section area and F is the current axial load.

3.2 Structure experimental methodology
(ENDOMAT)

The experimental test bench Endomat (Fig. 3a) imple-
ments a mechanical testing machine tri-axial, including
tensile-compressive, torsion and internal pressure. The
limit values of the machine are 1200 kN in tensile-
compression, 55 kN in torsion and 1200 bar in pressure test.
The dimensions of the testing machine equal to 700� 700�
1800mm with a volume of 882 L allow fastening large-
dimension structures on the bench test.

In this work, only pressure loading is used. The
tension-compression axis is locked during all tests to
position and maintain the bottle during testing. As of the
pressure axis, it has two devices in parallel, each
transforming the hydraulic power into oil to the hydraulic
power circuit and into water in contact with the structure
to be tested. The first is a transfer accumulator (oil or
water) that transfers the pressure supplied by the oil
circuit with a storage tank (hydraulic operating pressure:
300 bar). The pressure transfer ratio is 1 but this system
has the advantage of providing high flow rates (about
the volume: 24 L; rates of steering servo: 520 L/min and
75 L/min) responding to problems of the large deforma-
tion of test structures. The second device is a booster that
increases the pressure by four, thanks to the piston
surfaces. The system can convert the oil operating
pressure from 300 bar to 1200 bar in the water circuit,
but at a lower rate (volume: 5 L; rates of the steering
servo: 20 L/min). The bench test is composed by recent
devices electronic piloting DOLI, which require the
monitoring of PID to control the individual axes in effort
for each study conducted.



Fig. 4. (a) Schematic for the configuration of AE sensors and Markers on a tensile test specimen where dimension are given in
millimeters. (b) and (c) Tensile test on PE specimen.
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A specific assembly (Fig. 3b and c) has been developed
to connect the bottle to the test bench, allowing
positioning, maintenance and sealing during an internal
pressure test. With this system, the bottle can be loaded
with mechanical compression and internal pressure in
different ways: monotonous, load–unload, creep, fatigue
(cyclical). In addition, it is possible to couple mechanical
compression and internal pressure.

3.3 Acoustic emission
3.3.1 Acoustic emission for tensile test

A two-channel PCI-2 from Mistras Group is used to record
AE signals during tensile tests. The test is carried out with
two “micro80” piezoelectric acoustic sensors with a PAC
1220 A preamplifier with a gain of 40 dB. The acoustic
emission signals are recorded by 2 piezoelectric Micro-80
type differential sensors, 100 kHz–1MHz bandwidth and
10mm diameter, positioned on the tensile specimen with
silicone grease and fixed by adhesive tape (Fig. 4). When
recording AE signals, the user sets a detection threshold
(35 dB) below which no signal is recorded. The amplitude
distribution is 0–100 dB (0 dB corresponds to 1mV at the
transducer output). The acquisition system is calibrated
before each test using the mine breakage procedure [34,35].
This test makes it possible to estimate the propagation
velocity and attenuation of acoustic waves in the material,
which is 2000m/s.

It should be noted that the elastic waves detected by the
AE sensors and converted into a useful signal can also be
called hit. The characteristics of a signal are well known
such as duration, rise time and amplitude. Using two
sensors, our setup enables linear location of AE signals
along the gauge length of the specimen (Fig. 4a). The
difference between the arrival times of a given wave at each
sensor Dt=(t1� t2) is calculated, and it is possible to
determine the distance from the sensors of the AE signal
assuming it occurred on the median line joining the centre
of the two sensors, if mechanical damping is limited.
Besides, only the signals whose intensity is big enough to
reach both sensors can be localized and situated along the
specimen. Hence, the signals are divided into two
categories: the non-localized signals (so called “AE hits”)
and the localized signals (so called “AE events”). The
position P of those AE events is estimated according to the
following relation:

P ¼ V ðt1 � t2Þ: ð4Þ

3.3.2 Acoustic emission for structural tests

An 8-channel Mistras Group 8-channel Express System is
used to record AE signals during bottle testing. Damage
monitoring is carried out using the acoustic emission
measurement. All tests are carried out with eight
piezoelectric acoustic sensors with a PAC 1220A pream-
plifier with a gain of 40 dB presented in previous paragraph.
These are positioned on the bottle with silicone grease and
fixed by adhesive tape (Fig. 5).When recording AE signals,
the user sets a detection threshold (32 dB) below which no
signal is recorded. In the same manner the propagation is
evaluated by mine breakage procedure [34,35]. Time-
dependent parameters, such as amplitude, energy, dura-
tion, rise time, number of counts, etc., are calculated in real
time by the acquisition system. Directly related to the
shape of waveforms, these characteristics are widely used
for AE analysis. In addition, we synchronized the
acquisition of the internal pressure applied to the bottle
(signal 0–10V).

The position of the sensors is in “square” (Fig. 5) on the
two main sides. Special attention has been paid to the
positioning and contact between the outer skin (PE or
BIO-TP Seal

®

) and the sensors by applying more force to
them when inserting with silicone grease and tape strips.
Acoustic response has been improved by this procedure.
Thus, different location groups have been defined:
–
 a group for localization according to the 8 sensors: 3D
localization (minimum 4 sensors),



Fig. 5. Positioning of EA sensors (Test 1 and Test 2).
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–
 two groups for each large face (1,2,3,4) and (5,6,7,8): 3D
localization but according to a plan (minimum 3 sensors),
–
 four groups for each edge (1,2) (3,4) (5,6) (7,8): linear
localization (minimum 2 sensors),
–
 in order to possibly capture AE events during the tests.

3.3.3 AE parameter analysis

The first analysis that can be done during a test with
acoustic emission is to represent the set of signals recorded
in the amplitude � number of counts. This representation
must be free of signals in the upper left and lower right
corners in order to validate the system acquisition
parameters. Signals with a small amplitude and a large
number of counts correspond to mechanical noise, those
with a large amplitude and a small number of counts
correspond to electromagnetic noise [36].

On the other hand, AE parameter-based method
(parameter analysis) has also been applied to crack
classification based on the JCMS-III B5706 code [37] of
which results were confirmed under the four-point bending
tests and the direct shear tests of concrete specimens [38].
In order to classify active damage, AE parameters of the
rise time noted tr (ms) and the maximum amplitude
Amv (Volts) are applied to calculate RA value (ms/V), and
the average frequency notedA-FRQ (kHz) is obtained from
AE count AEC and the duration time td (ms) as:

RA ¼ tr=Amv; ð5Þ

A-FRQ ¼ AEC=td: ð6Þ
The maximum amplitude AmdB in decibels of an AE

signal in time domain is given by the following formula:

AmdB½dB� ¼ ð20 logAmv10
6½mvolt�Þ �G; ð7Þ

where the voltage in mvolt is Amv and G is the preamplifier
gain. From these two parameters (RA value and the
average frequency), it is possible to classify mechanisms
manifesting themselves in different families of materials.
For example, cracks are readily classified into tensile and
shear cracks for concrete [38]. These parameters will be
analysed for the different protocols. However, a defined
criterion on the proportion of the RA value and the average
frequency for crack classification has not been confirmed
[38]. Finally, two other parameters can be analysed: the AE
signal count (N) and amplitude (Amv). In general, the AE
signal count (N) and Amv amplitude in mV show the
following relationship [39,40]:

N ¼ aAmv
�m; ð8Þ

where a and m are constants [40]. In the equation m is
negative, implying the AE signals of large amplitude are
observed less often than those of small amplitude. For
fatigue crack growth of a steel material, it is reported that
m≈ 2 [41]. Yamabe et al. [40] determined thatm=1.8 from
the rubber material for the static growth test. Thus, they
conclude that since the value m obtained from the static
growth of rubber is consistent with that obtained from the
growth of fatigue cracks in steel, this value is considered to
be related to failure behaviour, i.e., crack growth [39].

In the case of polymers, damage modes are reduced, the
mechanisms that can generate acoustic waves are visco-
plasticity (high speed), cavitation� coalescence� tearing.
At the scale of a complex structure, damping increases the
difficulty and does not permit to analyse counts and events.
In order to propose in this work a first classification for
damage in a polymer structure, principally the classical AE
descriptors are analysed as the RA value and the A-FRQ
and the parameters of equation (8).

4 Results and discussions

4.1 Evaluation on tensile specimen

During the tensile test on the Lumicene
®

mPE M4041 UV
specimen, 24 AE events and 357 AE hits located in the area
between the sensors are emitted and distinguished during
acoustic emission recording. Figure 6a shows the number of
counts as a function of amplitude. By observing the
distribution, it appears that the measurements are reliable
and are therefore not due to mechanical noise and/or
electromagnetic noise. Figure 6b first shows the time
evolution of load and true stress on total duration of the
tensile test. The amplitude of the received acoustic signals



Fig. 6. (a) Number of counts vs amplitude. (b) Amplitude vs time, load and true stress vs time.

Fig. 7. (a) True stress and (b) true transversal strain and cumulative AE events and AE hits vs true longitudinal strain (5% max).
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is superimposed. In relation to the load curve three zones
are distinguished: the first from the beginning of the test to
the maximum of the load corresponding to first damage
(cavitation) and the neck initiation, then the second zone
corresponding to the decreasing force (neck location) and
finally the third where we observe the load plateau
corresponding to neck propagation [42]. The amplitude
of the acoustic signals is between 35 and 60 dB. There is a
decrease in the mean amplitude during the test. The
maximum is reached in the first zone, well before the neck
initiation. When mechanical loading increases acoustic
emissions are mainly generated between the first knee of
the load curve and the point of maximum load. This
corresponds to the development of cavitation in the useful
zone. During the evolution of necking phase, activity AE
strongly decreases and signals have lower amplitudes (35 at
40 dB). The parameters of the signals are correlated with
each other by plotting the amplitude according to the
number of counts, this distribution is similar to [32], when
the amplitude increases the number of counts increase. The
acoustic data measured during this test are in perfect
agreement with those measured by Casiez et al. [32].

For better correlation between the cumulative acoustic
signals counts (AE events and AE hits) and the tensile
properties, the true stress-true strain curve (Figs. 7a and 8a)
and the true transverse strain-true longitudinal strain curve
(Figs. 7b and 8b) were plotted on the same graph by
converting time into strain (the deformation speed being
constant 0.175%/s). Figure 7a and b are a zoom (the first
5 percent of strain) of the curves shown in Figure 8a and b,
respectively. For both curves (Fig. 7a and b), the slope at the
origin makes it possible to capture the loss of non-linearity
(straight in dashed line). Thus, for true stress-true strain
and the true transverse strain-true longitudinal strain
curves, the original slopes represent the elastic mechanical
parameters of the material which are, respectively, the
modulus and the Poisson’s ratio. It appears that the first
acoustic signals (AE hits and AE events) appear at about
≈0.6% true longitudinal strain and a stress of ≈5.5MPa.
No AE signal is detected during the linear phase of
load curve. More precisely, as soon as the linearity between
true stress and true strain, and, true transverse train and
true longitudinal strain is lost, the first AE hits (and AE
events) appear. There are 5 AE events at the beginning
of the true stress-true strain curve (Fig. 8a), with almost
the highest amplitudes and the rest after the necking
with lower amplitudes. From about 25% strain, which
corresponds to zone 2 where the force decreases (neck
localization), the number of AE signals decreases
strongly. This is seen in Figure 8a and b where the curves



Fig. 9. Tensile specimen � average frequency vs RA value. (a) Zone 1 (Fig. 6b). (b) Zone 2 (Fig. 6b). (c) Zone 3 (Fig. 6b).

Fig. 8. (a) True stress and (b) true transversal strain and cumulative AE events and AE hits vs true longitudinal strain (100%).
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representing the cumulative number count of AE hits and
AE events, respectively, tend towards a plateau.

Figure 9a–c shows A-FRQ as a function of the RA value
of each acoustic signal for zones 1, 2 and 3 defined in
Figure 6b, respectively (the limits of the axes of this graph
are set in order to discriminate the damage and to be able to
compare easily with the results on bottles later on). These
figures show that for a tensile test, the vast majority of AE
signals have a high A-FRQ value and a low RA value.
Unlike concrete, no studies to our knowledge have tried to
use these parameters to classify damage. Obviously, a
single test is not enough, especially a tensile test. However,
it can be observed two sets: AE with high amplitude and
high A-FRQ (RA value low) and those with low amplitude
and High A-FRQ.

For other materials (concrete for example) tested under
different loads, work in the literature showed that it was
possible to distinguish two damage modes by a line
separating the high A-FRQ and low RA value and the low
A-FRQ and high RA value. This line is naturally material
dependent. However, no work to date has given any
indication on the slope of this line for a polymer. We
arbitrarily choose the case that the proportion of the RA
value and the average frequency is set to 1:20 as shown in
Figure 9a–c. The majority of the signals are above this
straight line, the few signals below correspond to the events
at the end of loading when the necking unfolds with large
values of longitudinal strains. Figure 10a and b shows the
evolution of RA value and A-FRQ as a function of time
with the superposition of the load and the three zones of
evolution of the damage respectively. In Figure 10a and b,
the dots correspond respectively to the RA value and to the
A-FRQ of each AE hit while the solid line is the moving
average of the recent 20 hits in order to show the trend
clearly. The moving average line of the RA value in
Figure 10a shows an increase in the RA value from 0.4 to
1.1ms/V in zones 1 and 2 and a smaller increase from 1.1 to
1.25ms/V in zone 3. Themoving average line of the A-FRQ
in Figure 10b shows an initial value close to 200 kHz. In the
first zone, this line decreases to 150 kHz and then increases
with a peak at 250 kHz at the beginning of the striction
(neck initiation). In zone 2 this value oscillates between 150
and 250 kHz, then decreases constantly in zone 3 to reach
an average value of 100 kHz.

Figure 11a shows the number of AE signal counts for
each amplitude in mV. For amplitudes between 35 and
42 dB (corresponding to 5.6 and 12.6mV respectively in the
Fig. 11a), the number of AE signal counts are close and it is
possible to pass through these points a horizontal line
(Fig. 11a). On the other hand, above 42 dB (corresponding
to 12.6mV), the distribution of the signals is such that the
number of signals with a given amplitude decreases
proportionally with the increase in their amplitude
(Tab. 1, Fig. 11a). This evolution can be represented by



Fig. 10. Tensile specimen. (a) RA value and load vs time. (b) Average frequency and load vs time.

Fig. 11. (a) Relationship between AE signals count and AE amplitude obtained from static tensile test. (b) Abs energy and true stress
vs time.

Table 1. Distribution of the AE signals according to the amplitude level in the three areas of the tensile test.

AE events AE hits

35–42 dB >42 dB 35–42 dB >42 dB

Zone 1 First damage (cavitation) 0 5 107 97
Zone 2 Neck location 10 7 91 43
Zone 3 Neck propagation 0 2 12 7
Total 10 14 210 147
Total 24 357
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equation (8) with a value m of 1.90. The amplitudes less
than 42 dB, a plateau appears in the AE signals count�AE
amplitude plane. With regard to the tensile test, the
recordings were not performed until the specimen failed but
only at 100% strain. Thus, only the initiation of damage
(high amplitudes in zone 1) and its coalescence tearing in
zones 2 and 3 (<42 dB) are observed. It is very likely that if
the test had been performed to failure, the tear would have
generated additional signals in the 35–42 dB range. This is
why we observe a plate that does not correspond to a
mechanism but the consequence of a test stopped at 100%
strain.
4.2 Characterization of first damage on a sandwich
structure (bottle)

The objective of this first test on structure is to try to
identify the relationship between the very first acoustic
signals and the local damage in the bottle under increasing
internal pressure. In order to determine this relationship,
the test is interrupted as soon as the first acoustic signals
are received. At each interruption, the bottle is disas-
sembled, emptied and scanned in order to localize the first
damage and then reassembled on the test bench to continue
the test. One of the major difficulties of this procedure is to



Fig. 12. Test 1. (a) Pressure and sensors vs time. (b) Amplitude and cumulative AE signals count vs time.

Fig. 13. Test 1. (a) Number of counts vs amplitude (dB). (b) Relationship between average frequency and RA value.
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reposition perfectly between each test bottle and especially
the acoustic sensors.

At the first loading, acoustic signals (only AE hits) are
received on sensors 1, 2, 5 and 7. The maximum pressure is
2 bar. The exploitation of tomography does not provide any
information to establish a link between the first AE hits
and local degradation of the inner or outer skin. A second
charging is carried out up to 5 bar and stopped when two
acoustic signals appear on the monitor. Similar to the
previous tomography it does not provide any information.
The third test is interrupted very quickly because an AE
signal appears at 1 bar. But once again, nothing is observed
visually or by imagery. These first hits are either due to
very local damage or to noise from the machine. However,
the characteristics of the signals are very close to those
observed at the point of loss of linearity in the traction
curve. The signals have a very low RA value and a high
A-FRQ. Of course, it is not possible to completely exclude
machine noises but the comparison with the first events
under traction is convincing enough to associate these
events to the initiation of the first damage in the
same manner as the tensile test. In this case, the
tomography is not precise enough to locate and observe
the consequences of these mechanisms which should be
cavitation mechanism.
For the fourth load, it is envisaged to go up to 5 bar, and
to continue by steps of 1 bar according to the detection rate
of acoustic signals (Fig. 12a). An acoustic activity (AA)
already appears between 4 and 5 bar on sensor 1 and then
on sensor 3 between 5 and 6 bar (Fig. 12a). The test
continues with a constant bearing at 6 bar. In addition to
sensor 1, acoustic signals are received by sensor 3. The test
is interrupted after these 10–11 hits to scan the bottle again
because as already stated, the aim is to correlate the AA
and damage, and thus avoid an excessive breakage of a
skin. At the end of the discharge, 2 new hits can be seen on
sensor 1 with a slightly higher amplitude. Figure 12b shows
that during pressure relief, the acoustic activity accelerates
slightly (9 hits between 400 and 1000 s) with a higher
intensity because the signal exceed 40 dB. Note that the
other sensors (2,4,5,6,7,8) did not perceive any acoustic
signals during the test. This first test suggests that the first
hits are either the signature of the initiation of the first
damage or perhaps parasitic machine and assembly events
that are recorded with the required filtering (Fig. 13a). The
first hits at 40 dB are well in tune with wall breaking
mechanisms, which are the first mechanisms that appear
during pressure build-up. The distribution of hits in
Figure 13a are similar to those measured under tensile
stress. The A-FRQ and RA characteristics match to



Fig. 14. Test 1. Bottle � location of rupture zone.

Fig. 15. Test 1. Section A of Figure 14–location of rupture zone.
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distribution of initiation of damage under the traction
tests. It seems reasonable to associate these hits to
initiation of damage and the first small crack in inner skin.

An analysis of acoustic emission suggests that they are
located between the sensor pairs 1-2 and 3-4, and very close
to sensors 1 and 3.The tomography images of this area show
that the inner skin of the bottle is beginning to damage
itself (Figs. 14 and 15). A small crack has appeared in an
area where the skin thickness is very thin, next to initial
cavities at the skin/foam interface (Fig. 14). It is important
to note that not all thinner areas are subject to this level of
load damage. The first damage appeared near the bottom
curvature, it is a more complex stress area than the bottle
walls. No local breakage is observed on the opposite side
(sensors from 5 to 8). The 20 hits captured during this test
are distributed on the two sensors 1 and 3, respectively, 16
and 4 hits. Locally measured cracks are 7.4mm for crack 1
and 1.7mm for crack 3. It is very likely that crack 2 between
sensors 1 and 3 is not captured. If a link can be made
between the number of hits and the length of a crack, then
we see that here the ratios are very similar, so this ratio is
0.463 for crack 1 and 0.425 for crack 3. Figure 13b shows
that the signature of these hits are very close to those
observed in the damage phase of the specimen in traction.
All points are above the slope line 20.

4.3 Identification of failure of a skin (bottle)

In order to identify the critical load in relation to the failure
of the inner skin, it is necessary to apply pressure (load-
discharge) to the new bottle in steps of 1 bar from 4 bar
onwards. Figure 16a shows that the test and measurements
of acoustic signals are not a priori disturbed by external
noise (mechanical and electromagnetic). Figure 16b shows
that the first hits appear at the end of the fourth load,
between 6 and 7 bars, just before the tray. The four sensors
(1,3,5,7) placed at the top of the bottle (Fig. 5) and only
sensors 2 and 4 placed at the bottom of the bottle received
acoustic signals. The signals are mainly between sensor
pairs 1-2 and 3-4 (Fig. 17). Lower activity was observed on
corners 5-6 and 7-8 and sensors 6 and 8 did not detect
acoustic signals. Either they were incorrectly positioned or
the intensity was too low to be detectable in these areas due
to high damping of polymer. However, Figure 18 shows
that the cracks at angles 5-6 and 7-8 are the smallest,
respectively 55 and 60mm.Moreover, the distance between
their ends and sensors 6 and 8 is still high, which does not
allow acoustic signals to be detected. However, sensors
2 and 4 picked up signals and their quantities are
proportional to the length of the measured cracks and
especially to the position of their end. Indeed, the crack
between sensors 3 and 4 is the longest, and sensor 4 is the
one that detected the most hits. Finally, note that the
amplitudes remain low since all the hits are below 45 dB
with 93% of the population between 32 and 40 dB.

After the fourth cycle a scan of tomography has been
performed. In Figure 18, it can be seen that the inner skin
actually shows multiple cracks on the height of the bottle,
which are located on the face that has expanded the most
and close to the corners with different lengths (27mm+
28mm between sensors 5 and 6, 86mm between sensors 1
and 2, 115mm between sensors 3 and 4). Following the
analysis of the tomography (Fig. 19), in the positioning
section of the four sensors placed (section B in Fig. 19) at
the top of the bottle, there are four luminous zones in the
corners of the bottle, but on the side of the large face
(those which inflate during the loading under pressure).



Fig. 16. Test 2. (a) Number of counts vs amplitude (dB). (b) Pressure load–unload in 1bar steps vs time � Amplitude of signals on
different sensors vs time � cumulative AE signals count vs time.

Fig. 17. Amplitude of signals on different sensors.
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Fig. 18. Tomographs of the bottle after test 2.

Fig. 19. Tomography of bottle section after test 2.

Fig. 20. Test 2 relationship between average frequency and RA value for each sensors.
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This corresponds to water infiltration at the foam level,
which confirms that the internal skin is locally damaged.

However, in Figure 18, where the bottle is cut
approximately 25mm above the sensor positioning plane,
it appears that only the cracks located in corners 1-2 and
3-4 and to a lesser extent in corner 5-6 have propagated
since highlighted areas are present. However, they are less
widespread than the areas located in section B. Finally, at
the level of the positioning plane of the other sensors (2, 4,
6, 8), section A on Figure 19, no sign indicates the presence
of water at the level of the foam. Section B (Fig. 19) of the
bottler is the near area where there is the most swelling due
to internal pressure. Thus, the crack opens and thus water
can penetrate into the foam part.

Compared to the previous test, the analysis of the
acoustic emission signals shows that lowA-FRQ and strong
RA value hits appear, which correspond to the character-
istics of the events observed under large strains in a tensile
test. The tomography showed a tearing of the inner skin,
unobservable in the previous test, consequently it is
reasonable to associate these new hits to the spread of
damage. This propagation involves localization of defor-
mations and tearing. In Figure 20, as many hits with low
and high RA values are generated which is a link to the
process area with cavitation followed by propagation
(tearing).
4.4 Generalisation to other polyolefin

A monotonous load test under internal pressure was
performed on the BIO-TP Seal

®

bottle. Finally, for this last
test, the positions of the sensors are modified in order to
improve the location of the information on the bottle by
AE. This change allows comparing the capabilities of two
different positioning of sensors. Thus, the sensors are
positioned in a “triangle” (Fig. 21) to locate the acoustic
signals as accurately as possible because the localization
system works by calculating the time difference of the
acquisition of a wave for two different sensors. If the system
is symmetrical, localization is even more difficult. After
configuration and adjustment of the device, event location
is possible on the outer skin of the bottle. Finally, the
sensors are positioned as close as possible to the rupture
zones detected by previous tests in order to optimize the
reception of the acoustic sensor signal.

Thus, from 6 bar pressure (Fig. 22b), the AE signals
intensify rapidly (Fig. 22b) andmainly on sensors 1, 2 and 3
(Fig. 23), but no activity of sensors 4, 5, 7 and 8 and a very
low activity of 6 is observed. After disassembly of the entire
assembly (bottle and specific assembly) of the machine,
then after removing the specific assembly and completely
emptying the bottle, it is visible that the inner skin of the
bottle has several important cracks (Fig. 24). Thus, the



Fig. 21. Positioning the sensors in a «triangle».

Fig. 22. Test 3. (a) Number of counts vs amplitude (dB). (b)Monotonic test under internal pressure� internal pressure, amplitude vs
time and cumulative AE signals count vs time.
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visual observation of the inside of the bottle leads us to
notice that two cracks on the bottom of the bottle (at the
level of the edges) and one on a vertical edge appeared.
Contrary to the previous bottle, the rupture zones here are
really located at the edges, i.e. in the angle (Fig. 24).

It is not easy to associate the AE signals detected by
sensors 1, 2 and 3 with damaged areas. However, depending
on their initial positions on the bottle, the number of costs
captured by the sensors and the rupture zones observed, it
is possible to perform the following analyses:

–
 Sensor 1 mainly detected the crack along the vertical
edge notedA with amplitude up to 55 dB and secondary
damage to the large horizontal edge.
–
 Sensor 2, which captured the least cost than sensors 1 and
3, appears to have perceived acoustic activity from the
small horizontal 2 and/or vertical edge A and B. It is
difficult to make a decision here, as this sensor is almost
at an iso-distance from both edges.
–
 Sensor 3, which is also located at almost the same
distance between the damaged edges.

The maximum amplitudes measured by the sensors are
in accordance with their positions. Thus, the maximum
values are approximately 55, 40 and 45 dB respectively for
sensors 1, 2 and 3. This obviously indicates the importance
of the positioning of the sensors in relation to the location of
the damage. On the other vertical edges no damage is
observed, which may explain why the other sensors
(4,5,7,8) did not detect any signals. In view of the damage
areas, it is reasonable to assume that, although the signals
are weak, sensors 3 and 6 (Fig. 24b) have detected damage
to the horizontal edgesB andC of the bottom of the bottle
(Fig. 23). Since it is likely that the signals perceived by
sensor 1 correspond to the damage to the vertical edge but
also to the two horizontal edges of the bottom of the bottle.
Although the position of the sensors has been changed, it is
difficult to localize the rupture zones perfectly. Despite it
is a different polyolefin, one finds a very similar scenario,
the observations with Ray-X are identical (Fig. 24a)
and the AE signals present the same characteristics with
the distributions A-FRQ function of RA value similar
(Fig. 24b).
5 Discussion

In the first test on structure, it was shown that with the
very first hits, it was possible to detect the first damage
originating at the level of the initial defects in the bottle.



Fig. 23. Amplitude of signals on different sensors.

Fig. 24. (a) Photo of the inside of the bottle after testing and disassembly areas of breakage of the inner skin of the bottle.
(b) Relationship between average frequency (A-FRQ) and RA value.
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Indeed, the thin thickness of the inner skin, subjected to
internal pressure, generates in these localized areas a
significant deformation gradient which should be condu-
cive to cavitation. Once areas weakened by damage open, it
seems that the inner skin is under the effect of pressure and
therefore localized swelling tears. After these localisation
propagates in the structure. For this test, where the
objective was to interrupt the test as soon as the first hits
appeared, it appears that the chosen classification is
completely consistent. Thus, the high A-FRQ and low RA
values are similar to those observed in the tensile test.

The second test on structure was intended to go a little
further in the fracture without a total fracture of the
structure. The results showed that there was a match
between the hits detected by the sensors, the position of the
sensors, the position of the cracks and their lengths.



Table 2. Results of the crack classification (%) � Test 1.

Sensor Number of hits Initiation Tearing

1 16 100.0 0.0
3 4 100.0 0.0

Fig. 25. Relation between load and crack generation on the time domain � Test 3.

Table 3. Results of the crack classification (%) � Test 2.

Sensor Number of hits Initiation Tearing

1 12 50.0 50.0
2 23 82.6 17.4
3 2 0.0 100.0
4 88 52.3 47.7
5 7 42.9 57.1
7 3 100.0 0.0

Table 4. Results of the crack classification (%) � Test 3.

Sensor Number of hits Initiation Tearing

1 1703 54.7 45.3
2 74 55.1 44.9
3 230 52.0 48.0
6 18 50.0 50.0
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In test 3, one can imagine that the initiation of the
damage originates in the angle at the intersection of the
three damaged edges. Sensor 1 has themost AE hits (1703).
The sensor is farthest from the damage areas. As it is not
possible to know where the hits come from compared to the
breakthrough propagations; it should be then looked at
these results as a whole. Thus, for sensors 1, 2 and 3, the
average is about 50% for initiation and 50% for tearing. For
sensor 6, which is the only one to have picked up acoustic
activity due to the start of damage in the opposite angle to
the three sensors 1, 2 and 3, the proportions between
initiation and tearing are in adequacy between what was
observed previously.

Tables 2–4 quantify the number of hits associated with
each phenomenon (initiation–tearing) separated by the
slope line 20 that has been chosen. In the case that the
proportion of the RA value and the average frequency is
set to 1:20 as given for test 1 (Tab. 2) a total of signals
related to damage initiation are observed as for the tensile
test. For test 2 (Tab. 3), sensors 2 and 7 detected a
majority of signals related to damage initiation, the ratio
of initiation becomes 82.6% and 100% respectively and
17.4% and 0% AE hits are classified as tearing. On the
other hand, sensors 1, 4 and 5 measured a distribution of
about 50%. Finally, in test 3 (Tab. 4), for all sensors, there
is a perfect distribution of AE hits of about 50% for
initiation and tearing. Some cases are 100% but for a very
small number of hits on the corresponding sensor. Test 2
was interrupted after 135 AE hits, 111 of which were
captured by sensors 2 and 4, placed at the bottom of the
bottle (Tab. 3). According to test 1, the damage is
initiated approximately at the mid-point of the bottle.
Although sensors 1, 3, 5 and 7 are closer to these areas,
sensors 2 and 4 have the most hits.

The correlation of the other AE parameters (e.g.
energy, duration time as a function of amplitude) did not
allow the separation of distinct families of damage
mechanisms. In addition, tomographic observations show
cavitation and tearing in the case of the bottle. The two
parameters used (RA value and A-FRQ) for other
materials that are very different from the point of view
of their microstructure (concrete) made it possible to
understand the sequence of the initiation of small damages
and the propagation of tears.

From the point of view of the kinetics, Figure 25 gives
the temporal evolutions of the numbers of counts, relative
to the two mechanisms during the test, a perfect
synchronization of the signals is observed with the curves
of the phenomenon of initiation in advance of phase of that
of spread, this point correspond to evolution in the
structure of process zone.

Figure 26 shows the AE event count (N) and amplitude
(Amv) obtained from the bottle during the static internal
pressure test. The data atN≥ 1 was plotted, since a few AE
signals were generated due to the swelling process. From
equation (8), the value of the coefficientm can be identified
directly from the points in Figure 26.



Fig. 26. Relationship between the number of AE signals and the
AE amplitude obtained from tensile test and bottle tests.
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For the tensile test, the value ofm is 1.90 for amplitudes
greater than 42 dB (12.6V). For tests 1, 2 and 3 on bottles,
where there was sufficient acoustic activity to exploit
these quantities, the value of m is 1.90, 1.90 and 1.88,
respectively. Fracture behaviour is correlated with this
slope, consequently the value obtained for this semi-
crystalline material is representative of crack growth on
energy that is between steel and rubber. For fatigue crack
growth of a steel material, it is reported that m ≈ 2 [41].
Yamabe et al. [40] determined thatm=1.8 from the rubber
material for the static crack growth test.

6 Conclusions

The tests were carried out on tensile test specimens and
bottles. The effect of the size of the structure and the effect
of the propagation medium on the generated waves and
recorded descriptors are not taken into account. The
number of sensors was not sufficient to perform such an
analysis. However, the comparison of the structural test
records with those of the tensile test is relevant. The
distance between the sensors and the acoustic signals is in
areas of similar dimensions. In addition, due to the very
high damping of the polymer material, the sensors can only
record signals located nearby and therefore equivalent to
those of the tensile test. The scenario of rupture of the
internal skin of the sandwich structure (bottle) subjected
to an internal water pressure is proposed on the basis of a
crossing of AE measurements and radiological observa-
tions. Three tests on this bottle with polymer skins such as
PE show that the use of AE can capture structural damage
and/or failures. These results are concretely complemen-
tary to the work of the literature [28–32]. The passage from
a tensile specimen to an industrial sandwich structure
(rotomoulded bottle) is therefore validated. In a complex
environment (water under pressure), with a PE sandwich
material, it is possible to detect the first stages of damage at
6 bar and the propagation of cracks up to the high breaking
stage of the inner skin with acoustic emission. The study of
acoustic signals in association with X-ray observations
correlated the RA and A-FRQ parameters with the
mechanisms. Although the waveforms were not saved
during the tests, the use of AE parameters such as energy
and duration time did not provide additional information
to classify initiation and tearing. In addition, the damping
of the material and structure makes their analysis very
difficult. At this stage, no proposals have been made in the
literature for polymers and even less for polymer sandwich
structures. This work initiates a new approach that will
have to be confirmed in the future by additional tests
(shear, crack growth, etc.) in order to complete the
understanding of the evolution of the damage.

Nomenclature
el
 Logarithmic longitudinal strain (%)

et
 Logarithmic transverse strain (%)

sv
 True stress (or Cauchy stress) (MPa)

td
 Duration time td (ms)

tr
 Rise time (ms)

AmdB
 Maximum amplitude (dB)

Amv
 Maximum amplitude (Volts)

RA
 RA value (ms/V)

A-FRQ
 Average frequency (kHz)

AEC
 AE count

G
 Preamplifier gain (dB)

N
 AE signal count

S0
 Initial cross-section area (mm2)

S
 Actual cross-section area (mm2)

F
 Axial load (N)
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