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42 - Acoustic Emission method at the integrated structural health
monitoring systems - the past, the present, the future

Igor Razuvaev
Alcor Corp., 48 Lenin Str., Dzerzhinsk, 606023, Russia
E-mail : IRazuvaev(@alcor.pro

Keywords: acoustic emission, Integrated Structural Health Monitoring Systems, high
temperature, waveguides, explosion safety, noise, high resonant sensors, wireless systems,
optical sensors, big data, intellectual maintenance systems

Abstract

In the report the review of application of method AE for monitoring of technical condition
dangerous plants in nuclear power, chemical and a petroleum-refining industry is made. The
basic directions of development the AE method in monitoring - sensors on another then
piezoelectical physical principles, wireless systems, application of the Big Data are considered.

1. Introduction

Integrated Structural Health Monitoring (ISHM) systems with acoustic emission (AE) are
actively used for monitoring the structural integrity of various units at nuclear power plants,
refinery, chemistry and at many other industries. The purposes of application - safe operation of
the equipment and optimization of maintenance based upon proactive strategy. In some cases use
ISHM changes the basic approaches to a safety of technological installations and objects.

Basic operative target of the ISHM - detection of dangerous defects at early stages. As the
ISHM systems are applied to the control of the unit’s in-service, rather than AE diagnostic
during shutdowns there is a number of the problems. ALCOR Corp. Is leading Russian company
at the AE ISHM system design and application. Since 1993 our company designed and produced
a large number of the AE ISHM systems with more than 3800 AE sensors totally.

In the report some results of scientific researches and the design development executed by
our company are stated.

Future direction of AE method in monitoring - sensors on another then piezoelectical
physical principles, wireless systems, application of the Big Data are considered.

2. Brief historical overview.

Apparently, the first application of the AE method in ISHM was system of monitoring of
the nuclear reactor, developed by Westinghouse in 1976 (Fig 1). This unique development has
been executed in CAMAC system. Data processing was carried out by minicomputer PDP-11
which computing power was approximately a million times less, than at modern smartphone.
The special attention and respect is deserved with that fact, that developers of this system could
create the AE sensor for work in conditions of the high temperature and high radiation. Thus
transfer of a signal to a line in length more than 150 m without amplifier has been provided.
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Fig 1. Westinghouse AE monitoring System, 1976
Other example of application AE in ISHM were works of Finnish company ACUTEST on
creation and introduction of the AE ISHM on Porvoo Refinery, Finland. Have been created
ISHM systems for the control of a technical condition more than 150 objects on 8 technological
Units. Application of these systems has allowed considerably increase the safety and profitability
of the Refinery (Fig 2).

1991 to regenerator DD-2401
of FCC unit

to SYRP unit 1993

Neste Oy oil refinery in Porvoo
AE monitoring systern instailec AE monitoring system installed

H

Fig 2 AE monitoring Systems at Neste Oy Refinery
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Are described both other examples and the governmental programs on introduction of the
AE ISHM systems.

In Russia the first AE ISHM systems has created in 1993 by our company. There were
systems for the continuous control of a technical condition of very dangerous objects — large
isothermal reservoirs for the liquefied hydrocarbon gases (Fig 3).

Fig. 3. Large LPG Storage vessel with AE ISHM System “Recourse-M” 1993.

By present time we have produced AE ISHM Systems “Resource-2000” for more than 370
objects (Fig 4). Application of our systems on some dangerous industrial objects has allowed to
find out developing defects and to prevent possible accidents.

Fig. 4. Some units to be monitored by AE ISHM system “Resource-2000”
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Moreover, on the basis of application of ours AE ISHM systems in Russia the Government
normative acts and standards of Oil&Gas Companies concerning industrial safety are now
changing. There is a transferring from the periodic inspections to continuous monitoring a
technical condition of especially dangerous objects.

3. Problems and current solutions.

3.1. Extreme temperatures of the monitored objects.

At monitoring the temperature of controllable devices can be in a range from-198 °C for
objects of the chemical industry up to +700 °C and above for the equipment of oil refining and
power plants. AE sensors applied at diagnostics, as a rule, are not designed for the long-term
work in such conditions. Therefore for application of the AE at monitoring are necessary either
special sensors, or the special devices protecting sensors from adverse influences, or both and
another together.

For monitoring low-temperature objects we had been developed special AE sensors which
provides long-term reliable work at cryogenic temperatures. Thus it was possible to provide high
enough sensitivity - nearby 200 dB ref. 1V/m.

Usage of usual piezoelectric sensors in conditions high (more than 200 °C) temperatures is
limited by Curie point at which the sensor loses sensitivity. By development of ISHM systems
“Resousre-2000” for the high-temperature objects we considered following possibilities:

Creation of sensors with piezo elements with Curie point more than +700 °C on the basis
of titanium-scandium-bismuth-lead (TSBL)

Creation of sensors on the other physical principles

Usage of wave guides for distancing the sensor from hot surfaces.

We have refused high-temperature piezo elements because of their low sensitivity.

Sensors on other physical principles will be discussed later.

As a result we have concentrated efforts to development of special wave guides. We
managed to create wave guides which not only do not weaken an AE signal, but even a little bit
strengthens.

3.2. Explosion safety.

One of important for ISHM systems functions is the self-test by the sensor and AE
channels. For check of the sensors installed on large industrial units, is necessary to put on them
test signals with amplitude about 100V. It makes application of the simplest Ex type — IS -
practically impossible. For the ISHM systems “Resousre-2000” we develop sensors with Ex type
"m".

3.3. The problem of noise.
One of main problems in application of AE in ISHM and at AE on-stream diagnostics
(OSD) are natural noise of objects of monitoring.
The basic sources of noise in these appendices are:
The moving of technological liquids, gases, etc.
Operation of rotating equipment (compressors, pumps, valves, etc.).
Meteo factors.
Artefacts of a various types and an origin.
In difference to the usual AD testing, at monitoring and at OSD to eliminate action of these
factors is impossible.

Hence, the opportunity of successful of the AE method depends on that, is how much
effective sensors, the equipment and software of the ISHM are capable to separate the useful
signals from background noise.

On a level of background noise objects of monitoring in oil refining and in petro chemistry
can be parted on 2 classes - "silent" and "noisy".

Large-capacity tanks concern to the first class — LPG, LNG and liquefied ammonia storage
vessels.
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On these objects band-pass AE sensors with high sensitivity a frequency band from 70 up
to 300 kHz are necessary. In this case application built-in programmed digital LP and HP filters
with the rejection outside of a transmission band more than 50 dD/octave, and also the built in
expert systems allows to gain good results [5].

Another situation is at application of the ISHM and OSD of equipment of oil refining units
(reactors, heat exchangers, separators, columns, pipelines, etc.). Processes occurring in them and
working equipment generate ultrasonic signals in a frequency band up to 120 kHz at amplitudes
up to 90 dB and more.

In these requirements using “dear old” resonant sensors is very difficult, as these sensors
have too high sensitivity a frequency band of noise. Use of the frequency filtration also does not
guarantee the positive effect as at an overload of these sensors noise on frequencies nearby 100
kHz they are capable to generate signals of high amplitude on their natural resonant frequency,
together with on following harmonics. That is there is the full suppression by noise of the useful
signals. Simultaneously the quantity of "false alarms" considerably grows. All this not only
reduces efficiency ISHM and OSD, but also renders negative influence on reputation of AE
method.

The trivial solution of the above-stated problem is application in ISHM and in OSD high-
frequency AE sensors. For what distance between sensors have to be reduced. It causes the
multiple growth of number of AE channels and leads to corresponding magnification of cost of
the system and expenses for its service.

Thus, application of the ISHM and OSD for the oil refining unit’s usual resonant sensors is
inefficient technically, and application high-frequency sensors is inefficient economically.

For the solution of this problem our company have been developed AE Monitoring Sensors
(AEMS) sensors with new architecture.

Their frequency response, shown on fig. 5.
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Fig.5. Frequency responses of the AEMS (red) and industry standard resonant sensors.

AEMS are steady against action of noise of working refinery units in a range up to 130
kHz at provides enough high sensitivity a range 160-190 kHz.

Inside frequency range of the background noise of the refinery units (approx. 10 — 100
kHz, fig. 3) sensitivity of the AEMS is on 40-45 dB less, than at classical resonant sensors.
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Therefore action of noise with high amplitudes on AEMS does not lead to a full “flare” in a
working frequency range. Peak sensitivity of the AEMS below similar at classical resonant
sensors on 5-10 dB at all. In view of that the threshold in AE channels of the monitoring systems
usually is at a level from 40 up to 50 dB, such decreases of peak sensitivity it is possible to
consider, from our point of view, as reasonable cost for qualitative the best stability to action of
noise of the working equipment.

On these sensors the patent is obtained.

4. Future direction of AE method in monitoring systems

4.1. Optical AE sensors.

As shown above, application of method AD in monitoring shows very high, and thus often
mutually exclusive, requirements to sensors. In our opinion, the piezoelectric technology has
approached to the limit, and will "squeeze out" from it something else is extremely difficultly.
Besides the most important lack of piezoelectric transducers is that they do not allow to register
AE signals itself, but give out the reaction to these signals.

Electronics for the AE systems develops much more quickly, than sensors. Already exist,
for example, high-speed 20-bit ADC. Their application capably to expand dynamic range of the
systems approximately up to 120 dB. But application of these ADC with piezo sensors and
preamplifiers has no practical sense.

The decision of these problems, in our opinion, is on a path of application of optical AE
sensors on the basis of laser interferometers (Fig. 6).

-—:__—:‘I
| Optical AE sensor

Laser

ISHM

Photodetector

Fig. 6. Simplified scheme of the optical AE sensor at the AE ISHM system

Optical sensors allow operatively and in the broadest ranges change frequencies and to
register oscillations of AE signals directly.

The dynamic range of interferometers is 180-190 nb.

All this will allow not only to solve the problems of extraction of useful signals from noise
cardinally, but also will create conditions for use of data AE monitoring in quantitative
calculation of a resource.

4.2. Wireless systems.

This is another perspective direction of development of the AE ISHM systems. Wireless
systems allow to change their configuration flexibly and to be fine-tuned under object
operatively, in view of localization of potential defects. And, of course, will get out kilometers of
a cables.
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It is necessary to solve only 2 problems - synchronization and long (years!) power supplies
without changing batteries.
4.3. Big data.

AE ISHM systems generate Mbytes of data daily. It’s not only AE data, but also
parameters of technological processes and signals from additional sensors (Fig. 7).

Intellectual Maintenance
Svstem

Bic Dat3 Proactive Maint

i
Fig. 7. Big Data approach.

These files of the information are necessary for analyzing practically in real time and
together with data of the periodic NDT inspections, information from operators, etc. Nowadays
applied in AE post processing technologies for such modes are not conformed. It becomes a
hurdle for increase of efficiency of monitoring systems.

Yield - use of Big Data technologies and creation of interfaces with EAM systems. It will
allow not only to raise functional of the AE ISHM systems as the tool for safety, but also to
transform them into the basic source of data for intellectual maintenance systems.

5. Conclusion

Development of the new sensors, new electronics and new technologies of the analysis of
AE monitoring data of in real time considerably expands opportunities of the AE ISHM systems.
It actually creates the new market. The main thing now - competently use of the collected by
large work experience.
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86 - Acoustic Emission work over the last 10 years
and relationship with Industry 4.0

Mohammed CHERFAOQOUI DR,
Research & Development Department Cetim
www.cetim.fr

Abstract:

In this presentation we study 930 publications in acoustic emission at the international level over the
last 10 years (2008-2018). The presentations are analyzed in relation to the themes and technologies
recommended in industry 4.0, or industry of the future in France. The methodology followed relates to
the following themes: predictive maintenance, monitoring, artificial intelligence, sensor, signal
processing, Big Data...

A more specific analysis will be carried out at European level: actors and origins of publications....

1. Introduction

In this study, we did a statistical analysis on the publications in acoustic emission, in the
world over the last ten years (2008-2018).

We selected only themes in connection with the industry 4.0. The Industry 4.0 is a
technological ambition and has for objective to put more intelligence in the networking of
machines between them and machines with man [1], [2].

The keywords of selection are wireless, optic fibre, big-data, maintenance, artificial
intelligence, sensor...

COMPLEXITE

1870 1970

Figure 1: the forth-industrial revolutions
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2. Acoustic Emission Testing AET4.0

Non-destructive-testing (NDT) and in particular, the acoustic emission testing (AET) of the
future are going to benefit from new technologies for [3]:

Testing equipments made with intelligent materials containing sensors. This allows to
reach all the zones of the equipment: SHM ...

Besides, this information on the state of the material will be combine with different
physical quantities: pressure value, temperature, vibration, flow rate of the equipment,
deformation, the weather report ...

The sensors will be connected to the stations of wireless control (Internet of Objects
...). The set of these data will be treated in various phases of the process by the
artificial intelligence.

The processing of the massive tables of the data will be available thanks to
algorithms, even if in this domain the experts in acoustic emission had introduced
these processing since the 1980s. The big progress concerns the computing
capacities to treat the masses of data in real time [ 4].

Certain decisions of testing will be automated and will stay only particular cases so
that the expert intervenes directly.

3. Results

The developed methodology allows a statistical analysis of 930 publications identified from
4330 articles dealing with the acoustic emission and referenced in the base Scopus [5].

3.1

Principaux acteurs main actors

The analysis of the results (figure 2) shows that main countries of origin of the
publications are: China, the USA, UK, Japan, Germany, Korea, France, Russian
Federation ...

If we observe (figure 3) the main actors, we remain coherent: Universities Harbin,
Beijing in China, Universities lllinois and Chicago in USA. In Europe, the first 3 main
countries are the British, the German and the French people.
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Figure 2: Countries of origin of publications

3.2 Network of the main collaborations

¢ We notice that several for the greater part academic actors work on the themes of the
industry 4.0. The Chinese universities (235 publications), Americans (189
publications) and the British (113 publications) are dominating.

e In Europe (figure 4), the first actors with more than 15 publications each are the
CNRS (National Center for Scientific Research France) and the universities of Cardiff
and Cranfield (UK). Generally, these actors work in network. The CNRS is in network
with several universities: INSA (Applied Sciences National Institute), Universities of
Compiegne (UTC), Le Mans, Sfax (Tunisia), ...

e Other countries in Europe, are also present: Slovenia, Greece, Czech ...
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Figure 3: Main actors in the wold
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3.3 Classification of the treated subjects

e The classification of 930 publications was realized according to several priority
subjects in association with the themes of the industry 4.0. The figure 5 shows that
the treated main subjects are:

o Preventive maintenance (373 publications)

o Non-destructive-testing NDT of equipments (275)
o The sensors (246)

o The processing of signal (157)

o Other subjects are approached but with lesser importance: optical fibre, wireless,
artificial intelligence, big data ... It is surprising that certain topics are not dealt with,
while their use started in the domain: virtual reality, increased reality, drones ...

e The figure 6 shows that the interest for the preventive maintenance is the most
important and that it stays with a strong growth in Europe. This evolution is confirmed
also at the world level.
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Figure 5: Statistical distribution of the subjects of study at the world level
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e The comparison between the "historic" laboratories (Europe, USA, and Japan), figure
7a, and China, figure 7b, in the domain of acoustic emission, shows that the priorities
in China (newcomer) are appreciably close to "historic" countries. The difference is
essentially bound to the testing of equipment and this applies by the more recent
introduction of this technology in China [5].
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4. Conclusion and perspectives

The acoustic emission testing (AET) is going to be brought to develop in several sectors by
appealing to the technologies associated with the industry 4.0.

On the market of the acoustic emission the sector of Structural health monitoring (SHM) is
considered as the most mattering growing (9 %) over coming five years [6].

The big data (or smart data) to process the data acoustic emission and the other "external"
data for the real time decision-making. Other axe is in full development also: the connected
Sensors.

The industry 4.0 requires technologies integrated into the processes and into the production
lines and into this domain the acoustic emission has assets.

Beyond the traditional sectors of pressure equipment where the technique continues to have
been successful, new sectors appear as the connected equipment, the additive
manufacturing, the multi-materials...
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Abstract:

The present work deals with monitoring of reinforced concrete (RC) structures by means of the acoustic
emission method, when they are subjected to bidirectional seismic actions (X-Y) with a shaking table.
The RC specimens consisted in three columns connected to a 3x3 m? waffle slab. A proper filtering
process of AE signals was conducted to avoid the influence of secondary source mechanisms like
friction. After that, the accumulated energy of AE signals was compared with the plastic strain energy
released by concrete cracking of the specimen. The AE location analysis shows a concentration of
activity and intensity at the bottom of columns and at the waffle slab-column connections. This result is
in good agreement with the damage observed by visual inspection and by means of strain gage sensors
attached to the reinforcing bars.

1. INTRODUCTION

Reinforced Concrete (RC) structures are exposed to several damage sources during their
lifetime. One of the most remarkable is the damage induced by seismic events. Even for low
intensity earthquakes, when the reinforcing bars remains in elastic range, the concrete
cracking is certain.

Structure health assessment during its lifetime allows immediate actions on its maintenance
and repair. For this purpose, reliable Non Destructive Testing (NDT) techniques are required.
The acoustic emission (AE) method has been proven as an effective technique to monitor the
damage in materials widely used in construction [1, 2] like concrete, metals and composites.
Mostly individual elements were involved in previous research papers [3, 4]. The potential of
the AE method has been successfully proved for structures as well, as stated by K. Ono [5].
However, a very limited number of studies have considered this method when dynamic loads
are involved, and even less, when concerns seismic loads. Benavent-Climent and Gallego [6-
8] carried out experimental tests on RC flat-slabs structures subjected to unidirectional
earthquake simulations that reproduced in a very realistic way the response of RC structures
under a single horizontal component of the ground motion. These studies focused on the
connections between the elements, as the most vulnerable parts of a structure. In this context,
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the present study aims to extend this research to RC waffle-flat slab structures subjected to
bidirectional seismic loadings.

2. TEST DESCRIPTION AND DATA ANALYSIS
2.1 Test specimen and experimental set-up

The specimen tested (see Figure 1), named BS1, was made of reinforced concrete (RC) and
consisted of a waffle-flat slab of 3.65x3.00 m? supported by three columns of 16x16 cm?, which
represents a portion of a larger structure scaled by a factor of 2/3. The shaking table
reproduced simultaneously the NS and EW components of Campano-Lugano earthquake. The
specimen was subjected to several consecutive seismic simulations in which the Peak
Acceleration (PA) of the shaking table was successively increased. In particular, six seismic
simulations were applied to the specimen: C35 (PA=0.05g), C50 (PA=0.08g), C100
(PA=0.18g), C200 (PA=1g), C200bis (PA=0.35g) and C300 (PA=0.559).

Figure 1. Experimental setup of the specimen on the shaking table.
2.2 Instrumentation

The specimen was instrumented with strain gauges attached to longitudinal-steel
reinforcements. Uniaxial accelerometers and displacement transducers (linear variable
differential transformers, LVDT’s) measured the accelerations and the translations. Eighteen
AE sensors VS30, with sensitivity within the frequency band of 25-80 kHz, were placed on the
specimen to capture AE signals, as shown in Figure 2. Several noise sources were detected
through a preliminary inspection, which required to use guard sensors at the upper end of the
columns of the second storey. The rest of the sensors were placed where most of AE activity
was expected.
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Figure 2. AE sensors layout on the specimen BS1.

2.3 AE data analysis

The damage was evaluated in four areas named AbE and BE (column 1), Abl and Bl (column
2), as shown in Figure 2. The aim of the data filtering process was to separate the genuine AE
signals coming from the concrete cracking, from other AE signals coming from secondary
sources like friction. By observing the features of waveforms, two types of AE signals could be
defined. Signals Type 1 are basically transient signals related to concrete cracking and its
energy in the time domain is concentrated at the beginning of the signal. Signals Type 2, which
are continuous signals coming from friction.

A preliminary examination of the AE data shows that long signals are essentially continuous
type (Type 2). Accordingly, first a filter based on the duration parameter was applied. In
particular, signals with duration over 8000 us were eliminated. Then, the mean value of the
duration (DM) of all the signals was calculated. This value was used as a limit to split the
waveforms in two windows: W= [0 — DM] ps; and W.= [DM — 1560] s, being 1560 us the
page length used for waveform recording. The criterion to filter Type 2 signals was determined
by a time-domain parameter, named DRMS, based on the root mean squared (RMS) of the

waveform V(t) and defined as:
RMS; = / Jui VE@®dt;

DRMS = RMS; — RMS,;

Thus, signals with DMRS lower than 0 were considered as Type 2 signals, and consequently
eliminated for ulterior evaluation. This limit, DRMSIimit = 0, was empirically determined. After
that, a second filter was applied by using a second time-domain parameter defined as

RMS,

RMS =
CRMS RMS,




3 3rd European Conference
on Acoustic Emission Testing

12-14 September 2018 - I% - France

This parameter split the AE signals in two clusters: Cluster 1 (C1), containing signals of Type
1; and Cluster 2 (Cz), with remaining signals of Type 2 that were not properly filtered by the
first filter based on DMRS. The limit CRMSIlimit was established in such a way that the
intersection between the clusters on the Duration-Amplitude correlation graph was optimized.
The values of CRMSIimit for each area of evaluation were similar, within the range 1.42-1.52,
which indicates the high consistency of the proposed algorithm.

3. RESULTS & DISCUSSION
3.1 AE energy and source location

Several authors have proven that the AE energy is a useful parameter for damage evaluation.
Izsumi et al. [2] used the AE energy on the concrete to determine the strain energy release
rate. Sagar and Prasad [9] showed that AE energy could be related to fracture energy in
concrete beams. Recently, Benavent-Climent et al. [8] proposed an AE energy-based index
as a reliable parameter to monitor the evolution of damage of RC structures subjected to
seismic loads.
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Figure 3. Accumulated AE energy at column—slab connections. AbE (above), Abl (below).
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The AE true energy, obtained from signals of the cluster C4, is shown in Figure 3 for the
connection of the slab with the exterior column (Figure 3 above), and for the connection of the
slab with its respective interior column (Figure 3 below). The dashed line represents the energy
accumulated for events built with sensors 14 and 15 at the exterior column, and with sensors
5-7 at the interior column, i.e. events located close to the column. The solid line represents the
energy accumulated for events build with sensors 10-13 at the exterior column, and with
sensors 1-4 at the interior column, i.e. events located at the exterior part of the slab connection.
It should be noted that only the first-hit of each event was used to obtain the accumulated AE
energy. It can be observed that, for both slab-column connections, the amount of AE energy
located in or closest to the upper end of the columns (dashed line) is much larger than the
located in the slab (solid line). This indicates a clear concentration of damage at the vicinity of
the upper end of the columns. By observing the increasing rate of AE energy, solid and dashed
lines have a uniform general trend during the five simulations. However, for the exterior slab-
column connection, which suffered more damage, the trend of dashed line shows remarkable
leaps that correspond to growth of larger cracks, especially during the last simulation C300,
when the structure almost collapsed. It is also observed a clear increase of the AE energy from
simulation C100. This point corresponded with the beginning of the plastification of the
reinforcing bars at the column-slab connection, very near to the column, observed by means
of the strain gage measurements.

A planar AE localization was also carried out, classifying signals in three groups: low energy,
medium energy and high energy. The AE activity is concentrated around the upper end of the
column of the first storey, in good agreement with the visual inspection of the cracks and with
result of Figure 3.
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Figure 4. Localization of AE signals: Low, Medium and High Energy. AbE (left) and Abl (right).

3.2 Correlation between AE energy and plastic strain energy

The energy dissipated at the base of each column W¢« was estimated from the information
provided by the strain gauges attached to the steel reinforcement assuming that there is no
slippage between longitudinal rebars and the surrounding concrete, and recalling the “plane-
remaining plane” hypothesis. The stress at each point of the section was estimated from the
strain assuming the material model for concrete proposed by Maekawa. This model has non-
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linear and independent loading and reloading paths and neglects the tensile strength of the
concrete.

The AE energy, E*E, was compared with the plastic strain energy, Wc, for the lower end (base)
of the exterior and interior columns (BE and BI), as shown in Figure 5. A similar general trend
is observed between both energies for the exterior column, while for interior column the plastic
strain energy dissipated was very low during the first three simulations. The agreement
between both energies is better from the fifth simulation (t=250 s), i.e. just before the appearing
the big macro-cracks that produced the final collapsed of the structure. Similarly, by
considering the accelerogram of each simulation, displayed at the bottom of each graph, it is
observed that while he AE energy at the first simulations (C35 and C50) grows during the
whole portion of the earthquake, from simulation C100, AE activity grows mainly at the end of
each simulation. However, the plastic strain energy is concentrated mainly at the beginning of
each simulation, just when the high-amplitude cycles occur. These results need a more deep
investigation in order to clarify why the two curves (plastic strain energy and AE energy) differ
significantly in some simulations.
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4. CONCLUSION

A RC test specimen consisting of a waffle-slab supported by 3 columns, was subjected
sequentially to six simulations in a shaking table. Each simulation reproduced the Campano-
Lucano (Calitri) earthquake scaled by increasing values of peak acceleration. The test
specimen was monitored by AE sensors. Due to the nature of the test, a filtering process of
the AE data was performed to eliminate friction contribution as much as possible. The AE
energy detected accurately the damage concentration at the upper end of the columns of the
first storey, as observed by visual inspection. The comparison of AE energy and plastic strain
energy evidenced a similar general trend particularly close at medium/high levels of the
damage.
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Abstract:

Reinforcement of timber elements has been traditionally performed with metals, which leads to
an increase of structural weight along with other adaptability and durability limitations. More
recently, some innovative solutions using carbon-fiber composite (CFRP) as reinforcement are
became more popular due to its low weight and high strength. One of the major shortcomings of
this solution is the lack of knowledge about the physical behavior of the wood-resin-CFRP system,
which is of great importance in order to guarantee the stress transmission between both materials
and avoid delamination. In this context, the paper presents the results of a large amount of types
of CFRP and resins applied on old timber specimens extracted during rehabilitation process of
an historical building of the University of Granada, subjected to the adherence pull-off test. Tests
were continuously monitored by a multi-resonant acoustic emission (AE) sensor, while ulterior AE
data analysis involved the filtering of AE signals with the root-mean square of the waveforms, and
damage mechanisms characterization with its spectral ratio calculated on the main resonances
of the sensor. Results prove that this evaluation is able to distinguish between the failure of the
wood base-element and the failure between the layers of the wood-resin-CFRP system.

1. Introduction

The structural elements of wood subjected to bending generally show a tensile mode
failure. Commonly, this is a brittle failure produced in the tension area (mainly caused by
natural defects such as knots), with little or no plasticization of the upper fibers. By using
reinforcements on the bottom side of the element, the strength, stiffness and deflection
can be significantly increased.

During the last decades the use of fiber reinforced polymer materials (FRP) for the
reinforcement of wood structures is expanding [1-7]. Either in the laboratory or in-situ,
the installation of reinforcements is carried out by adhesion between wood and FRP,
typically using epoxy resins. The result of this adhesion is key to ensure a good
performance and durability of the reinforcement, without future delamination, and with
an adequate transmission of stresses between the two materials [8-12].

The pull-off test performed with a portable adhesive tester, through the adhesion to the
testing element of a piece known as a dollie, make it particularly suitable for field
applications [13-15]. In this case, the adherence is evaluated by two factors: 1) Breaking
load; 2) Failure model finally observed by visual inspection. However, in many cases,
both parameters depend not only on the adhesive itself and its application, but also on
the quality of the FRP and the quality and state of the wood.

The acoustic emission method [16-18], known to be a passive method of continuous
evaluation in real time, stands out for its ability to be especially sensitive to the failure
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mechanism. In particular, there are many works that have successfully applied this
method for the evaluation of coatings, surfaces and adhesion between materials [19-24].

In this context, the present work proposes the application of the acoustic emission
method for the continuous evaluation of the adhesion between CFRP (carbon FRP) and
old wood, with more than 200 years in service, which is usually the case in rehabilitation
works and restorations. The proposal consists of: 1) To use a single AE multi-resonant
sensor for acquisition. 2) To eliminate the unwanted signals by calculating their energy,
evaluated with the root mean squared of the AE signals in two temporal windows; 3) To
classify the signals into three types, according to their predominant frequency, within the
main resonances of the sensor. This is done by calculating the spectral energy of the
signals on a small temporal window at the beginning of the signal, in order to avoid as
much as possible the influence of reflections and other propagation phenomena.

2. Description of work

Old southern-Spain Pinus sylvestris wood was used for the tests carried in this research.
It was extracted from the roof structure of the Law Faculty of Granada University, during
the rehabilitation of the building carried out in 2016. Wood presented significant
differences in density, mainly caused by the existence of important knots (high density
specimens) and the presence of woodworm attacks (low density specimens).

CFRP materials were supplied by two different commercial firms. Two types of
unidirectional CFRP pultruded laminates were used, shortly named here as L1 and L2.
Similarly, two types of CFRP unidirectional fabrics were used, named as F1y F2.

Epoxy resin was used as adhesive between wood and CFRP. Four types of resins were
used, named as AHD1 and AHD2 for the high density adhesives and ALD1 and ALD2
for the low density ones. The density of the adhesives was 1.65, 1.74, 1.30 and 1.20
g/cm?® for AHD1, AHD2, ALD1 and ALD2, respectively.

Fig. 1 schematically depicts the layout of materials bellow the testing machine (dollie).
Fig.2 summarizes all the specimens prepared and then tested, combining the
aforementioned carbon materials and epoxy resins. Furthermore, a liquid primer layer
(“p”) with a viscosity of 320 mPa-s was applied in all material combinations, in order to
determine the influence on the adherence in each case.
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Fig. 1. Schematic representation of the materials in section.
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Fig. 2. Images of each type of specimen. Types of CFRP: L1: Laminate L1; L2: Laminate L2;
F1: Fabric F1; F2: Fabric F2. Types of adhesives: AHD1: High density adhesive 1; ALD1: Low
density adhesive 1; AHD2: High density adhesive 2; ALD2: low density adhesive 2.

Pull-off tests were carried out by using an adhesion tester Elcometer® 506 with a 50 mm
diameter dollie. Loading was applied with a constant load rate of 0.01 MPa/s. In addition,
all specimens were continuously monitored by the acoustic emission method. A Vallen
Systeme AMSY-5 equipment was used to acquire the signals from the output of a multi-
resonant VS45-H sensor with a sensitivity within the frequency range 25-500 kHz. The
main three resonances are located at 100 kHz, 150 kHz and 300 kHz, approximately.
The sampling frequency for the waveforms recording was established at 5 MHz, and the
number of samples was set at 4096 with a pre-trigger of 300 samples. The acquisition
threshold was set at 32.1 dB and a 34 dB gain preamplifier was used. The AE sensor
was coupled with silicone grease and fixed with a magnetic holder to the specimen. Fig.
3 shows the sensitivity curve of the used sensors. Fig. 4 shows a scheme of the

experiment and a picture of one of the tests.
B, B, B,
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Fig. 3. Sensitivity curve of the multi-resonant sensor VS45-H.

Fig. 4. Pull-off test description. Left: Schematic representation (distances in mm). Right: Image
of the test. Distances in mm.

AE data analylsis

AE data anylisis was carried in two steps: 1) Filtering of mis-recorded signals ; 2)
Classification of the signals into three groups according to their frequency content.

For step 1, two temporal windows were considered in each signal. To automate the
process, ending of W is the twice of the mean duration of all signals recorded along the
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tests (Fig. 5). The RMS of both temporal windows of each signal was calculated, and by
using the parameter RMS12 (Eq. 1), mis-recorded signals were not used for evaluation
process.

RMS12 = RMS(W1) — RMS(W2) (1)
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Fig. 5. Example of two AE signals. a: Well recorded signal. b: Mis-recorded signal.

During step 2, a classification of passing signals in three groups was carried out,
according to the relative importance of its spectral energy in three particular frequency
bands. RMS was calculated on the first cycle of the signal just after the first threshold
crossing. Following Egs. 2-4, signals were classified in three groups, predominant low-
frequency (Group 1), medium-frequency (Group 2) and high-frequency (Group 3)
signals.

Group 1 > If RMSo(B1) > RMSo(B2) and RMSo(B1) > RMSo(B3) )
Group 2 - If RMSo(B2) > RMSo(B1) and RMSo(B2) > RMSo(B3) 3)
Group 3 > If RMSo(B3) > RMSo(B1) and RMSo(B3) > RMSo(B2) 4)

3. Results and discussion

After test, all the specimens were classified into 4 types (A, B, C and D) according the
final failure mode: A) debonding between the dollie and substrate 1 (CFRP). In this case,
no conclusions about the wood-CFRP adherence can be taken; B) breakage of the
substrate 1; C) debonding between substrate 1 (CFRP) and substrate 2 (wood), i.e. a
bad wood-CFRP adhesion; D) failure of substrate 2, i.e. wood breakage. This type
ensure a correct bond between the wood and CFRP. Fig. 6 shows the mean value of the
breaking Ioad for the three samples of each group, for Iamlnates (L) and fabrlcs (F).

ZJJJJ
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Fig. 6. Breaking load during the pull-off test for samples with CFRP. Left: Pultruded laminate.
Right: Fabric.
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The results were analysed independently for laminates (Fig. 7) and fabrics (Fig. 8) since
their behaviour is very different. In addition, the results of the different resins are
compared according to their density (HD and LD for high and low densities, respectively).

Failure mode B Failure mode C
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Fig. 7. Samples of CFRP laminate. Failures modes B, C and D. Cumulative hits against time
and picture of samples.

The failure mode B only appeared in L2 samples, demonstrating the lower quality of this
laminate respect to L1. A very different AE pattern is observed for HD and LD adhesives.
Moreover, when high density adhesive is used, almost no hits of the group 3 are present.
In the case of samples with failure mode C, for HD adhesives, group 2 signals appear
clearly later than signals of group 1, with barely hits from group 3. Finally, for samples
with a final fail caused by the wood broke (mode D), HD adhesives presents a sudden
increase for hits of groups 1 and 2, from the very beginning of the test. Few signals of
group 3 were released at the end of the test. However, when LD adhesives are used, AE
pattern shows a more regular incresase of the signals in the three groups trhoughout the
test (including group 3).
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Fig. 8. Samples of CFRP fabric. Failures modes B and D. Cumulative hits against time and
picture of samples.

For samples of CFRP fabric, only the F2 samples with HD adhesive had this mode of
failure, due to the high density of the adhesive. Regarding the AE results of samples with
a failure mode D (wood breakage), hits of groups 1 and 2 had a similar pattern for all
samples, without a clear distinction between HD and LD adhesives. The number of hits
increases for all groups in a more regular way, with a slope higher than for samples that
failed as mode B. Furthermore, the signals of group 3 appear for all cases.

4. Conclusion

The acoustic emission data analysis divides the signals according to whether their
energy is predominantly contained in three frequency bands. We compared the breaking
loads, the failure mode and the cumulative number of AE hits during pull-off tests. The
most relevant conclusions are listed bellow.

e In general, higher breaking loads were obtained in the case of fabrics than
laminates, due to de better impregnation for the second ones, thus allowing a
better adhesion with wood. In addition, better results were obtained when low
densities resins are used, because the better impregnation of wood and fibers.

e The group 1 of AE signals, corresponding to low frequency, is similar in all failure
modes and types of CFRP, so it does not seem entirely relevant for the evaluation
of adherence.

¢ When failure mode A occurred, no high-frequency signals were emitted (group 3)
and barely signals of group 2 were registered. This result is a very clear indicator
that signals of both groups are related to damage mechanism connected with de
CFRP (mode B), the adherence CFRP-wood (mode C) and the wood breakage
(mode D).

e In general terms, when the low density resin is used, in failures modes B, C and
D, more group 2 signals are emitted, and much more from group 3 signals. For
the test samples that failed by mode D, the emission of group 2 occurred almost
from the beginning of the test. In this case, the emission of group 3 signals
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increases considerably, especially when low density resin is used, for which
better adhesion is obtained.

¢ Ingeneral terms, it seems to be clear that in the case of laminates, the increasing
of acoustic emission in frequency groups 2 and 3 (medium and high frequencies)
is a clear indicator of the good quality of the CFRP-wood system. The group3 of
AE signals is more relevant when wood breakage happens (mode D). Thus,
emission of high frequencies is probably associate with the damage mechanism
wood as the applied load increases.
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Abstract:

We discuss the ability to detect the cracks in the elements of the double-walled pressure vessels,
using the acoustic emission (AE) method based on practical results obtained during integrity testing of
the reactor for hydrotreatment of diesel fuel with a crack in the sleeve of the connecting pipe. Possible
AE sources are analyzed on the basis of comparison of the stress-strain state of the reactor containing
the crack in the sleeve with AE data coupled with additional information obtained by other
nondestructive testing (NDT) methods. It is found that the crack could be detected only by considering
fine AE features, which are not considered in the standard AE practice. It is shown that the fluid flow
through the crack reveals itself in the form of AE with the approximately constant amplitude level and
with duration that increases with pressure. The issue concerning the lack of quantitative criteria for
reliable identification of leaks with different intensity is discussed since it that does not allow using the
AE technique alone without reference to independent NDT methods. The approaches and
recommendations are proposed towards AE identification of leakage through the crack of subcritical
(non-propagating). These approaches are discussed in detail.

1. Introduction

Modern chemical, petrochemical and oil refining processes operate at high working
pressures and temperatures, e.g. ammonia synthesis at 20+60 MPa + 420+500 °C, methanol
synthesis at 20+30 MPa + 350+400 °C, carbamide synthesis at 15+20 MPa + 150+190 °C,
ethylene polymerization at 150 MPa, and over + 180+240 °C, hydrocracking and
hydrotreating of oil fractions at 3+32 MPa + 250+420 °C, etc. Increasing wall thickness on a
single-walled cylindrical vessel operating under internal pressure (P) is known to be sufficient
only up to the following pressure: P = [0]/2 only [1, etc.], where: [0] is the maximum allowable
stress for the vessel wall material. This is explained by the fact that radial (or) and
circumferential (0q) stresses rapidly decrease across the wall thickness with increasing
radius, and the material in the outer layers of single-walled vessel works ineffectively (Figure
1). This, in combination with the known fact of decrease of [o] with increasing operating
temperature of the material [2, etc.] dramatically limits applications of single-walled vessels in
key technological processes. The composite or double-walled design allows to relieve the
inner layers and increase loads on the outer layers of the pressure vessel wall (Figure 1),
significantly increasing the permissible operating pressure and temperature of pressure
vessels of this type versus single-walled vessels. In addition, the double-walled design helps
to reduce metal consumption (consumption of heat-resistant, refractory, corrosion- and
chemical-resistant materials), resulting in reduced cost of pressure vessels.
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A disadvantage of double-walled vessel design is that during operation under cyclic pressure
and temperature variations, due to different coefficients of linear expansion of double-walled
vessel outer and inner shell material, fatigue cracks occur in the latter. Detection of such
cracks is a very difficult task for technical diagnostics. It is mainly addressed by non-
destructive testing methods from the inside of the vessel. This requires opening, unloading of
the catalyst, cleaning, steaming and degassing of the vessel. The acoustic emission (AE)
method is one of the few non-destructive testing methods to detect fatigue cracks without
opening the vessel from the outer shell. However, the existing AE defect detection methods
are based either on the location criteria [3, 4, etc.], or on the crack growth detection criteria
[5, 6, etc.] which were demonstrated ineffective for double-walled vessels in practice,
because (i) stresses close to the operating values cannot be reached during the tests, and
cracks do not propagate during AE inspection, and (ii) the inner and outer vessel shells
create two independent acoustic channels with the interface having different acoustic
transparency in different areas, and the unpredictable AE signal transmission path, which
leads either to complete failure of locating, or to an erroneous source detection during AE
inspection. A similar situation occurred during assessment of technical condition of diesel
hydrotreating reactor at one of the oil refineries. While completing the task, AE
characteristics and conditions that enable detection of through fatigue crack in a double-
walled pressure vessel were identified. The purpose of this publication is to discuss the
discovered features of AE manifestation.

2. Description of work

The inspection object was the diesel fuel hydrotreatment reactor with the service life of 12
years at the time of AE inspection. The working medium is a mixture of diesel fuel, hydrogen
and sulfur-containing compounds. The modes of operation of the reactor include the
followings: (i) reaction mode: 6 MPa + 425 °C, (ii) catalyst regeneration mode: 1.5 MPa +
550 °C. The shape and dimensions of the reactor are shown in Figure 2. All walls of the
reactor elements are bimetallic. Total shell thickness is 80 mm, bottom thickness is 90 mm.
The outer shell of walls and bottoms is made of 12CrMo steel, and the inner of 08Cr18Ni10Ti
steel. The nozzle body consist of 15CrMo steel pipe 2 and flange 1, with a 08Cr18Ni10Ti
steel protective sleeve 3, welded to the nozzle body at the ends, which is why there is an
inter-wall space with an air gap between body 1, 2 and sleeve 3 of the nozzle (Figure 2). A
test hole 5 is drilled to the inter-wall space of the sleeve.

AE inspection of the reactor was performed during hydrotesting of the vessel per the loading
graph as presented in Figure 4 including confirmation of the Kaiser effect (The Figure does
not show the last stage that was pressure relief from 5 to 3 MPa, and re-loading to 5 MPa).
AE was recorded and analyzed on a 24-channel DiSP Samos 24 (PCI-8) system with R6I-
AST transducers manufactured by Physical Acoustics Corporation (USA). The layout of AE
transducers is shown in Figure 2, and is accepted based on the results of the study of the
reactor acoustic properties shown in Figure 3. At the start and at the end of the testing,
equipment operation was set up and verified using AE simulators: reversible AE transducer
(AST-test) and Hsu-Nielsen simulator [7] that confirmed operability of the selected AE
transducer layout.

During reactor hydrotesting, no pressure drop on gauges, or leakage of the test fluid on
nozzle A and B test holes 5 (Figure 2) was registered. There were no stable clusters
indicating AE events on the location map. That is why the map is not shown here. Graphs
reflecting changes in the AE key assessment parameters are shown in Figure 5. During
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pressure rise, the noise level generated by the pump unit is shown not to exceed 70 dB in all
channels, and AE accumulation graphs for all channels are consistent with the loading graph.
This indicates a lack of active AE sources except for the loading equipment. Only AE
recording channel 4 during the entire testing, and channels 7 and 1 during 5 MPa pressure
hold time (Figure 4) manifested bursts of acoustic activity indicating a different AE source.
Assessment of AE using several criteria of the source hazard degree revealed the following.

A B AB
(increased)

Figure 1. Stress distribution  Figure 2. Hydrotreating reactor arrangement: @ 11/ O 23 - location of
pattern in a single-walled (a)  AE transducers and channel number from the visible / back side, 1 —
and double-walled (b) nozzle flange, 2 — nozzle neck, 3 — nozzle sleeve, 4 — bimetal vessel
pressure vessel [1] bottom, 5 — test hole, L - area of ultrasonic testing

16 1= Goamatis 5
14 { — channel <34 —
@ 12 1= cramei e 4 9
=70 By | e =
g — ] — Pressure — 3 o
=) = 8 s
= uw =
S 50 - = 6 28
E ]
< 40 _ Acquisition Threshold 35 dB 4 1 &
30 ___ Noiselevel28dB £
20 0 : ' ' 0
0 1 2 3 4 5 6 0 500 1000 Lﬂﬂ 2000 2500 3000
Distance [m) Time [s]
Figure 3. Experimental curve of acoustic waves Figure 4. Fragment of reactor loading during
damping out hydrotesting and AE in the Total Hits — Time

coordinates on all AE registration channels

This source is interpreted as an insignificant source of class A by amplitude criterion [8], if
the results are reduced to MONPAC [6] classification. Since the condition A; < [Ar] was
satisfied, where: A, - is the mean amplitude of the recorded signals on channel 4 (A; =
52,5+7,5 dB), [A7] - is the permissible maximum amplitude of AE signals ([A7] = 60 dB).
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When checking the integral criterion [8], the source is interpreted as an insignificant source of
class B, since the condition F < 1 = J is satisfied, where: F is activity, and J is the strength of
AE source calculated per [8] as:

_1 ka+1 _ A
= Z and ]_w-z’f,i (1)

here: Nx and Ni:s - is the number of events in the k-th and k+1-th interval of parameter
assessment, respectively, Ax - is the mean amplitude of the source in the interval k, A - is the
mean amplitude of all AE sources throughout the object except for the one analyzed in the
interval k, w - is a coefficient.

When checking the locally dynamic Dunegan-lvanov-Bykov criterion [8, 9], the source is also
interpreted as insignificant of class B, since for some test areas Ny=a-P™ exponent takes the
value up to m = 1 in the assessment. Here: Ns - is total count of AE (hits), P - is the testing
fluid pressure (internal pressure), a - is the constant of proportionality.

Due to the lack of AE events on the location map location criteria of type [3, 4] cannot be
applied.

According to MONPAC assessment criteria [6, 8], the source is class B. In this regard it
should also be noted that the MARSE parameter of AE signals increases with increasing
load, but this occurs due to an increase in the duration of the signals rather than to an
increase in the amplltude (Flgure 5)
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Figure 5. Graphs reflecting changes in the main assessment parameters of AE signals registered on
channel 4: Amplitude (a), Duration (b), Central Frequency (c) and MARSE energy parameter (d)

The only criterion indicative of the defect was the criterion of continuous AE [8]. This implies
that registration of continuous AE whose level exceeds the threshold level of the test system
indicates a leak in the wall of the object tested. However, based on the criterion of
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continuous AE, the source is classified as a one being missing or being present only. The
situation where the specified type of AE is not constant (registration of continuous AE is
observed at three time intervals), and the rate of AE registration at those intervals decreases
with increasing load is ambiguous by this criterion, and insufficient for the reactor to be
recognized as unfit based on AE inspection results.

Based on the results of AE inspection it was decided to be guided by the worst assumption,
and to additionally carry out ultrasonic test. However, the lack of clusters on the location map
hindered selection of the area for ultrasonic testing application, thus it was applied to all
welds and base metal around the channel 4 AE transducer (Figure 2). Ultrasonic testing in
the designated areas did not reveal any unacceptable defects, and the reactor was admitted
to the final compression test of the nozzle sleeve tightness including saponification as
prescribed by the company internal instructions. This method consisted in the injection of air
pressure in the space between housing 1, 2 and nozzles A and B sleeve 3 through the test
hole 5 (Figure 2). Upon pressure buildup the tightness is confirmed by a lack of foaming
areas where soap solution was applied to the surface of sleeve welds through the open
flange of nozzle 1. As a result of this tightness test of sleeve welds a crack was found in the
base metal of the nozzle A sleeve (Figures 2 and 6).

Figure 6. General view of the dismantled shell case of the reactor nozzle (a) and the increased
location in the crack area (b)

Sleeve examination upon dismantling showed several cracks oriented perpendicular to the
sleeve element, while in the weld tightness saponification test only one crack was found
(Figure 6b), i.e. the other cracks are not through. The through crack had no visible extension
(at 10x magnification) and was the longest (114 mm). The sleeve ultrasonic testing confirmed
the length of the crack and its through-the-thickness character.

Thus, the AE method using the key criteria for assessing acoustic emission [3, 4, 6, 8, 9 and
others] failed to detect that crack. Therefore, crack detecting capability of AE method was re-
evaluated by comparison of the stress-strain state of nozzle sleeve with the AE signal
parameters on all channels in order to establish the AE indicator of defect.

3. Discussion

Crack orientation indicates that their origin and growth occurred under the circumferential
load (0q). Assessment of sleeve stress-strain state under internal pressure according to [2]
has shown that stresses were applied in the vessel in the following proportions: 0qcr = 2:0OreT

= (0.32:0m20 (during hydraulic test) and gow = 2:0rw = 0.68-0msso (during operation). Here:
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OqcT, Oqw and Oret, Orw are radial (or) and circumferential (o) stresses in the sleeve at the
maximum test (¢7) and operational (w) load accordingly; Om20 and Omsso is yield strength of the
sleeve material at 20 and 550 °C accordingly [2]. The obtained ratios demonstrate that
thermal axial stresses arising in the sleeve during operation due to the difference in the linear
thermal expansion coefficients and lower axial stiffness of the sleeve compared to the nozzle
are more significant. Next, the worst case of crack development - a brittle fracture under
plane-strain deformation using the Griffiths criterion [10] is simulated, and the critical stress
(oc) is obtained, where a spontaneous crack growth occurs under normal tear. The
calculations showed that oc = (1.81+3.94)-0qcr. Given that the austenitic steel 08Cr18Ni10Ti
is a plastic material, a more correct method to define oc would be via J-integral, but then
value oc will be even higher than the one obtained. Therefore, the evidence that oqsr < oc
even for the totally brittle fracture case allows stating that during hydrotesting pressure
buildup the sleeve crack did not propagate, thus no signals from crack jumps should be
registered on the AE recording.

The assessment of the stress-strain state also showed that at the maximum test pressure
sleeve movement in the nozzle is about Ad = 0.01 mm << h = 2 mm, where h is the
constructive gap between the sleeve (3) and the nozzle neck (2). Therefore, we believe that
the sleeve did not contact the nozzle neck during testing (even a fractured loose sleeve), or
significantly flexed, consequently, AE on channel 4 is not associated with the sleeve-on-the-
nozzle friction signals and signals from crack edge opening friction. This conclusion is also
supported by the fact that AE signals being considered were recorded when the test
pressure was held constant, while friction signals should be registered at the stage of
pressure buildup, and by the time when pressure hold starts all friction events should have
stopped.

Thus, the most probable source of AE is the leak of test fluid through the through crack
during its opening under the internal pressure [11]. However, since during and after the test
no fluid leak through the test hole 5 (Figure 2) was visually observed, a periodic droplet
condition of liquid outflow was most likely to have occurred. In this case, wall pressure
pulsations can be expected, their frequency is determined by the frequency of vortex
formation by the formula (2), if the outflow condition is precavitational, and by the formula (3)
in case of cavitation outflow [11]:

f=5tZ-n 2)

T
f T 108

3)

where: St - is Strouhal number, v is the rate of liquid outflow, n is the number of the overtone
(n=1,2,3...), r-is the size of the channel, in our case, the width of crack opening; 7 - is the
liquid tension, & - is the average thickness of back filament layer, n - is the dynamic liquid
viscosity. Due to the lack of experimental data (water flow rate through the crack and crack
opening width), the anticipated frequency of AE signals (f) could not be obtained by
calculation. Howevers, it follows from formulas (2) and (3) that the frequency decrease may be
caused by a decreasing (v), which is unlikely to occur during testing pressure increase, or
due to an increase in the size of the channel (r) under test pressure, which is more likely. The
available data backing up this conclusion is the change of the central frequency (fc) over time
of the test, and its behavior is consistent with this assumption (Figure 5).
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Thus, the most likely source of acoustic signals corresponding to several bursts of AE activity
on recording channel 4 is the outflow of the test fluid through the crack in the nozzle. At the
same time, an increase in the duration of the signals from 50,000 us at the start of testing to
300,000 us at testing pressure hold was registered, which can be taken as a leak indicator.
Such indicator is defined when comparing the graphs of total count, amplitude and duration
vs time (Figures 4 and 5), or total count, energy and central frequency vs time (Figures 4, 5
and 7). At the same time, leak indicator has a maximum visibility in MARSE-Duration
coordinates (Figure 7), where a linear dependency is observed having inclination angle
proportional to the test fluid pressure. The latter, in our opinion, can be explained as follows.
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Amplitude [V]
Dwration [us]
¥
o
Duration [us]

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time [us] MARSE [a.u.] MARSE [a.u]
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Figure 7. Typical shape of AE signal from product leakage via the through hole (a) and AE signal
distribution registered on Channel 4 in Duration-MARSE coordinates during 2.0 MPa pressure hold
(b), 3.0 MPa (d), 5.0 MPa (f), and during pressure buildup (loading) from 2 to 3 MPa (c) and from 3 to
5 MPa (e)

Energy of AE signal in the general case is a function of [13]:
E=Z"|A%dt (4)

Where: Z - is the electric circuit impedance being a constant of AE transducer, i.e. Z = const.
The AE signal from leakage is close in its type to the harmonic periodic function (Figure 7)
with amplitude (A) oscillating about the mean value A = const, so we can proceed to the
concept of the average effective value of amplitude. Given that the function is continuous and
differentiable, according to the definite integral mean value theorem we obtain the following
expression from (4):

E=Z"A%(trt;) ()

Within the AE signal, the difference (t>-t;) - is the duration of the signal (D), and the ratio
A?/Z = const, which will be denoted (k) for clarity. The result is a linear dependency between
energy (or energy parameter) and duration: E = k-D. Since the duration of pressure relief
(leak) and the level of AE signal amplitude (outflow condition [12]) increases from the
pressure of the test fluid in the vessel, the dependency E(D) changes the inclination angle in
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proportion to the increment of the parameters A and D. It should also be noted that according
to the paper [12], conditions A = const and A ~ P during liquid outflow into the gas
corresponds to: the droplet flow condition, flow in a fully filled channel condition, and flow in a
condition of full flow separation from the channel walls. In other conditions of outflow
(cavitation, and flow with jet disintegration inside the channel), the amplitude varies in a wide
range and is not proportional to P, and, therefore, the revealed regularities may not occur
under those conditions.

4. Conclusion

4.1. During AE inspection special attention should be paid not only to the pulsed AE, but also
to the noise-like AE (small amplitude and long duration, Figure 7a), especially the one
recorded at the test pressure hold stages.

4.2. Leaks of fluid through the crack in the sleeves is accompanied by a series of AE signals
of approximately constant amplitude level, and AE signal duration and energy that increase
with rising test pressure. This fact is revealed by comparing the graphs of total count,
amplitude (energy), duration and central frequency of AE signals vs time, with best visibility
in MARSE-Duration coordinates (Figure 7), where a linear dependency is observed having
inclination angle proportional to the test fluid pressure.

4.3. When testing double-walled vessels, the results of AE inspection should be double-
checked by several simultaneous criteria for assessing the hazard level of AE sources, and
by at least two criteria of parametric type [5, 6, 8], plus one of location type [3, 4], and also by
implementing paragraph 5.2.

4.4. In practice, there is an urgent need to develop detailed criteria for assessing leakage of
test fluid via a through crack for all outflow conditions (droplet, laminar, cavitation, with the
flow separation from the channel walls, and with the in-channel jet disintegration [12]), and to
include those in the AE data classification standards.
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37 - Multiparametrical big data processing for Acoustic monitoring

Alexey Samokhvalov
DIAPAC Ltd., Moscow, Russian Federation

Abstract

Acoustic monitoring is characterized by big data flow needing continuous analysis and automated
processing. The information in acoustic-emission (AE) monitoring can be divided for primary (directly
registered) and secondary (processed by algorithms).

The latter included AE location, spectral analysis, clustering etc. Algorithms have much influence on the
composition and quality of secondary information. Two types of data centers could be distinguished:

(1) acoustic system channels; (2) geometric locations. Due to continuance of AE monitoring it is reasonable
to build geometrical models with fixed number of vertices (“mesh models”); vertices in model serve

as centers of data accumulation. The greatest interest in monitoring is represented by historical graphs
(time-bases series, trends).

The number of series is very large: large number of data centers multiplied by the number of analyzed
parameters. Therefore, at AE monitoring it is necessary to review and analyze very large number of time-
based series, consequently the problem of data visualization raises, which leads to the application

of certain grouping methods (clustering). Our experience allowed select effective ways to build geometrical
models of monitored objects, AE localization algorithms, clustering and data visualization for the purposes
of AE monitoring.
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44 - About new AE criteria of cracking in metal objects

Igor Razuvaev, Evgeny Suchkov

Alcor Corp., Dzerzhinsk, Russian Federation

Abstract

In the report it is discussed new AE criterion of an estimation of the intensity of cracking in the metal
objects, based on the analysis of statistical distribution of the parameters of AE signal. Results of researches
of behavior of this criterion on real industrial objects are shown.
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46 - Damage detection for linear pneumatic actuators
using Acoustic Emission

Houssam Mahmoud’, Pavel Mazal’, Frantisek Vlasic?, Miroslav Jana3

'Brno University of Technology, Brno, Czech Republic. 2Center of Technical Diagnostics
DAKEL, Brno, Czech Republic. 3Policske strojirny a.s., Policka, Czech Republic

Abstract

This paper presents criteria to find distinctive differences that determine whether the cylinder is damaged
or undamaged using acoustic emission. The study concentrates on the analysis, investigation, performance,
practical constraints, and the new applications of the pneumatic actuators.

Signal analysis sheds light on the relationship between root mean square (RMS) of acoustic emission signal,
displacement and time to describe the movement of piston related with behaviour of the signal during
progress and retreat strokes. The quality of the cylinder was determined by the calculation of the total value
of RMS in different stages of the working cycle.

In particular, number of undamaged pneumatic cylinders were tested by acoustic emission, after that
artificial defects were made in the same cylinders. Distinctive differences between damaged and
undamaged cylinders were defined by the number and distribution of the counts, and comparing
maximum signal between progress and retreat stroke. The obtained signals from two sensors and one
sensor were compared.
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47 - The parameters of Acoustic Emission signal proposed
to identification of damaged and undamaged cylinders

Vladislav Richter, Houssam Mahmoud, Pavel Mazal, Vendula Kratochvilova

Brno University of Technology, Brno, Czech Republic, mahmoud@fme.vutbr.cz, mazal@fme.vutbr.cz

Abstract: This paper proposes the parameters that are used by acoustic emission to define
damaged and undamaged cylinders. The main aim of the paper is to supplement the already
approved methodology for damage identification of pneumatic cylinders by other type of
cylinders. Pneumatic cylinders can be diagnosed using acoustic emission method due to a
different response to different types of artificially created defects. Acoustic emission sensors
are very sensitive to any change in the measurement configuration. Therefore, it is important to
find appropriate acoustic emission signal parameters that are least affected by the above effects.
The most frequently evaluated signal parameters are root mean square (RMS) of acoustic
emission signal over time. Due to the high sensitivity of acoustic emission method, it is possible
to describe the differences in responses of intact cylinder and cylinders with artificially created
defect. Similarly, signal development can be monitored with increasing number of monitored
cylinder cycles. These observations confirm that acoustic emission method can be used to
identify damage on pneumatic cylinder.

Keywords: Leakage, Pneumatic Cylinder, Defect, Acoustic Emission (AE).

1. Introduction

Acoustic emission (AE) is one of the non-destructive testing methods (NDT). when
microstructural changes occur in a material the energy was released, and the elastic stress waves
were generated to the AE sensors located on the surface of the component. By using multiple
sensors, the AE source can be in the material. for example, cracks in the material or leakage.
Each source emits waves with characteristic parameters, including AE amplitude, time, and
frequency spectrum. This makes it possible to distinguish individual sources [1]. Pneumatic
actuators are part of many industrial and transport facilities. They work on the principle of
converting the compressed air energy into the kinetic energy of the piston. The workings of
pneumatic actuator can be realized either as a linear motion, or a rotary motion [2].

One of the ways to estimate the life of pneumatic drives is statistical methods. These are based
on tracking the number of cycles to failure on a sufficient number of samples. Zhang and
Jungong found that the lifetime of pneumatic actuator corresponds to the Weibull distribution
and determined its parameters for the particular test actuators [3]. Wang tested another type of
actuators and compared Weibul's distribution with a statistical method called the Kernel density
estimation (KDE), which proved to have the required 0.6 reliability more conservative [4].
Methods based on tracking the number of cycles to failure are lengthy and expensive because
only one value can be obtained when each actuator is destroyed. For these reasons, it is more
appropriate to monitor the gradual degradation of the actuator to obtain more measured values
from one sample. Chen proposed for this purpose to measure the minimum operating pressure
(MOT), which is still sufficient for several cycles to bring the piston into motion [5]. Chang
continued in his work. With the increasing number of pneumatic drive cycles, the seal between
the piston and the inner surface of the drive body is worn. It gradually loses its function and
there is leak and increased friction. Therefore, the MOT putting the piston in motion must be
larger to compensate for these losses. The dependence of MOT on the number of actuator cycles
is approximately linear [6].

Another way to accelerate the lifetime testing of pneumatic actuators is accelerated life tests.
These consist of performing tests under unfavourable conditions in which defects occur earlier.
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Then, the dependency of the lifetime on the individual conditions can be determined and its
value estimated for normal conditions, which would take longer testing. Such testing was dealt
with by Chen, which examined the life of the actuators in relation to the temperature and
pressure, the stroke frequency (cycle time) and the speed of the piston movement. He found
that the temperature of the medium has the greatest impact on the life of the actuator, with its
increasing lifetime significantly decreasing. It also decreases with increasing media pressure
and piston movement speed, but not so much. The changing stroke frequency does not affect
the service life of the actuator [7].

Zhang [8] dealt with the detection of leakages in pneumatic actuators by comparing measured
data from flowmeters to damaged and undamaged actuators. For damaged actuators,
compressed air consumption is greater than that of undamaged. Surprisingly, however, it is the
opposite (green curve in negative flow values), which does not correspond to reality. This
phenomenon is due to the incomplete synchronization of both curves. In leakage actuators, the
pressure under the piston decreases and thus also the force acting on the piston that moves it.
As aresult, the acceleration value and the piston speed are also lower, and the cycle time is also
increased. Correct data synchronization can remove this phenomenon.

Also, Nakutis dealt with the possibilities of on-line monitoring of pneumatic actuator status by
measuring airflow [9].

For a continuous AE signal, the most frequently used AE parameters are the average energy
(AErms) can be defined as

to+T N
1 1
= — 2 — —_ 2
AErms T f v2(t)dt NEU (n) (D
to n=1

Here, v is the voltage signal from an AE sensor, ¢ the initial time, 7 the integration time of the
signal, and N the number of discrete AE data within the interval 7. Thus, in this article we are
attempting to highlight the parameter RMS [10].

2. The experiment

The experiment was conducted in a specialized laboratory at Brno University of Technology.
The experiment platform contains testing devices and some equipment including damaged and
undamaged cylinders PB types, AE sensors which are installed on different positions of the
cylinder, air pressure supply, pneumatic control system, the linear potentiometer and the AE
monitoring system by analyser DAKEL — Zedo as shown in figure 1.

Alr Saurce [
— Valve |
l_.‘ magnetic A BE—
sensor
AE Analyzer

' Tested Cylinder

Sensors Linear Potentiometer

Figure 1. Scheme of the measuring chain
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2.1 Parts of pneumatic cylinder
The process of the understanding of defects requires detailed knowledge of the different parts
of the cylinder. The main parts are shown in figure 2.

6 |
2
% 3

Figure 2. Parts of pneumatic cylinder

(1) Piston rod. (2) Cylinder body (barrel). (3) Head cap. (4) Rear cap. (5) Piston fastener (Tie
Rods). (6) O- ring seal piston fastener. (7) Porting. (1) Rod Bearing. (12) Rod wiper (Wiper
Seal). (8) Piston seal lip-seal. (8) Piston seal bumper seal. (9) Magnetic ring. (10) Head and rear
Piston.

2.2 Different types of artificial defects

All defects are undesirable. The defects here were simulated and made artificially: leakage,
leaks in motion, galling and mechanical defects.

Leakage can be caused by the deterioration or loss of sealing function, damage of the seals
surfaces within the components, or further damage across any part of cylinder. The possible
locations of leakage are given by the construction of cylinders [11].
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2.2.1 Leakage

semlis - France

Table 1. Classification of defects NP during retreat stroke [11]

N Parts location of leak Causes
Rod wiper seal in Damaged seal
NPO1 the head cap Around the rod Damaged surface of the rod
. . The cover of the Damaged seal
Rod wiper seal in
NP 02 the head ca undercut D d surface in the und
p (head cap) amaged surface in the undercut
NP 03 Head Over Rod bearing Porosity casting / moulding
Sealing the barrel Damaged seal
NP 04 in the head cap Around the barrel Damaged surface of the barrel
Sealing the barrel The cover of the Damaged seal
NP 04b he head undercut
on the head cap (head) Damaged surface in undercut
Sealing the front Damaged seal
NP 05 Piston seal Around the Piston seal Damaged surface of the tube
bumper seal
Sealing the front Damaged seal
NP 06 Plstogesaeial lib Around the Piston seal Damaged surface of the piston
O ring -Sealing Damaged seal
NP 07 the frogt and rear | Between the frop tand Damaged the front surface of the
piston rear parts of piston .
piston
O ring -Sealing Damaged seal
the front of the Damaged surface of the rod
NP 08 piston on the Around the rod Released piston - insufficient
piston rod pressure
i Damaged seal
NP 09 Seal porting Between porting and g
head Damaged surface of the head

" NPO9

+ Input

Figure 3. Leaks above the piston during retreat stroke [11]
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Table 2. Classification of defects PP during progress stroke [11]

N Part Site of leak Cause
Seahpg thf: Around the Damaged seal
PPO1 | rear piston in
barrel Damaged surface of the barrel
the barrel
Seahpg the.: Around the Damaged seal
PP 02 | rear piston in iston D d surf: £ the pi
the barrel p amaged surface ot the piston
Seah‘ng the Around the Damaged seal
PP 03 | rear plston on rod Damaged surface of the rod
the piston rod Released piston - insufficient pressure
Sealing the Damaged seal
front and rear | Between the Damaged surface of the rear piston
PP 04 piston O- front and rear
ring seal parts of Released piston - insufficient pressure
piston piston seal
fastener
rruse | e | o
barrel Damaged surface of the barrel
rear cap
Sealing the | The cover of Damaged seal
PP 05b | barrel in the | the undercut
rear cap (head) Damaged surface in the undercut
PP 06 | The rear cap Du}rll;lfdthe Porosity casting / moulding
Between Damaged seal
PP 07 | Seal porting screc\zpand Damaged surface of the rear cap
_PPOS
pPoG
PPO3- 1t
PPO7
Input *

Figure 4. Leaks below the piston during progress stroke [11]
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2.2.2 Mechanical defects
A lot of mechanical defects can include damage of parts from an external force, the loss of
thread connection with parts and high cycle fatigue damage.

Table 3. Defects M [11].

N Galling of parts in contact
01 Damage to the head cap
03 Loosening the screws of the head cap
04 Deflection rod
05 Loosening the screws of the rear cap
06 Damage to the rear cap

MO1 MO3 MOS5 M04 MO&

B T

LI .

Jﬂ

;X;Wm\&

Figure 5. Mechamcal desfects [11]

3. Results and discussion

Figure 6 shows the AE signal during 4 cycles of an undamaged PB cylinder (cylinder 13). The
signal amplitude of sensor A is higher than B on progress stroke. The signal amplitude of sensor
B is higher than A on retreat stroke. This signal is repeated over the next 4 operating cycles,
which shows good repeatability of the results in one measurement. The only difference is the
significantly higher signal amplitude before the piston rod is first put into motion, so the first
cycle has never been used for the evaluation. One-cylinder cycle takes 0.4 s.
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Figure 6. Run of RMS parameter and piston position during 4 cycles of undamaged PB cylinder

3.1 Effect of sensor positioning

In the next phase, it was necessary to find a suitable position for placing the sensors on the test
cylinder. Therefore, a series of experiments with different sensor positions were performed.
The sensors were positioned on the cylinder according to Figure 6. The front and rear front
faces have been excluded from the selection as they serve in most cases to attach the cylinder
to the surrounding parts.

Figure 7. Location of the sensors on the cylinder
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Figure 8. Effect of sensor positioning on signal form

3.2 Influence of piston movement speed

The effect of the piston movement velocity on the signal form was investigated. The maximum
speed of 340 mm/s was reached with the throttle fully open. Both throttle valves were always
set to the same control value during the experiment. From the results in Figure 9 we can see a
significant effect of the piston movement velocity on the amplitude of the signal. As the signal
velocity increases, the signal velocity increases. At the lowest speeds up to 100 mm/s. The
results listed here were recorded on channel A, but the same trend was found on channel B.
These measurements were carried out on an undamaged cylinder No. 16.

0,0014
0,0012
0,001
5) 0,0008
g 0,0006
0,0004
0,0002 \\
0 = -
0 0,2 0,4 0,6 0,8
Time s
——340mm/s_A 284mm/s_A 241mm/s_A 170mm/s_A
e 132mm/s_A 102mm/s_A ==——77mm/s_A = 48mm/s_A

Figure 9. Effect of piston movement velocity on the shape of the AE signal

Figure 10 shows the relationship between RMS and velocity. With increasing speed, this value
is generally exponentially increasing, but several values at the highest speeds do not match this
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trend. The difference in values for 50 mm/s can be up to 50 times. Further experiments were
performed at 150 mm/s and 350 mm/s, since at this velocity it is possible to distinctly
distinguish the phase of extension and insertion from endurance at the top or bottom dead
centre.

0,00035
0,0003

0,00025
0,0002

0,00015 /
0,0001

0,00005

0
0 50 100 150 200 250 300 350

The velocity of movement of the rod (mm.s1)

e Progress_A  emmmmmRetreat A — e Progress B Retreat_B

Figure 10. Effect of piston movement velocity on the average value of RMS when sliding and
inserting

3.3 Influence of air pressure

The influence of air pressure on the AE signal has also been documented. From the results in
Figure 11, it is evident that with the increasing air pressure the signal amplitude also increases,
but far less significantly than with the piston movement speed. At the lowest pressures (2-3
bars), the cycle length is also slightly prolonged. The results listed here were recorded on
channel A, but the same trend was found on channel B. These measurements were carried out
on an undamaged cylinder No. 16.

0,0006
0,0005
0,0004

0,0003

RMS V

0,0002

0,0001

0
0 0,1 0,2 0,3 0,4 0,5

Time s

e 16_2bar_A =——16_3bar_A 16_4bar_A
16_5Sbar A =16 _6bar A =——16_7bar_A

Figure 11. Influence of air pressure on the form of AE signal
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Figure 12 shows the relationship between RMS and the air pressure. As the pressure increases,
this value increases linearly. The difference in values for pressures of 2 to 7 bars is on average
2 times. Further experiments were conducted at an air pressure of 6 bar as this pressure is the
most commonly used in the world to drive pneumatic elements while being large enough to
highlight the air leakage signal that occurs in some artificially created defects.

e Progress_A  emmmmmRetreat A e Progress B Retreat_B

0,00016
0,00014
0,00012
0,0001
0,00008
0,00006
0,00004 /

0,00002 _

RMS V

0
2 3 4 5 6 7

Air pressure (bar)

Figure 12. Effect of air pressure on the average value of RMS when sliding and pushing

3.4 Impact of the number of cycles completed

Another question was how the number of cylinder cycles affected by the AE signal. Therefore,
a long-term test was carried out in which the AE signal was measured after a certain number of
cycles. During the first 100,000 cycles, measurements were taken.

0,0006
0,0005
0,0004

0,0003

RMS V

0,0002
0,0001

0

Otis.B —— 100tis_B 200tis_B 300tis_B

—— 400tis_B

500tis_B —— 600tis_B
Figure 13. Impact of the number of cycles completed on the AE signal
Figure 14 shows the relationship between RMS and the number of completed cycles. As the

number of cycles increases, this value is almost unchanged. The difference in values for 0 to
650 thousand cycles is a maximum of 1.5 times.
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Figure 14. Impact of the number of cycles completed on the average value of RMS when

sliding and inserting

3.5 Comparing between damaged and undamaged cylinders
Figure 15 shows the RMS for one cycle of undamaged cylinder. The peak in the initiation
movement is the moment when the air inters the cylinder in progress and retreat strokes.

— SeNSOr A e Sensor B

0,00025
0,0002
~ 0,00015
(7]
>
& 0,0001
0,00005

0 0,1 0,2 0,3 0,4

Time s

Figure 15. Unimaged cylinder No.13 for one cycle

Figure 16 shows the RMS for one cycle of damaged cylinder. The high amplitude because of
leakage in the cylinder. This type of leak is NP02 (damaged of the piston rod seal) and defect
PP0O5a (damaged surface near the seal between the barrel of the cylinder and the rear cover).
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Figure 16. Damaged cylinder No.1 for one cycle

4. Conclusion

One of the reasons for the failure of pneumatic cylinders in operation is their poor
manufacturing or assembly in the factory. Implementing the acoustic emission method will
allow to directly identify the type of damage. The appropriate AE parameter was selected for
evaluation, based on the repeatability and sensitivity of the artificially generated defects in the
signal. The effects of other factors on the AE signal (position of AE sensors on the cylinder,
piston movement speed and air pressure) were investigated.

Verification of repeatability on all undamaged cylinders was successful, and most damaged
cylinders showed such differences in the signal that were clearly distinguishable from the
undamaged. The last experiments were verified to detect detectable defects in the signal.

The basis of the proposed methodology is to compare the RMS parameter from the individual
phases of the working cycle and from the individual sensors. This procedure makes it easy to
locate and, in some cases, directly identify the type of damage.

The development of mobile test equipment, which would allow the diagnosis of pneumatic
elements directly at the place of their use without the necessity of dismantling and expensive
shutdown of the machine, is offered. The certificate of methodology using acoustic emission to
detect the defect was obtained
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Abstract

The criteria for the destruction of composites are not fully understood. When evaluating the damage,

it is important to determine the type of failure. For the analysis, such parameters of acoustic emission (AE)
as amplitude, frequency, energy and others are used. When operating an object, it is important to know the
moment of occurrence of a certain type of failure under unknown load. For this it is necessary to use two

or more AE parameters.

The second problem is that the signals recorded by the new type of distributed fiber optic sensors differ
in different parameters from the signals detected by the piezoelectric sensors.

The work is devoted to the analysis of AE signals recorded by fiber-optic sensors in polymer composite
materials.

As a result of the study were analyzed AE signals from various sources (destruction of fibers, binder).
We used for analysis the separation of AE signals into frequency components by wavelet transform.

It was determined that to evaluate various types of damage can be used amplitude, energy and frequency
parameters of AE signals. When evaluating the parameters of AE signals, it is necessary to take into account
the distributed and local character of the arrangement of fiber optic and piezoelectric sensors, respectively.
The length of fiber-optic sensors requires a separate approach for the correct location and identification

of sources at the monitoring site.

This work was supported by the Russian Scientific Foundation, project no. 16-19-10149.
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62 - FEM based simulation of Acoustic Emission monitoring
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Abstract

Deep-sea leaks still raise concerns in the oil and gas industry, given that, unrelated to leak severity and
its associated economic impact, this also carries a social worrying environmental impact hard to quantify
in economic terms. One of the main goals in offshore pipeline monitoring is small and medium scale
leakage early detection repairs, leading to maintenance smart scheduling.

Acoustic emission (AE) testing is deemed as one of the strongest contenders in the field of NDT
(Non-Destructive Testing) for continuous monitoring on this kind of pipelines. Its implementation can be
cost-efficient, with a detection reach between local and global scale, providing precise localization of
existing leaks, as well as other critical locations that might be further examined using other local NDT
techniques.

In this work, we introduce various Finite Element Method (FEM) based models to simulate acoustic
emission sources in an offshore pipeline, considering useful approximations to physical constraints and
operating conditions. The model is used to determine relevant frequency range and noise sources impact
in that range, asserting monitorization viability. In addition to that, we present the required specifications
for a monitorization system in offshore pipelines, including sensorization, conditioning, digitalization,
storage and data post-processing.

Towards critical point identification, we analyze AE events being broadcasted along the pipe structure,
meanwhile for alarm triggering on existing leaks. We also analyze waves propagating through the fluid,
employing advanced de-noising techniques through transformation, leakage localization and AE source
clusterization by machine learning techniques.



3 3mr European Conference
on Acoustic Emission Testing

12-14 September 2018 - Senlis - France

74 - In-situ control of additive manufacturing process
by Acoustic Emission

Guillaume Perrin', Jonathan Frechard?, Philippe Verlet?, Christophe Grosjean? Daniel Maisonnette?,
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4Cetim, Saint Etienne, France

Abstract

Considering the rapid growth of attention and investments around additive manufacturing (AM),
organizations have highlighted a significant barrier to a wider deployment of this manufacturing
technology, namely the lack on controls and patches during processing of industrial pieces.

This problematic is here treated through the “I AM SURE" FUI project led by BeAM, with the support of
industrial partners (AIRBUS, NAVAL GROUP, THALES), SMEs (VLM, POLYSHAPE), the French Rapid
Prototyping Association (AFPR) and R&D laboratories, including CETIM, CEA-LIST and LNE.

A state-of-the-art of promising in-situ NDT technics is provided in this paper, the main one being acoustic
emission (AE). Extensive tests have been performed more particularly on Laser Metal Deposition (LMD)
machines to determine the adaptability of this testing to harsh environments and intense background
noises generated by the process.

Main results and innovations are presented here, including contact and contactless instrumentations,
multi-technics correlation, defects identification and localization, monitoring of the process drifts and
tracks for a possible feedback system on LMD machines. It is concluded on the promising results arising
from these preliminary developments. Implications for the control of real industrial cases are discussed.
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89 - Features of Acoustic Emission in double-walled elements
of vessels pressure in the presence of cracks
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Abstract:

We discuss the ability to detect the cracks in the elements of the double-walled pressure vessels,
using the acoustic emission (AE) method based on practical results obtained during integrity testing of
the reactor for hydrotreatment of diesel fuel with a crack in the sleeve of the connecting pipe. Possible
AE sources are analyzed on the basis of comparison of the stress-strain state of the reactor containing
the crack in the sleeve with AE data coupled with additional information obtained by other
nondestructive testing (NDT) methods. It is found that the crack could be detected only by considering
fine AE features, which are not considered in the standard AE practice. It is shown that the fluid flow
through the crack reveals itself in the form of AE with the approximately constant amplitude level and
with duration that increases with pressure. The issue concerning the lack of quantitative criteria for
reliable identification of leaks with different intensity is discussed since it that does not allow using the
AE technique alone without reference to independent NDT methods. The approaches and
recommendations are proposed towards AE identification of leakage through the crack of subcritical
(non-propagating). These approaches are discussed in detail.

1. Introduction

Modern chemical, petrochemical and oil refining processes operate at high working
pressures and temperatures, e.g. ammonia synthesis at 20+60 MPa + 420+500 °C, methanol
synthesis at 20+30 MPa + 350+400 °C, carbamide synthesis at 15+20 MPa + 150+190 °C,
ethylene polymerization at 150 MPa, and over + 180+240 °C, hydrocracking and
hydrotreating of oil fractions at 3+32 MPa + 250+420 °C, etc. Increasing wall thickness on a
single-walled cylindrical vessel operating under internal pressure (P) is known to be sufficient
only up to the following pressure: P = [0]/2 only [1, etc.], where: [0] is the maximum allowable
stress for the vessel wall material. This is explained by the fact that radial (or) and
circumferential (oq) stresses rapidly decrease across the wall thickness with increasing
radius, and the material in the outer layers of single-walled vessel works ineffectively (Figure
1). This, in combination with the known fact of decrease of [o] with increasing operating
temperature of the material [2, etc.] dramatically limits applications of single-walled vessels in
key technological processes. The composite or double-walled design allows to relieve the
inner layers and increase loads on the outer layers of the pressure vessel wall (Figure 1),
significantly increasing the permissible operating pressure and temperature of pressure
vessels of this type versus single-walled vessels. In addition, the double-walled design helps
to reduce metal consumption (consumption of heat-resistant, refractory, corrosion- and
chemical-resistant materials), resulting in reduced cost of pressure vessels.
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A disadvantage of double-walled vessel design is that during operation under cyclic pressure
and temperature variations, due to different coefficients of linear expansion of double-walled
vessel outer and inner shell material, fatigue cracks occur in the latter. Detection of such
cracks is a very difficult task for technical diagnostics. It is mainly addressed by non-
destructive testing methods from the inside of the vessel. This requires opening, unloading of
the catalyst, cleaning, steaming and degassing of the vessel. The acoustic emission (AE)
method is one of the few non-destructive testing methods to detect fatigue cracks without
opening the vessel from the outer shell. However, the existing AE defect detection methods
are based either on the location criteria [3, 4, etc.], or on the crack growth detection criteria
[5, 6, etc.] which were demonstrated ineffective for double-walled vessels in practice,
because (i) stresses close to the operating values cannot be reached during the tests, and
cracks do not propagate during AE inspection, and (ii) the inner and outer vessel shells
create two independent acoustic channels with the interface having different acoustic
transparency in different areas, and the unpredictable AE signal transmission path, which
leads either to complete failure of locating, or to an erroneous source detection during AE
inspection. A similar situation occurred during assessment of technical condition of diesel
hydrotreating reactor at one of the oil refineries. While completing the task, AE
characteristics and conditions that enable detection of through fatigue crack in a double-
walled pressure vessel were identified. The purpose of this publication is to discuss the
discovered features of AE manifestation.

2. Description of work

The inspection object was the diesel fuel hydrotreatment reactor with the service life of 12
years at the time of AE inspection. The working medium is a mixture of diesel fuel, hydrogen
and sulfur-containing compounds. The modes of operation of the reactor include the
followings: (i) reaction mode: 6 MPa + 425 °C, (ii) catalyst regeneration mode: 1.5 MPa +
550 °C. The shape and dimensions of the reactor are shown in Figure 2. All walls of the
reactor elements are bimetallic. Total shell thickness is 80 mm, bottom thickness is 90 mm.
The outer shell of walls and bottoms is made of 12CrMo steel, and the inner of 08Cr18Ni10Ti
steel. The nozzle body consist of 15CrMo steel pipe 2 and flange 1, with a 08Cr18Ni10Ti
steel protective sleeve 3, welded to the nozzle body at the ends, which is why there is an
inter-wall space with an air gap between body 1, 2 and sleeve 3 of the nozzle (Figure 2). A
test hole 5 is drilled to the inter-wall space of the sleeve.

AE inspection of the reactor was performed during hydrotesting of the vessel per the loading
graph as presented in Figure 4 including confirmation of the Kaiser effect (The Figure does
not show the last stage that was pressure relief from 5 to 3 MPa, and re-loading to 5 MPa).
AE was recorded and analyzed on a 24-channel DiSP Samos 24 (PCI-8) system with R6lI-
AST transducers manufactured by Physical Acoustics Corporation (USA). The layout of AE
transducers is shown in Figure 2, and is accepted based on the results of the study of the
reactor acoustic properties shown in Figure 3. At the start and at the end of the testing,
equipment operation was set up and verified using AE simulators: reversible AE transducer
(AST-test) and Hsu-Nielsen simulator [7] that confirmed operability of the selected AE
transducer layout.

During reactor hydrotesting, no pressure drop on gauges, or leakage of the test fluid on
nozzle A and B test holes 5 (Figure 2) was registered. There were no stable clusters
indicating AE events on the location map. That is why the map is not shown here. Graphs
reflecting changes in the AE key assessment parameters are shown in Figure 5. During
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pressure rise, the noise level generated by the pump unit is shown not to exceed 70 dB in all
channels, and AE accumulation graphs for all channels are consistent with the loading graph.
This indicates a lack of active AE sources except for the loading equipment. Only AE
recording channel 4 during the entire testing, and channels 7 and 1 during 5 MPa pressure
hold time (Figure 4) manifested bursts of acoustic activity indicating a different AE source.
Assessment of AE using several criteria of the source hazard degree revealed the following.

AB

Figure 1. Stress distribution  Figure 2. Hydrotreating reactor arrangement: @ 11/ O 23 - location of
pattern in a single-walled (a)  AE transducers and channel number from the visible / back side, 1 —

and double-walled (b) nozzle flange, 2 — nozzle neck, 3 — nozzle sleeve, 4 — bimetal vessel
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Figure 3. Experimental curve of acoustic waves Figure 4. Fragment of reactor loading during
damping out hydrotesting and AE in the Total Hits — Time

coordinates on all AE registration channels

This source is interpreted as an insignificant source of class A by amplitude criterion [8], if
the results are reduced to MONPAC [6] classification. Since the condition A; < [Ar] was
satisfied, where: A; - is the mean amplitude of the recorded signals on channel 4 (A =
52,5+7,5 dB), [A7] - is the permissible maximum amplitude of AE signals ([A7] = 60 dB).
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When checking the integral criterion [8], the source is interpreted as an insignificant source of
class B, since the condition F < 1 = J is satisfied, where: F is activity, and J is the strength of
AE source calculated per [8] as:

Ak

1 N
F :_.Zk = and ]:w-zlfff

k 1Nk

(1)

here: Nk and Nk - is the number of events in the k-th and k+1-th interval of parameter
assessment, respectively, A« - is the mean amplitude of the source in the interval k, A - is the
mean amplitude of all AE sources throughout the object except for the one analyzed in the
interval k, w - is a coefficient.

When checking the locally dynamic Dunegan-lvanov-Bykov criterion [8, 9], the source is also
interpreted as insignificant of class B, since for some test areas Ny=a-P" exponent takes the
value up to m = 1 in the assessment. Here: Ns - is total count of AE (hits), P - is the testing
fluid pressure (internal pressure), a - is the constant of proportionality.

Due to the lack of AE events on the location map location criteria of type [3, 4] cannot be
applied.

According to MONPAC assessment criteria [6, 8], the source is class B. In this regard it
should also be noted that the MARSE parameter of AE signals increases with increasing
load, but this occurs due to an increase in the duration of the signals rather than to an
increase in the amplltude (Flgure 5)
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Figure 5. Graphs reflecting changes in the main assessment parameters of AE signals registered on
channel 4: Amplitude (a), Duration (b), Central Frequency (c) and MARSE energy parameter (d)

The only criterion indicative of the defect was the criterion of continuous AE [8]. This implies
that registration of continuous AE whose level exceeds the threshold level of the test system
indicates a leak in the wall of the object tested. However, based on the criterion of
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continuous AE, the source is classified as a one being missing or being present only. The
situation where the specified type of AE is not constant (registration of continuous AE is
observed at three time intervals), and the rate of AE registration at those intervals decreases
with increasing load is ambiguous by this criterion, and insufficient for the reactor to be
recognized as unfit based on AE inspection results.

Based on the results of AE inspection it was decided to be guided by the worst assumption,
and to additionally carry out ultrasonic test. However, the lack of clusters on the location map
hindered selection of the area for ultrasonic testing application, thus it was applied to all
welds and base metal around the channel 4 AE transducer (Figure 2). Ultrasonic testing in
the designated areas did not reveal any unacceptable defects, and the reactor was admitted
to the final compression test of the nozzle sleeve tightness including saponification as
prescribed by the company internal instructions. This method consisted in the injection of air
pressure in the space between housing 1, 2 and nozzles A and B sleeve 3 through the test
hole 5 (Figure 2). Upon pressure buildup the tightness is confirmed by a lack of foaming
areas where soap solution was applied to the surface of sleeve welds through the open
flange of nozzle 1. As a result of this tightness test of sleeve welds a crack was found in the
base metal of the nozzle A sleeve (Figures 2 and 6).

Figure 6. General view of the dismantled shell case of the reactor nozzle (a) and the increased
location in the crack area (b)

Sleeve examination upon dismantling showed several cracks oriented perpendicular to the
sleeve element, while in the weld tightness saponification test only one crack was found
(Figure 6b), i.e. the other cracks are not through. The through crack had no visible extension
(at 10x magnification) and was the longest (114 mm). The sleeve ultrasonic testing confirmed
the length of the crack and its through-the-thickness character.

Thus, the AE method using the key criteria for assessing acoustic emission [3, 4, 6, 8, 9 and
others] failed to detect that crack. Therefore, crack detecting capability of AE method was re-
evaluated by comparison of the stress-strain state of nozzle sleeve with the AE signal
parameters on all channels in order to establish the AE indicator of defect.

3. Discussion

Crack orientation indicates that their origin and growth occurred under the circumferential
load (0q). Assessment of sleeve stress-strain state under internal pressure according to [2]
has shown that stresses were applied in the vessel in the following proportions: gqer = 2:0rer
= (0.32:0m20 (during hydraulic test) and gow = 2:0rw = 0.68-0msso (during operation). Here:
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Oqct, Oaw and oOrer, Orw are radial (ogr) and circumferential (o) stresses in the sleeve at the
maximum test (c7) and operational (w) load accordingly; omz0 and Gmsso is yield strength of the
sleeve material at 20 and 550 °C accordingly [2]. The obtained ratios demonstrate that
thermal axial stresses arising in the sleeve during operation due to the difference in the linear
thermal expansion coefficients and lower axial stiffness of the sleeve compared to the nozzle
are more significant. Next, the worst case of crack development - a brittle fracture under
plane-strain deformation using the Griffiths criterion [10] is simulated, and the critical stress
(oc) is obtained, where a spontaneous crack growth occurs under normal tear. The
calculations showed that oc = (1.81+3.94)-0qc7. Given that the austenitic steel 08Cr18Ni10Ti
is a plastic material, a more correct method to define oc would be via J-integral, but then
value ac¢ will be even higher than the one obtained. Therefore, the evidence that oqer < o¢
even for the totally brittle fracture case allows stating that during hydrotesting pressure
buildup the sleeve crack did not propagate, thus no signals from crack jumps should be
registered on the AE recording.

The assessment of the stress-strain state also showed that at the maximum test pressure
sleeve movement in the nozzle is about Ad = 0.01 mm << h = 2 mm, where h is the
constructive gap between the sleeve (3) and the nozzle neck (2). Therefore, we believe that
the sleeve did not contact the nozzle neck during testing (even a fractured loose sleeve), or
significantly flexed, consequently, AE on channel 4 is not associated with the sleeve-on-the-
nozzle friction signals and signals from crack edge opening friction. This conclusion is also
supported by the fact that AE signals being considered were recorded when the test
pressure was held constant, while friction signals should be registered at the stage of
pressure buildup, and by the time when pressure hold starts all friction events should have
stopped.

Thus, the most probable source of AE is the leak of test fluid through the through crack
during its opening under the internal pressure [11]. However, since during and after the test
no fluid leak through the test hole 5 (Figure 2) was visually observed, a periodic droplet
condition of liquid outflow was most likely to have occurred. In this case, wall pressure
pulsations can be expected, their frequency is determined by the frequency of vortex
formation by the formula (2), if the outflow condition is precavitational, and by the formula (3)
in case of cavitation outflow [11]:

f=St-£-n )

f= 3)

1060177'

where: St - is Strouhal number, v is the rate of liquid outflow, n is the number of the overtone
(n=1,2,3...), r-is the size of the channel, in our case, the width of crack opening; 7 - is the
liquid tension, &p - is the average thickness of back filament layer, n - is the dynamic liquid
viscosity. Due to the lack of experimental data (water flow rate through the crack and crack
opening width), the anticipated frequency of AE signals (f) could not be obtained by
calculation. However, it follows from formulas (2) and (3) that the frequency decrease may be
caused by a decreasing (v), which is unlikely to occur during testing pressure increase, or
due to an increase in the size of the channel (r) under test pressure, which is more likely. The
available data backing up this conclusion is the change of the central frequency (fc) over time
of the test, and its behavior is consistent with this assumption (Figure 5).
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Thus, the most likely source of acoustic signals corresponding to several bursts of AE activity
on recording channel 4 is the outflow of the test fluid through the crack in the nozzle. At the
same time, an increase in the duration of the signals from 50,000 us at the start of testing to
300,000 us at testing pressure hold was registered, which can be taken as a leak indicator.
Such indicator is defined when comparing the graphs of total count, amplitude and duration
vs time (Figures 4 and 5), or total count, energy and central frequency vs time (Figures 4, 5
and 7). At the same time, leak indicator has a maximum visibility in MARSE-Duration
coordinates (Figure 7), where a linear dependency is observed having inclination angle
proportional to the test fluid pressure. The latter, in our opinion, can be explained as follows.
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Figure 7. Typical shape of AE signal from product leakage via the through hole (a) and AE signal
distribution registered on Channel 4 in Duration-MARSE coordinates during 2.0 MPa pressure hold
(b), 3.0 MPa (d), 5.0 MPa (f), and during pressure buildup (loading) from 2 to 3 MPa (c) and from 3 to
5 MPa (e)

Energy of AE signal in the general case is a function of [13]:
E=Z"|A%dt 4)

Where: Z - is the electric circuit impedance being a constant of AE transducer, i.e. Z = const.
The AE signal from leakage is close in its type to the harmonic periodic function (Figure 7)
with amplitude (A) oscillating about the mean value A = const, so we can proceed to the
concept of the average effective value of amplitude. Given that the function is continuous and
differentiable, according to the definite integral mean value theorem we obtain the following
expression from (4):

E =Z"-A%(ts-t1) ()

Within the AE signal, the difference (t>-t;) - is the duration of the signal (D), and the ratio
A?/Z = const, which will be denoted (k) for clarity. The result is a linear dependency between
energy (or energy parameter) and duration: E = k-D. Since the duration of pressure relief
(leak) and the level of AE signal amplitude (outflow condition [12]) increases from the
pressure of the test fluid in the vessel, the dependency E(D) changes the inclination angle in
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proportion to the increment of the parameters A and D. It should also be noted that according
to the paper [12], conditions A = const and A ~ P during liquid outflow into the gas
corresponds to: the droplet flow condition, flow in a fully filled channel condition, and flow in a
condition of full flow separation from the channel walls. In other conditions of outflow
(cavitation, and flow with jet disintegration inside the channel), the amplitude varies in a wide
range and is not proportional to P, and, therefore, the revealed regularities may not occur
under those conditions.

4. Conclusion

4.1. During AE inspection special attention should be paid not only to the pulsed AE, but also
to the noise-like AE (small amplitude and long duration, Figure 7a), especially the one
recorded at the test pressure hold stages.

4.2. Leaks of fluid through the crack in the sleeves is accompanied by a series of AE signals
of approximately constant amplitude level, and AE signal duration and energy that increase
with rising test pressure. This fact is revealed by comparing the graphs of total count,
amplitude (energy), duration and central frequency of AE signals vs time, with best visibility
in MARSE-Duration coordinates (Figure 7), where a linear dependency is observed having
inclination angle proportional to the test fluid pressure.

4.3. When testing double-walled vessels, the results of AE inspection should be double-
checked by several simultaneous criteria for assessing the hazard level of AE sources, and
by at least two criteria of parametric type [5, 6, 8], plus one of location type [3, 4], and also by
implementing paragraph 5.2.

4.4. In practice, there is an urgent need to develop detailed criteria for assessing leakage of
test fluid via a through crack for all outflow conditions (droplet, laminar, cavitation, with the
flow separation from the channel walls, and with the in-channel jet disintegration [12]), and to
include those in the AE data classification standards.
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Abstract:

Designed to break the paradigm for efficiency, the new generation of engines promises double-digit
reductions in fuel burn, as well as an unparalleled single-leap improvement in emissions and lower noise
to fulfil societal environmental objectives for a more sustainable future. The end-use consumer and
environmental policy requirements for aircrafts of the next generation translate into components with
higher temperature and speed. Furthermore, new instrumentation techniques are needed to closely
monitor rolling contact during testing of the next generation of aero engine bearing to check its behavior
under the new application condition. Vibration analysis for condition assessment and fault diagnostics
is widely used nevertheless interpretation and correlation of collected data is often cumbersome. That
is why combination of both techniques giving different types information in two different frequency band
can help to understand the behavior of new gear box. This study proposes a correlation between low
and high frequency signals with different strategy of signal acquisition and processing. Real time
transient analysis with feature extraction can be done in parallel with streaming acquisition. Then pattern
recognition of individual AE signal is possible and can be correlated with more traditional analysis based
on “multiple chocks” vibration analysis. Continuous monitoring of an aging gear box is giving genuine
information on no stationary regime and also time of stabilization. Long term experiments are conducted
on damaged and defect free gear boxes at several rotating speed and loading level.

Keywords: Rolling contact monitoring, vibration monitoring, EHL conditions

1. Introduction

Many studies are dealing about the use of vibration to detect fault in gear box and rolling
bearings. Some of them are focusing on the use of Acoustic Emission (AE) and vibration for
better characterization of the gear box default type. Based on vibration technology the
acquisition of raw signal is done by a partial acquisition of the signal at random. AE technology
is more focusing on the detection of transient above a predefined threshold in a narrow
bandwidth [1,2]. According to the progress of the acquisition system, this study proposes a
combination of all these types of acquisition. Wide band sensors offer richer bunch of data
allowing us to investigate new methods of processing and default characterization.
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The default Characterization we propose will be more than a statistic acquisition but a
continuous monitoring.

Acoustic emission (AE) is defined as transient elastic waves generated from a rapid
release of strain energy caused by a deformation or damage within or on the surface of a
material [4]. This technique is widely used as a non-destructive testing technique for fitness for
service evaluation in industrial field. AE is also a powerful tool to characterize and understand
damage initiation and propagation. Most of all microscopic mechanisms has been studied and
correlated with AE signals as fretting [3]. Many developments in AE technology, mainly
developments in AE instrumentation, have occurred in the past ten years.

In this particular investigation, AE appears as the transient elastic waves generated by the
interaction of two surfaces in relative motion. The interaction of surface asperities and
impingement of the bearing rolling elements over the seeded defect on the outer race will
generate AE hits. Due to the high frequency content of the AE transients typical mechanical
noise (less than 20kHz) is eliminated.

Inmer ring

Figure 1: AE signal from asperity in rolling contact

There have been numerous investigations reported on applying AE to bearing defect
diagnosis. Roger [5] utilized the AE technique for monitoring slow rotating anti-friction slew
bearings on cranes employed for gas production. In addition, successful applications of AE to
bearing diagnosis for extremely slow rotational speeds have been reported [6, 7]. Yoshioka
and Fujiwara [8, 9] have shown that selected AE parameters identified bearing defects before
they appeared in the vibration acceleration range. Hawman et al [10] reinforced Yoshioka’s
observation and noted that diagnosis of defect bearings was accomplished due to modulation
of high frequency AE hits at the outer race defect frequency. The modulation of AE signatures
at bearing defect frequencies has also been observed by other researchers [11, 12, 13].
Morhain et al [14] showed successful application of AE to monitor split bearings with seeded
defects on the inner and outer races.

This paper investigates the relationship between AE signals for a range of defect
conditions, offering a more comparative study than is presently available in the public domain.
Moreover, comparisons with vibration analysis are presented. The source of AE from seeded
defects on bearings, which has not been investigated to date, is presented showing
conclusively that the dominant AE source mechanism for defect conditions is asperity contact.
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2. Experimental setup

The bearing test rig employed for this study had an operational speed range of 5000 to
15000 rpm with a maximum load capability of 50kN via a hydraulic ram. The test bearing
employed was 3 points contact ball bearing. This bearing type was selected as it allowed
defects to be seeded onto the races, furthermore, assembly and disassembly of the bearing
was accomplished with minimum disruption to the test sequence. Five calibrated dents were
done on the bearing inner ring (rotating). Pure axial loading is applied to the rolling bearing.
The defects are located along the predicted rolling raceway path inside the hertz contact zone.
Dent length against the rolling velocity are around 200um. The acquisition is performed via a
multichannel last generation Mistras AE acquisition system: Express 8.

We have use all capability of this system to record the maximum of information. First, we
use continuous energy summation without threshold, which is much accurate than traditional
RMS or ASL (RMS with log scale) integration. Then, acquisition of transients based on smart
threshold allows us to avoid triggering on continuous signal. It can guaranty a significant hits
rate whatever is the level of background continuous AE (fig.2). Manual change of the trigger is
not any more require. Transient is characterized by hit and waveform, it can be feed in Noesis,
Mistras pattern recognition software for multiparametric evaluation. Express 8 offer also the
capability to record streaming (acquisition of raw signal at very high rate and with quasi
unlimited buffer) to apply more traditional signal processing often use in vibration but with lower
sampling rate.

Figure 2: acquisition with smart threshold (above graph) and waveform and hit correspondence (graph below).
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The streaming has been also used in parallel without any reduction of performance of
traditional AE acquisition. Streaming is a synchronized acquisition of the 4 channels without
any threshold. The windows length can be arbitrary of defined like shown in figure 3.
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Figure 3: streaming acquisition during 5 sec at 2 Mega sample per second on the four channels.

Three different wideband AE sensors (WD, S9208 and micro 80) are used in parallel with a
standard accelerometer Bruel et Kjaer type 4374 (bandwidth 1 to 26KHz 0,5 pC ms-2). The
calibration curves of these sensors are given in figure 4.
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The sensor must be held in place for the duration of the test. Dry contact between the sensor
and the structure does not meet the goal for appropriate wave transmission. For the AE
sensors coupling, we used an adhesive tape developed for aerospace industry called
“‘KAPTON” on which the sensor is glued with cyanoacrylate or cement glue. (figure 5). This
solution has been successfully tested with cyanoacrylate glue during test space telescope for
ASTRIUM under high energetic vibration [15]. The reduction of measured amplitude compare
to a traditional grease coupling is less than one dB for Hsu Nielsen source (NF EN1330-9).

Accelerometer: channel 4

" WD : channel 1

$9208 : channel

Micro 80 : channel 2

Figure 5: picture of the different sensors used for the monitoring and coupling mode.
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3. Results

We performed the same loading sequence for all bearings, see table 1.

Speed (Rpm) Load (kN)
6000 5
11500 10
11500 15
11500 20
11500 25
6000 23,5

Table 1: loading sequence for bearing the colors are used to separate the loading sequences.

The four sensors are compared and the WD (channel 1) and micro 80 (channel 2) are giving better
results than accelerometer and S9208 to characterized default (fig.6).

Good bearing

default

-

Good bearing

default

s
% 0
L
b
= i =

Figure 6: evolution of ASL and frequency centroid versus time with and without default. On the top graph
channel 1 (WD) at the bottom channel 2 (Micro 80).
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A clear difference of behavior can be seen above 6000 rpm at 5 kN and it enhance at 10 kN
on the energy of the AE signals on transients. Also, the center mass of the frequency spectrum
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(called frequency centroid) increases a lot for the bearing with default. It exhibits the best power
of discrimination using our pattern recognition software. The stabilization of the AE signal takes
at least 2 minutes after the loading condition change.

Considering a more standard acquisition mode for channel 1 (WD), on the bearing with default,
it can be seen a new pic at 27 kHz at 11500 tr/min and above speed. For another side, the
width of the FFT increases as the load increases (fig. 7).
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Figure 7 : Fourier transform on 5s files on channel 1 for different cases of load levels and rotating speed.

4. Discussion

The source of AE for seeded defects is attributed to material protrusions above the surface
roughness of the outer race. This was established as the smooth defect could not be
distinguished from the no-defect condition. However, for all other defects where the material
protruded above the surface roughness, AE transients associated with the defect frequency
were observed. As the defect size increased, AE ASL, maximum amplitude and kurtosis values
increased, however, observations of corresponding parameters from vibration measurements
were disappointing. Although the vibration RMS and maximum amplitude values did show
changes with defect condition, the rate of such changes highlighted the greater sensitivity of
the AE technique to early defect detection.

Again, unlike vibration measurements, the AE transient could be related to the defect
source whilst the frequency spectrum of vibration readings failed in the majority of cases to
identify the defect frequency or source. Also evident from this investigation is that AE levels
increase with increasing speed and load. It should be noted that further signal processing could
be applied to the vibration data in an attempt to enhance defect detection.
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Techniques such as demodulation, band pass filtering, etc, could be applied though these
were not employed for this particular investigation. The main reason for not applying further
signal processing to the vibration data was to allow a direct comparison between the acquired
AE and vibration signature. From the results presented two important features were noted:

o firstly, AE was more sensitive than vibration to variation in defect size

¢ secondly, that no further analysis of the AE response was required in relating the defect
source to the AE response, which was not the case for vibration signatures.

The relationship between defect size and AE hit duration is a significant finding. In the longer
term, and with further research, this offers opportunities for prognosis. AE hit duration was
directly correlated to the seeded defect length (along the race in the direction of the rolling
action) whilst the ratio of hit amplitude to the underlying operational noise levels was directly
proportional to the seeded defect width.

5. Conclusion

It has been shown that the fundamental source of AE in seeded defect tests was due to
material protrusions above the mean surface roughness. Also, AE maximum amplitude has
been shown to be more sensitive to the onset and growth of defects than vibration
measurements.

A relationship between the AE hit duration and the defect length will be established in further
posttreatment.
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Abstract:

Condition Monitoring System for rotating machinery with accelerometer is widely used in industrial
field. This system have within 10 kHz feature frequency and it have limitation for early fault detection.
This technique can simultaneously provide not only applicable to middle or high speed rotating
machines range from 20kHz to 200kHz, but also applicable to low speed, heavy duty rotating
machines range from 2Hz to 20kHz like bearing and gear. Acoustic emission technique is higher
sensitivity than vibration when AE sensor is far away from object.

Especially, acoustic emission can also be used for monitoring crack propagation, lack of lubrication,
bad sealing, and impact signal like spalling of bearing or gear, so this can be available predictive
maintenance.

1. Introduction

Recently, interest in health monitoring and maintenance of facilities is on the rise, and
research is underway on early detection of defects and diagnosis of predictions. Acoustic
emission technology is a non-destructive inspection method that detects and evaluates the
emission of elastic waves due to plastic deformation and generation of cracks with AE
sensor, which has high sensitivity characteristics, which is small before the destruction of
materials. These advantages are incorporated into major rotating machinery to facilitate

more advanced health monitoring and early fault detection. [1-7]

On the other hand, various rotating machinery, such as motors, gear box, blowers, pumps,
etc, fail, however, the installed vibration monitoring system is difficult to detect abnormal
symptoms, and only post-maintenance measures are required. On the other hand, most
motors in use in the field are low speed motors below 1500 rpm, even if these are low
speed motors within 300 rpm, it is difficult to detect signs of failure with the normal

vibration signal based Condition Monitoring System (CMS).

In order to overcome the technical limitations of these existing systems, early fault
detection systems for low speed rotators were developed for integrated operation

information and facility conditions by applying acoustic emission technologies with superior
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sensitivity than vibration monitoring. This technology aims to perform unexpected fault
diagnosis of large and complex machines by using acoustic emission and vibration

composite sensing technology.

In particular, it performs early fault detection on low speed rotating machinery and
Universal Joint, which are vulnerable to monitoring of existing vibration conditions, to

minimize the failure time and maximize the efficiency of the facility.

2. Bearing cage fault detection test using Test Rig

For the preliminary test, a similar Gear box is prepared for actual operation, and a normal
and faulty condition is measured after applying an artificial defect to the bearing on the

output side of the normal Gear box.

2.1 Test target information and test condition

Fig.1 shows the test configuration of Test Rig and consists of a motor, a gearbox, and a
bearing. The input for the Gear box used is 1170rpm, the output is 30rpm, and the gear
ratio is 38.25.

For normal conditions, the rpm was held constant to collect normal signals, and the rpm
was increased sequentially to 50 % (585 rpm), 75 % (877 rpm) and 100 % (1170 rpm).

In the case of a bearing defect (cage defect), the bearing cage of the Gear box output
part (ch2, ch4) was damaged with a hammer, causing the ball to become unstable. The
data was then collected by keeping the rpm constant, and signals were increased and
decreased sequentially to 50 % (585 rpm), 75 % (877 rpm), and 100 % (1170 rpm).

Bearing cage fault
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: N
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Fig. 1. Test Rig Test Configuration (Left) and Physical Photograph (Right)
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Fig. 2. Test Rig Test Results

The AE sensor used a wideband sensor, WSa (ch1 and ch4), and R15 a (ch2 and ch3), a
150 kHz resonance type sensor. The sensor is fixed to the target with a magnetic holder.
Preamplfier for signal amplification has set the 2/4/6 model to 40 dB gain. The high-speed
data collection device uses PCl-Express and the analysis uses AE Win made by Mistras

Group.
2.2 Test Rig Test Result

Fig.2 is a comparative analysis of channel 4 signals located closest to the fault for
analysis of normal and bearing cage fault condition.
The ASL signal analysis confirms that the ASL value in normal condition appears at
around 60 dB and that abnormal signals due to faulty components are detected at 60 dB

or higher in the event of a bearing defect.
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The RMS signal analysis showed that the fault signal was clearer than the ASL graph, and
that the RMS value of the normal condition appeared at around 0.07V and, in the event
of a bearing defect, the fault was detected at 0.07 V or higher.

Absolute Energy analysis shows a large energy value generated by bearing defects.
Absolute energy value of normal condition appears in approximately 5740000 aJ and
maximum 16000000 aJ when bearing defects occur.

A feasibility check of bearing defects in Gear box confirmed that ASL, RMS, and Absolute
Energy had the characteristics of the fault signal relative to normal, and that they are best
distinguished from the absolute energy.

In the handheld type vibration acceleration and acceleration envelope, it was judged that
the defect pattern did not appear and it was normal. In this experiment, the bearing
defect is measured under no load condition, and it is judged that the defective

component appears more clearly in the loading condition.

3. System Configuration and Field Installation

Fig. 3 is the gear box of a large rolling factory consisting of FUM (Firing Universal Mill),
EM (End Mill), RUM (Rough Universal Mills), and Break Down Mill (RO). The AE-Vib.Sensor

is installed by welding waveguides on the input, output, and spindle of the Gear box.

Fig. 4 is an AE-Vib sensor mounted on the gear box of a large rolling factory and a Fuji
Ceramics's composite sensor capable of detecting low-frequency vibration (2 to 20 kHz)
and high-frequency acoustic emission (20 to 200 kHz) simultaneously. A high-speed data
acquisition device is installed in each panel with TMHz sampling. The end user is configured

to perform online status monitoring in the office.

In the Test Rig test, the sensitivity characteristic of the acoustic emission signal was
sufficiently confirmed. Then, in the case of the sensor for actual field application, the AE
signal was used to detect the early defect and the Vib. AE-Vib is used to perform detailed
defect frequency analysis by signal and to perform accurate defect diagnosis of gears and
bearings. That's why composite sensor was used. High speed data acquisition systems are

installed in the each panel with TOMHz sampling.
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Fig. 3. Schematic diagram of large rolling factory gear box health monitoring system

Fig. 4. Installation of AE-Vib. Sensor around large rolling factory

4. EM Gear box Universal Joint Breakage Detection

The first alarm was triggered on the EM Gear box input channel (06:14), and the system
was stopped (20:20) due to damaged spindle, and detected for 14 hours early.

Fig. 5 shows a photograph of the location of the Universal Joint breakage and damaged
picture.
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Fig. 5. EM Gear box Universl Joint breakage position (left) and damage picture (right)
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Fig. 6. AE Energy changes due to Universal Joint damage around EM Gear box

Fig. 6 shows the AE Energy trend of the EM Gear box input channel at the time of the
alarm, and AE Energy [Min] facilitates the analysis of the fault signal using the minimum
value of AE Energy. While the Base Level of AE Energy was found to be about 10 aJ when
the EM Gear box was operating normally, the signal increase of about 20 times to 200 aJ
before the spindle break of 14 hours. However, in the case of the trend measured by the

vibration acceleration sensor, it was not possible to confirm the breakdown of the normal

signal.
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5. Conclusion

The acoustic emission technology was used to verify the probability of detecting the signal
of a Test Rig defect prepared by a bearing artificial defect, and the detection of defects at
a large plant in actual operation was finally confirmed as follows.

1) In case of Test Rig test, a clear trend difference is found in the output bearing and the
normal and defective bearing defect signals installed near the Gear box. It was confirmed
that the bearing defect signals are identified by the acoustic emission parameters ASL, RMS
and Absolute Energy.

2) In case of the breakage of the EM Gear box in a large rolling factory under actual
operation, it was confirmed that it can be detected with the AE sensor located nearby, and
if the attenuation characteristics of the high frequency signal are considered.

3) AE technology confirmed that the sensitivity characteristics are excellent, enabling fault
detection in areas that are difficult to detect with CMS based on vibration sensors such as
low speed rotating and Universal Joint.

4) Acoustic emission and vibration composite sensing and signal processing techniques
were developed to determine the defective signal with high-frequency sound emission
signals, and the details of the defects of the detailed equipment were checked with low

frequency vibration signals to confirm the defect details of the existing CMS system.
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Abstract:

Laser processing is an important technology in industrial manufacture. Today, a standard quality
monitoring of the processed workpieces mainly relies on costly X-ray or time consuming post mortem
methods. The commercially available in situ and real-time monitoring units are also accessible and
rely on optical measurements or high resolution imaging of the process zone. Unfortunately, their
performance is greatly affected by the plume, formed during the overheating of the material. This limits
the detection of defects (e.g. pores) formed inside the workpiece. To bypass the aforementioned limits,
we focus on acoustic measurements that are the derivatives of the shockwaves, generated inside the
workpiece directly during processing. The measurements are conducted using a high sensitive piezo
sensor. The acoustic signals are analysed further by state-of-the-art signal processing. This included a
compartment of wavelets and Fourier decompositions, followed by machine learning. The developed
methodology is realized in a hardware unit that operates in pseudo real-time. The unit was tested on
real welds with various materials. The welding experiments were performed using spot weld, Stepless
High-speed Accurate and Discrete One-pulse Weld (SHADOW). The tests were carried out at different
laser powers that are closely related to the weld quality. The in situ quality control unit demonstrated
the capability to classify the weld quality with a confidence level ranged between 82% and 95%. Due
to the similar light-matter interaction phenomena, the presented approach and apparatus can also be
applied for monitoring other laser-processing technologies, namely: ablation, cutting, driling and
additive manufacturing.

1. Introduction

Laser welding is a rapidly developing technology that becomes an essential part in
automobile [1,2], medical [3,4], aerospace [5,6,8] industries and heavy machinery production
[8,9]. The advantages of this technology are in relatively low running costs, high processing
speed and quality in terms of the mechanical properties of the welded joints [1,5,7]. The
growing demand for laser welding requires the development of a reliable in situ quality
monitoring and control that remains an open topic until today [1]. The challenge in developing
such a system is the high complexity in laser-matter interactions [1,5,7]. This happens due to
multiple physical phenomena that are present at different time scales affecting the process
[5,7]. This complexity may be a reason for the deviations of the real quality from the desired
one even in well controlled conditions [1,5,7]. One of the possible causes is the occurrence
of pores that are a hidden threat for the mechanical properties of the processed workpieces
[1,5,7]. At present, the diagnostic of pores in industrial environment is carried out with several
well established methods.



33rd European Conference
on Acoustic Emission Testing

12-14 September 2018 -

Analysis of the cross-section of the workpieces is one of the most reliable techniques that
allows visually inspect the processing results [1]. This method is destructive and time
consuming that is obviously not applicable to every single piece in mass production. X-ray
imaging is a non- destructive visualization method that allows to search the hidden pores
directly inside the workpiece medium [1,10]. The drawback of this approach is the
involvement of expensive and very complex equipment. In addition, rather complex image
processing algorithms are needed for the search and interpretation of the obtained data. This
leads to long computational time of the acquired images. These factors put technical limits on
the adaption of this technology for in situ control. At present, this method is only applied for
post mortem analysis of workpieces that require long manufacturing time.

The development of a real-time in situ quality control is still pushed by an industrial demand
and some new approaches exist but are still at development stage. Image analysis is one of
the mostly visible directions due to the availability of the cheap hardware and minimal
modifications needed for already existing commercial laser welding systems. In this setup,
the images of the process zone are registered in infra-red or visible spectral ranges [1]. The
quality inside the workpiece medium is correlated with the surface temperature distributions
and/or the geometry of the process zone [1]. The drawback of this approach is due to only
surface measurements, while the inside processes remains hidden. In this situation, the
aforementioned complexity of the laser-matter interactions [5,7] is, sometimes, responsible
for deviations between the surface behavior and the expected behavior inside the medium,
thus reducing the precision of this method.

Other methods based on spectroscopy of the evaporated materials from the process zone
showed a potential but only for a limited number of applications [1]. High efficiency in
detecting the plume and spatter was shown in a number of works [1]. However, those
phenomena take place after overheating of the material [11], thus post-factum indicating an
uncontrollable development of the process outside the acceptable quality range.

To sum up, the existing approaches for in situ monitoring have forenamed limits. Taking this
into account, the present study is based on acoustic emission (AE) that has some
advantages due to its nature. AE is a derivative of the elastic shockwaves deformations that
take place inside the workpiece [1] and grab the information about the momentary pressure
of the liquid/gas material phases inside the process zone onto the solid surrounding [1,7].
This implies direct volumetric measurements of the material behavior inside the process
zone. The drawbacks of this approach are in the complexity of the AE signal interpretation.
At present, AE proved itself to be a robust method for detection of the plume and spatter [1,5]
that are characterized by a higher output intensity of the AE. Those events indicate extreme
undesirable process behavior and the detection of the earlier quality critical events, which
provide with more decision time, is an open topic. This work is a feasibility study for the
detection of the momentary critical events in the AE signals and correlates those with the
quality. To do so, we employ the combination of a highly sensitive AE sensor for data
collection, and machine learning (ML) for data interpretation. The attraction of ML is in the
possibility to create efficient correlation models to recover the links in intricate data, which is
the case for laser welding processing inducing AE [1,5]. One additional motivation is given by
the successful application of ML in a number of practical applications [12]. In the context of
this work, ML was employed as a classification framework of the momentary quality events
following the real welding process. The output of the method is a quality map of the entire
welded joint with a high spatial resolution.
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The hard/soft-ware realization of our approach is a full-fledged prototype of the quality
monitoring system. In our setup, additional software was attached to the commercially
available laser welding components. The demonstrator operates in pseudo real-time and
requires no interventions inside the commercial parts. The data processing proposes a
number of unique ML algorithms, the efficiency of which can be tested on the fly, adapting
the algorithmic parameters to a specific application.

2. Hardware description

The hardware included a single mode fiber laser source (Fiber laser — StarFiber 150P/300P
— long pulse fiber laser systems, Coherent, Switzerland) with a 1070 nm wavelength and
peak output light power of 300 kW. The laser source operated in pulse mode with a repetition
rate varied in the range of 0.01 — 20 Hz with a spatial Gaussian energy distribution. The
output of the laser source was transmitted through a 12 ym core diameter single — mode
optical fiber to a laser head. The laser head was a customized version of LASAG PH-10
Wobble (Coherent, Switzerland). Its objective had a focal length of 170 mm that focused the
laser light on the sample surface into a spot of 30 um diameter. The laser head was also
equipped with a photodiode that measured the back reflected laser light from the surface of
the workpiece. The photodiode was a Ge based with a spectral sensitivity ranged between
(1100-1700) nm. Additionally, a narrow band optical filter was placed in front of the
photodiode for selective transmittance of the back reflected laser light.

Plates from titanium (Ti) grade 5 with size 2x20x50 mm were used as workpieces. The plates
were fixed in an aluminum workpiece-holder, which was placed on a U-521 PILine linear
positioning Stage (Physik Instrumente GmbH, Germany). The stage provided the shifts of the
workpieces in the direction perpendicular to the laser beam with a tunable velocity between 1
mm/s and 100 mm/s. In this work, the velocity was varied to achieve different welding
strategies and qualities and the details are given below.

The laser welding process induced AE, which was recorded by a piezoelectric sensor Pico
(Physical Acoustics, USA). The sensitivity range of the AE sensor was in the range of
50 - 1850 kHz. The AE sensor was firmly clamped to the aluminium workpiece-holder in a
stationary position throughout all the experiments. The recorded AE signals were digitized by
a data acquisition unit from Vallen (Vallen GmbH, Germany) with a sampling rate of 10 MHz.
The redundancy in sampling rate was removed later during the signal processing. The data
acquisition was triggered by the Ge photodiode of the processing head. At the same time,
the acquisition duration was adjusted to the duration of the laser pulse that illuminated the
workpiece.

The digitized signals were transmitted to PC where they were stored using the software from
Vallen. In addition, the same computer included a specially developed software with the
machine learning framework. This software processed the stored AE signals and output the
results as a quality map of the weld joint. The quality map was formed as the time ordered
sequence of the spatially localized momentary welding events within a single weld. Those
momentary events were established before the processing. The general view of the entire
setup and the interface of the software with the processing output are shown in Fig. 1.
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Figure 1: A general view of the setup : 1) the general view of the customized laser head; 2) the
optical fiber input from the laser source; 3) the photodiode; 4)the general view of the workpiece
placement in the welding chamber; 5) piezo sensor; 6) workpiece from Ti; 7) the moving stage; 8)
the interface of the specialized software; 9) the interface panel with the list of the pre-defined
momentary welding events and their colour encoding; 10) interface panel with the current
momentary classification results; 11) interface panel with the quality statistics; 12) colour encoded
quality map of the weld.

The described system allowed realising several welding strategies that are widely used in the
industry, namely: i) spot welding and ii) Stepless High-speed Accurate and Discrete One-
pulse Welding (SHADOW). The settings of the power of the laser irradiation for both regimes
was varied to provoke distinctive welding qualities and the corresponding settings for the
power of the laser irradiation were taken from a previous work [11].

Spot welding is the exposure of separate surface areas with short laser pulses that provided
deep weld but with a narrow process zone [1,5,11]. To create this regime, the laser pulse
duration was fixed at 5 ms whereas the laser power was set to 20W, 40W, 80W and 120W.
The sample was moved on a distance of 0.4 mm after each pulse to avoid any overlaps of
the heat affected zones. Thirty five pulses for each laser power condition were applied and
the corresponding AE signals were used for training of the machine learning classifier.

The welding in a SHADOW regime produces quasi continuous welds from a single pulse. It is
distinguished by the lower power consumption while operating during long time periods and
provides with less crystallographic changes in heat affected zone [13]. During experiments
the welds of 5 mm in length were produced. The irradiated workpieces were shifted at a
speed of 100 mm/s under the laser beam and were exposed with a laser pulse duration of
50 ms. The laser power was set to the discrete values of 50W, 100W, 150W, 200W and
250W to provoke different qualities. For SHADOW welding, five welds for each condition
were made and used for the training of the machine learning framework. For both welding
regimes, the classification tests were performed using real welds that followed after training.

3. Signal processing

All acquired AE signals were recorded in the PC and were processed with a delay of two
seconds compare to each laser pulse without data loss. The saved AE signals were
recovered and analyzed with our specially developed software one by one according to the
time order thus following the actual welding process. For quality classification during spot
welding, the entire AE signal from each individual pulse was considered as a single
momentary welding event and the AE signals from those were processed entirely. For
SHADOW welding regime, the recorded AE signals were evidently of a longer duration. In



33rd European Conference
on Acoustic Emission Testing

12-14 September 2018 -

this case, those signals were scanned with a running window following the process and
splitting the AE signals into a sequence of separate patterns. The processing procedure that
is described below was applied to each of such patterns. The typical example of running
window processing for SHADOW welding is shown in Fig. 2,a. The time span of the running
window was estimated empirically during an exhaustive experimental search. On the one
hand, the shorter time span provided a higher spatial resolution in the localization of the local
particularities of the weld joint. On the other hand, those were more affected by the noises
thus reducing the classification accuracy. It was experimentally estimated that the optimal
compromise between those contradicting conditions was with the time span of 1 ms. This
time span allowed classifying the weld quality for each 0.1 mm of the weld joint.

The processing of the signals was made in two steps: i) pre-processing and ii) classification.
The pre-processing included the computation of two types of features that were compared
with each other inside a common machine learning framework. The magnitude spectra of
window fast Fourier transform (WFFT) was computed using a Hann window, decomposing
the given AE signals in the frequency domain [14]. Then, the wavelet sonograms were
computed decomposing the signals in the time-frequency domain [14]. The interest in
wavelet application towards this problem was stipulated by wavelet advantages when
operating with non-stationary data as compared to the Fourier transforms [14]. The wavelet
decomposition is sensitive to the choice of the base (or mother) wavelets. In this study, the
search of the suitable base wavelet was performed via an extensive search among the
standard wavelets families, including: Daubechies, Symlets, Mexiacan hat, Coiflets,
biorthogonal wavelets. The wavelet approximation errors of the collected AE signals were
analyzed to make the final choice. Finally, the Daubechies wavelet with 5 vanishing moments
was chosen for further analysis as it had the minimum approximation errors.

The construction of the wavelet sonograms was carried out using wavelet packets [14] and
the general scheme of this transform is presented in Fig. 2,b. In wavelet transform, the signal
is gated through low (hy in Fig. 2,c) and high (h; in Fig. 2,c) pass filters [14], resulting the
extraction of the low and high frequency content. The multi-resolution analysis was achieved
by including several decomposition levels, where the same operation is applied to the results
of the previous split in the pyramidal way [14] according to the scheme in Fig. 2,c. The
relative energies of the low and high frequency components after each such split were

Ejm

computed as: Prormjm = & where Ej,, = f|d]-,m(t)|2 dt = Zk|dj,m|2 is the energy of each

split and d;, are the coefficients that are the products of each split and m is the
decomposition level. The computed relative energies of narrow frequency bands are
localized in the time-frequency domain [14]. The time-frequency ordering of those was used
to build the sonograms of the recorded AE signals. An example of such sonogram can be
seen in Fig. 2,d.

Two tests were carried out in which the magnitude spectra of the Fourier transform and the
wavelets sonograms were the input to the classifier.

The task of the machine learning framework in the context of the present study was to find
the unique acoustic signatures of different power regimes. In our setup each power regime
was closely related to the quality and the explanations are given in the next paragraph. The
classification was made using random forest (RF), which is the state-of-the-art in
classification / regression tasks [15,16]. The main attraction of this algorithm towards our
problem is its robust operation in the presence of noises, possibilities to build hyperplanes on
a data with a complex mutual configuration, insensitivity to outliers and overfitting [16]. RF is
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an extension of a bigger family of machine learning algorithms based on decision trees [16]
which provides the aforementioned processing advantages. The architecture of decision
trees incorporates a number of nodes. Each node splits the data into smaller portions and
the need for further splits is decided if the current split fulfils some pre-defined criteria. RF
employs the so-called CART (classification and regression trees) [16] in which the gini
impurity criteria at each next split is compared with the one of the parent node, thus deciding
the needed number of splits for each particular case [15,16].

The general RF architecture includes an ensemble of decision trees, unified into a forest.
The processing is carried out by forwarding the input data into a common root of the forest,
where it is sub-sampled on each tree individually [15,16]. The final decision is made by
voting among all the trees inside the forest after the data propagation through the forest. The
outstanding performance of RF is gained due to several novelties that were introduced in its
architecture as compared to other ML algorithms. This makes it efficient when operating with
real life data. RF does not require any cross validation tests to estimate the tests errors. The
corresponding errors are the subject of internal computations (so-called out-of-bag
estimates). The algorithm operates well with big dimensions of input variables and, in this
case, only important dimensions are selected and further considered for analysis. The
individual splits on each tree that followed the gini impurity criteria and the same splits are
inhibited for different samples of the datasets. All this preserve RF from overfitting, maximally
automatizing the operation of the algorithm and still keeping all the inner parameters
accessible.
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Figure 2: a) The AE signal from the SHADOW welding regime, where the solid and dashed markers
show the present and next positions of the running window during processing; b) is the magnitude
spectra of the pattern, bounded by the solid marker in a); c) is the wavelet packet transform scheme,
where hy and h; are low and high pass filters correspondently; d) wavelet sonogram, obtained from a
pattern, bounded by a solid marker in a).

4. Discussion

The relation of the welding quality to the laser power, provided in our setup, can be observed
from the light microscopic images of the cross-sections in Fig. 3. The laser power was
modulated during both, spot and SHADOW welds with the discrete laser power mentioned
above and the corresponding quality variation, verified in earlier work [11]. The examples are
given in Fig. 3,a and b. The microscopic images of the cross-sections for spot and SHADOW
regimes were made post-mortem. As seen from the figures, the quality variations are in the
welding penetration depth and pores presence. In the images from the figure the melt zone
can be observed as a lighter color area inside the material with some textural differences. It
is additionally bordered by white solid line in Fig. 3,a for better contrast. As seen for spot
welding (Fig. 3,a), the powers of laser of 20W and 40 W corresponded to conduction welding
with shallow penetration depths. With the powers of 80W and 120 W, the formation of vapor
channel was created (so called keyhole) that resulted deeper penetration depth. The
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presence of the key hole can be verified from the aspect ratio of the heat affected zone
(HAZ) as is described in [11]. None of the cases in spot welding provoked the formation of
pores. For SHADOW welding, the laser powers of 200 W and above were found to be the
limit for the creation of pores and evidence of this is seen Fig. 3,b. The detection of pores is
challenging as they are located at some depth under the surface. Those are not observable
from the surface and carry a hidden threat to the mechanical properties of the workpieces.
The laser powers below 200 W were characterized by different penetration depth of the
melted material inside the workpiece. The experimental setup presented here provided the
repeatability of the results in Fig. 3 during all experiments.

oy o
i : |-:
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250W  150W 200W 50W

Figure 3: Cross-sections of the workpiece after a) spot and b) SHADOW welding regimes. The
markers denote the power of the laser irradiation

The training of the classifier was performed using the preliminary collected dataset. The tests
were done afterwards running real welding of workpieces. The results of the tests for spot
and SHADOW welds are presented in Tables 1 and 2. The classification results in rows are
given versus ground truth in columns. The match of the test results with the ground truth are
placed in diagonal cells and highlighted in grey, while the structure of the classification errors
is in the non-diagonal row cells.

The classification accuracy for the spot welds ranged from 85 % to 99 % for wavelets (in
bold) and from 91 % to 99 % for WFFT [in brackets]. As seen from Table 1, the errors were
mainly due to the overlap of the regimes with the neighbored laser power. It is interesting to
note that the laser powers below 40 W (co called conduction welding) were classified with a
high accuracy. In contrast, the welding regimes with laser power 80 W and 120 W (so called
keyhole welding) showed lower accuracies. As seen from Table 1, both categories with high
powers showed an overlap between each other’s. One explanation can be in the emittance
of AE in a broader frequency range while material overheating at higher laser powers that
brings to more complex frequency configurations, thus complicating the separation of the
data.

The classification accuracy for SHADOW welds varied between 75 % and 95 % for wavelets
and 87 % and 98% for WFFT. The lower accuracy as compared to spot welding may be
explained by the absorbed energies fluctuations inside a single weld caused by the local
optical non-uniformities of the material that caused temperature drops. The errors structure
presented in Table 2 showed an overlap between the neighbored values of the laser power
which is identical to the situation in Table 1. Also, the greater overlap between 100 W and
150 W can be explained by a smooth border between the two regimes as observed in
Fig. 3,b. The overlaps between the regimes with pores formation at 200 W and 250 W in
industrial applications do not make a big difference as both are dangerous for the mechanical
properties of the processed workpiece. In contrast, the overlap between the laser power with
pores at 200 W with the one without at 150 W is relatedly low and is only 5% [-]. This
relatively good separation between both regimes with a critical impact on quality
demonstrates the applicability of acoustic emissions for quality monitoring. Generally this
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processing scheme potentially allows avoiding non-desirable phenomena. However, further
optimizations of the algorithms are planned to increase the classification accuracy.

Table 1. Classification accuracy for spot | Table 2. Classification accuracy for SHADOW weld,
weld, where GT is the ground truth. where GT is the ground truth*

ST | 20w | s0w | sow | 120w | 8T | sow | 100w | 150w | 200w | 250 W
Tes Test
20W [99199] | 1[1] - - 50 W | 95[99] 5[1] - - -
40 W 1711 | 99[99] - - 100 W - 75[87] | 25[13] - -
80w - - 85[92] | 15[8] | 150 W - 15[11] | 85[89] - -
120 W - - 15[9] | 85[91] | 200 W - - 5[-1 | 75[89] | 15[11]

250 W - - - 5[2] | 95][98]

*the results are given in the format: wavelets [WFFT]

5. Conclusion

This work is a usage of acoustic emission (AE) and machine learning for laser welding
quality monitoring. The frequency and time-frequency domains of the AE signals were
exploited for signals representations and were the input of the classifier. The test results on
real welds showed that this approach is technically feasible for the monitoring of the quality in
commercially available laser welding machines. It was approbated on spot and SHADOW
welds. The corresponding accuracy rates varied in the ranges of 85 % to 99 % and 75 % to
95 % for both welding regimes respectively. The possibilities to detect potentially dangerous
welding regimes that cause the pores formations were shown. The greater error rates were
observed as overlaps between the categories at higher laser powers. Mainly those regimes
caused the occurrence of overheated material vapors (keyhole). Due to this, the emittance of
AE is in a broader frequency range brought to more overlaps between the categories.
However, it is important to underline that the regimes with and without pores are still
separable with an acceptable precision.

The improvements of the classification confidence may be done with some optimizations of
the processing algorithms. Those could be the usage of preliminary preprocessing to capture
the training data structure. This is feasible, for example, with spectral graph methods. The
extension of the classifier operation in recursive way may bring to higher efficiency as
provides with better transients analysis. All this is planned as a future work.
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72 - Monitoring of stamping by Acoustic Emission (AE)
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Abstract:

The optimization of the shaping processes (stamping, fast cutting, forming, spot welding, machining ...)
and the quality of the production are very important in the field of industry. CETIM has been increasingly
asked to propose solutions to improve the quality of production while not slowing it down. In this context,
MOST “Monitoring of Stamping” has been developed, an online acoustic emission control system that
guarantees the quality of production in real time.

The main defects that occurred during the stamping process are the sheet tears. To test the reliability
of the MOST system for the detection of this type of defects, various feasibility tests have been carried
out on the presses of industrial stamping.

In this study, we show the results of the detection in real time of some representative defects that have
been created voluntarily by manufacturers (either by stopping lubrication or by changing the depth punch
/ mesh ...) by using MOST system.

Key words: stamping, acoustic emission, monitoring of stamping.

Introduction

In a globalized world where the competition is more and more intense, the optimization of the
processes of shaping (stamping, fast cutting, trimming, welding by point, ....) and the quality of
the production are the principal preoccupation for the industrialists.

The sheet metal stamping process is one of the most employed manufacturing processes in
the automobile and aerospace industries to produce a variety of parts in terms of shape and
size. On a mechanical press, the sheet is pressed between the die and the punch is pressed
to obtain the required shape. Shearing, bending and drawing are incorporated in the stamping
process to produce larger scale components [1]. However, the stability of the metal forming
process depends on the parameters of the material and the process. A slight change in a
process parameter, such as material properties or lubrication conditions, may result in a defect
that could damage the tool, and consequently produce defective parts. For this reason, the
monitoring of the manufacturing processes is essential to ensure the safety of the tools as well
as the quality of the products.

To monitor manufacturing processes, sensors have been incorporated to monitor mainly the
tool wear [2-6]. Considerable condition monitoring studies have also been conducted in the
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stamping process using different sensors like strain, audio, borescope, thermocouple, force
etc. [7-11]. Sah et al. [12] integrated force sensors into the die to study the contact pressure
on the die radius during the forming process. However, high noise produced during the
stamping process made the tool wear study complex.

In recent times, authors have attempted to use acoustic emissions to study wear because of
its ability to work in the high frequency range (20kHz-2MHz) [13]. Skare et al. [14] studied the
wear and frictional behaviour of high strength steel using acoustic emission. Using AE, Sindi
et al. [15] monitored the galling phenomena occurring in forming process on a tribo-test setup.
Hase et al. [16] monitored the abrasive and adhesive wear phenomena using acoustic
emission on a tribo-test setup.

Unlike the studies mentioned above, which are concerned with the detection of tool wear,
MOST (the system developed by the CETIM) use the acoustic emission for the real time
detection of tears in stamped parts. In this paper, we present the results of detection feasibility
in real time of some representative defects that have been created voluntarily by manufacturers
(either by stopping lubrication or by changing the depth punch / mesh ...).

1. Presentation of MOST system

MOST is a monitoring system for industrial processes of forming based on acoustic emission.
The tears of sheet metal during the shaping operation are the main defects sought.

MOST can detect the appearance of defects on a production line whose rate varies between
10 and 120 strokes / minute. On the considered presses, the stamped materials vary from
aluminum to steel for thicknesses of a few millimeters.

A : acoustic emission sensor D : cam signal/ trigger
B : preamplifier E : press stop
C : acquisition and analyze system

Figure 1. Representation of MOST system

The control protocol via the most system is as follows:
» Implantation of acoustic emission sensors:

The ideal is to place the acoustic emission sensors closer to the stamped part, in order
to benefit from maximum detection sensitivity.



3 3rd European Conference
on Acoustic Emission Testing

12-14 September 2018 - France

Figure 2. Implantation of acoustic emission sensor closer to the stamped part

» Determination of the angular window of acquisition:

The acquisition of the acoustic emission data is not done continuously over the cycle,
only the acoustic signature of stamping + stripping is recorded in order to limit the noise.
Most system is suitable for external triggering via the cam signal.

» Acquisition and analysis of acoustic emission data

Once the trigger is correctly set, it is then possible to record the acoustic emission data
of the strike as shown in the figure 3. From this record, a processing phase is then
performed in order to extract statistical parameters:

o RMS, this parameter reflects the acoustic noise level.

o KTS, this parameter makes it possible to highlight a pulse event of a continuous
background. noise
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Figure 3. Acoustic emission signal of stamping + stripping
» Determination of a criterion of nonconformity
The nonconformity criterion is determined following a learning phase where the level of
the two parameters (KTS and RMS) is defined. If one of the two parameters are
exceeded, MOST system sends a stop signal to the press automaton.

2. On-line detection of stamping defects by the MOST system

2.1 Industrial feasibility 1

Figure 4.a shows the first case of feasibility by the MOST system. It is an impact observed on
the stamped parts. this impact is related to tool wear.
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Figure 4.b shows the representative defect voluntarily generated by the manufacturer by
correcting the punch in order to increase the penetration.

The parameters of the tests are grouped in table 1:

Material Inox 1,4307, e =1,5mm
Production rate 40 strokes / minute
Press 250T, 13 step tracking tool, punched: Z160
tempered to 58 HRC coated (Same as matrix)
AE sensor Freq = 200 kHz
Preamplifier 40 dB

Table 1. parameters of the first feasibility test

Defect generated voluntarily

Figure 4.a. part with a real defect caused by the tool. b. part with a defect generated voluntarily by
correcting the punch

Figure 5 shows the implantation of the AE sensor close to the stamped parts as explain
previously.

-
=

|l UL
=50

-

Figure 5. Implantation of AE sensor close to the stamped parts
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Figure 6 present the evolution in real time of the KTS as function of the number of stamped
parts. A learning phase (test 1 and test 2) was initially carried out on 250 good parts to
determine the criterion of nonconformity. The maximum value of the KTS parameter in this
phase is 43. The significant increase of the KTS on the series 3 and 4 correspond to the parts
produced after rectification of the punch.

MOST was able to detect defective parts of the series (3 and 4) by a significant increase in
KTS value.
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Figure 6. Evolution of KTS as function of the number of stamped parts

2.2 Industrial feasibility 2

Figure 7.a shows the second case of feasibility by the MOST system. It is a tear of the sheet
caused by galling.

Figure 7.b shows the representative defect voluntarily generated by the manufacturer by
generating impacts on the sheet before the stamping phase.

The parameters of the tests are grouped in table 2.
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gratedvoluntarily

e i

Figure 7.a. part with a real defect caused by galling. b. part with a defect generated voluntarily by
impacting the sheet before the stamping

Material Standard steel Re= 980 MPa, e =1 mm
Production rate 18 strokes / minute
Press 300T
AE sensor Freq = 200 kHz
Preamplifier 40 dB

Table 2. parameters of the second feasibility test

Figure 8 present the evolution in real time of the RMS parameter as function of the number of
stamped parts. A learning phase of 50 good parts was carried out to determine the criterion of
nonconformity. The maximum value of the RMS parameter in this phase is 29 dB. The
significant increase of the RMS on the pieces 58 and 61 correspond to the two defective

pieces.

MOST was able to detect defective parts (58 and 61) by a significant increase in RMS value.
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Figure 8. Evolution of RMS as function of the number of stamped parts

2.3 Industrial feasibility 3

The defects observed for this case are shown in figure 9. The factor causing this type of defect
is the lack of lubrication in the stamping process. In this case, usually the first defect that
appears is the stiction in the stamped parts as shown in the figure 9.a. Then, gradually, the
contact between the sheet and the punch / matrix becomes more and more dry which leads to
the tearing of the sheet as shown in the figure 9.b.

The aim of the feasibility 3 is to reproduce this defect by stopping lubrication in order to evaluate
MOST's ability to detect these defects in real time.

The AE sensor has been installed on the upper part of the tool, close to the stamping section
as shown in figure 10.

The parameters of the tests are grouped in table 3.

The different tests carried out in this study are summarized in the table4. The four first tests
aim to determine the threshold of non-conformity and at the same time to verify the
reproducibility of the measurements. The lubrification was stopped in the last test in order to
generate the defects.

Figure 11 shows the evolution of the RMS parameter (mV) as function of the number of
stamped parts for all the series carried out:
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- The measurements made on the series (2,3,4,5) corresponding to the production
without defects have made it possible to set the reference level of the RMS value (RMS
=10 mV);

- It should be noted that measurements made during the learning phase are relatively
reproducible;

- The evolution of the RMS for series 6 which corresponds to the phase of generation of
defects presents three important steps:

e Step 1: corresponds to the first 15 good pieces. The level of the RMS value is
equivalent to the reference threshold. This could be related to the sufficient level
of lubricant in the tool mainly in the lubrication rollers;

e Step 2: This is the longest step (835 good pieces approximately). There is a
significant increase in the level of RMS (RMS=23 mV). This result could be
explained by a lack of lubrication in the stamping process. Thus, the friction is
important between the punch-part-matrix and therefore the acoustic noise is
higher;

e Step 3: corresponds to the last 28 strikes. It is also the number of pieces
cracked. The level of the RMS is even more important (RMSmax=43 mV).

In this study, most allowed not only to detect tears on the stamped parts, but it also allowed to
give an indication on the lack of lubricant in the tool according to the first increase of the value
of the RMS

A

Figure 9. defects caused by a lack of lubrification of the tool. a. stiction which appears at fist b. Tear of
the the sheet at the second time
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Figure 10. Implantation of AE sensor close to the stamped parts

Material Steel DC04+ZE25, e = 0.6 mm
Production rate 53 strokes / minute
Press 400T
AE sensor Freq = 200- 900 kHz
Preamplifier 40 dB

Table 3. parameters of the second feasibility test

Conformity of the Numbre of parts Objectif
serie

Serie 2 No defects 200 Determination of the
threshold of
nonconformity

Serie 3 No defects 200 Test of reproducibility
Serie 4 No defects 200 Test of reproducibility
Serie 5 No defects 200 Test of reproducibility
Serie 6 No defects 878 Detection of defects

Table 4. summarizing of the tests carried out in this study
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Figure 11. Evolution of the RMS (mV) as function of the number of stamped parts

3. Conclusion

In this paper, the feasibility of detecting defects on stamped parts by the MOST system was
studied. Three types of representative defects were analyzed, tool wear, galling and lack of
the lubrification.

The results of this study show that the MOST system was able to detect in real time the three
types of defects.

The results show also that the KTS parameter is more sensitive to defects related to the tool
wear. while the RMS parameter is more sensitive to defects related to galling or a lack of
lubrication.

In view of this study, a long-term monitoring test will be conducted to test the robustness of the
MOST system under production conditions.
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Abstract

The objective of this work is to build a quantitative relationship between the fiber break as source

of Acoustic Emission (AE) and the detected signal by unravelling the effect of each stage of the AE
acquisition chain. For this purpose, an AE modelling is carried out using the Finite Element Method
and then the simulation is compared to experimental results of Single Fiber Fragmentation Test (SFFT).

The SFFT is used in order to produce preferential fiber break. It is carried out on dogbone shape specimens
made from epoxy/amine matrix and a long carbon fiber T700 embedded in this resin. Two different types
of transducer are used in order to gather information on a wider frequency bandwidth. The analysis

of detected signals shows an important dependency of distance between transducer and source

on the frequency content of signals. In this case, high frequency content for the signal associated to fiber
breakage is not validated for all signals.

For the modeling part, the entire geometry of the specimen is modelled. The geometry is subjected

to a tensile loading. The fiber breakage occurs by separating the nodes forming fracture faces.

The numerical out-of-plane velocities are collected on the specimen surface. The sensor is taken into
account by its transfer function, which is experimentally determined by the reciprocity method.

After being validated, the FE model is used to study the effects of different parameters on the signal, such
as specimen geometry, the propagation medium and the location of the failure.
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Abstract:

Adhesive bonding is becoming more and more important for manufacturing structures or structural
elements made from wood. For designing such structures, the performance of adhesives has to be
evaluated under quasi-static and cyclic fatigue loading as well as under corresponding fracture loads.
The performance of wood glued beams under quasi-static loading is fairly well understood, but their
cyclic fracture behavior remains still largely unknown. There are indications from standard tensile
shear tests with several types of adhesive that the performance ranking of adhesives under cyclic
fatigue loading may differ compared with that observed in the same test under quasi-static loads.
Hence, it is of interest whether this is also the case for quasi-static and cyclic fatigue mode Il shear
fracture. For the mode Il shear fracture tests, adhesively bonded joints with wood adherends are
prepared with two different adhesives, one a rather brittle (phenol resorcinol formaldehyde) system
and one a rather ductile (one component polyurethane) system. These are then compared for their
performance under quasi-static and cyclic fatigue mode Il in-plane shear fracture loads. Those
adhesives are presenting different failure mechanism, for the ductile adhesive the failure will
propagate in the interface between wood and adhesive and for the brittle one the crack will mainly run
in the wood. For the fracture tests a set-up with four-point end notched flexure specimens is being
used, analogous to testing of adhesively bonded polymer composites joints and polymer composite
laminates. Selected fracture tests were monitored by acoustic emission for assessing damage
evolution due to the mode Il in-plane shear fracture loads. The acoustic emission monitoring initially
also contributed to identifying shortcomings of a first test set-up that was subsequently modified. The
discussion will focus on the comparison between two different types of adhesive and between quasi-
static and cyclic fatigue fracture loads.

1. Introduction

Adhesively bonded joints play an increasingly important role in construction with composite
materials [1], and, hence, specifically also in civil engineering structures made of wood [2].
Characterizing and comparing the performance of different types of adhesives under various
load cases is essential for designing safe and durable wooden structures. A recent
comparison between four types of adhesives used in glued lap joints (as defined in [3]) had
indicated that cyclic tensile shear fatigue loads yielded differences among the four adhesives
that had not become apparent in quasi-static tensile shear tests [4]. Therefore, fracture
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mechanics tests under quasi-static and cyclic fatigue loads are performed for a range of
different adhesives. The so-called Four-point End-Notched Flexure (4-ENF) test set-up was
chosen for comparing quasi-static and cyclic fatigue fracture of adhesively bonded wood
joints under in-plane shear (mode Il) loading [5]. In this contribution, selected test results will
be discussed with an emphasis on acoustic emission (AE) monitoring of the fracture tests.

2. Description of work

The first 4-ENF test set-up (Figure 1 left) was modified in several steps to remove problems
observed in preliminary quasi-static and cyclic fatigue tests. While this first set-up worked for
quasi-static mode Il loading, it was not suitable for cyclic fatigue, since one of the top loading
rollers tended to lift-off the wood specimen during the test, also noted acoustically by ear and
by periodic AE signal generation. This noise source was removed by introducing a rotating
joint to the top loading bar. Later, this was further improved by implementing a universal joint
between top loading bar and load cell (Figure 1 right) instead of the uniaxial rotating joint in
order to reduce possible moments on the load cell.

Figure 1: Photographs of two versions of the 4-ENF type test-rig, (leff) upper loading bar rigidly
mounted to the load cell, (right) upper loading bar with rotating joint, the AE sensors are mounted with
metal springs.

Beech wood (Fagus sylvatica L.) with a density of 714 kg/m® at a wood moisture content of
12% was used for the tests. The lumber has no defects such as knots and grain deviation.
The length, the width and the height of the specimens correspond, respectively, to the
longitudinal, tangential and radial wood orientation (maximal radial orientation of 30°). The
planks were first planed to a thickness of 10 mm, a width of 150 mm and a length of 700 mm.
The planks were stored for at least two weeks in a climate of 20°C and 65% relative humidity
before planing to a thickness of 5 mm and then cut in half. Before the adhesive bonding, a 15
pm thick fluoropolymer (ETFE230N) foil was applied between the lamellae on the first 120
mm to simulate a starter crack. Two adhesives are compared in the tests, the first a relatively
brittle phenol resorcinol formaldehyde (PRF, trade name «Aerodux 185»), the second a more
ductile one-component polyurethane (PUR, trade name «HB110»). The gluing of the two
lamellae was done approximately 3-4 hours after the planing according to the gluing
parameters described in Table 1 below. Once cured, the front-position of the foil was
referenced as position of the crack tip and the crack length was set to 110 mm. The samples
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were then cut to a width of 20 mm and a length of 317mm. The adhesively bonded wood
joints were stored for several days in the test climate of 23°C and 50% relative humidity
before testing.

Adhesive Hardenener SG:::d Mixture ratio Pressing | Pressure agslgfnelfl
Pread ' [Adhesive/Hardener] time[h] = [MPa] | 2 'y
[g/m] time [min]
HB110 - 180 - 10 0.8 10
Ae{ gg“x HRP 155 340 100/20 10 0.8 30

Table 1: Processing parameters used in manufacturing the adhesively bonded beech wood joints.

In order to get additional information on the initiation and propagation of the mode Il
delamination in the adhesively bonded joints, AE monitoring was performed using AE
equipment (type AMSY-6 from Vallen Systeme GmbH) with resonant AE sensors (type SE
150-M from Dunegan Engineering Corp.) as well as one broad-band AE sensor (type S9208
from Physical Acoustics Corp.). The AE sensors were connected to the data acquisition via
preamplifiers (type AEP-3 from Vallen Systeme GmbH) with a hardware high-pass frequency
filter of 30 kHz, a low-pass of 1’000 kHz and a gain of 34 dB. Figure 2 shows a schematic of
the 4-ENF test specimen with the geometry and dimensions used in the test series, including
the positions of the seven AE sensors for monitoring the damage development during the
fracture tests. Please note that the distance between the top loading rollers (100 mm) of the
4-ENF test rig did not correspond to either one third or one half of the distance between the
bottom support rollers, i.e., were different from the spans usually recommended for the tests
[5]. This was due to the fact that the top loading bar had to leave space for the AE sensors
mounted on the adhesive joint. A silicone-free vacuum grease was used as coupling agent
and the AE sensors were mounted by metal clamps (shown in Figure 1 right). AE data
acquisition settings were: threshold 40 dBag, duration discrimination time 400 us, and rearm
time 1 ms (except for preliminary tests with rearm time of 3.23 ms). For the acquisition of full
waveforms (with the broad-band AE sensor only) sampling at 5 MHz and 4’096 samples
(corresponding to roughly 820 microseconds) with a pretrigger of 200 samples (40
microseconds) was chosen.

100

5 Q 3 Q 1

O T[] =0

240 -—a

Figure 2: Schematic of the 4-ENF type specimen for mode Il (in-plane shear) quasi-static and cyclic
fatigue fracture testing of adhesively bonded wood joints, The positions of the AE sensors and the
specimens dimensions are also shown (H = 10 mm, a;.; = 110 mm, a, approximately 70 mm).

The load tests were performed on a servo-hydraulic test machine (type 1237 from Instron)
equipped with a 1 kN load cell (mounted below the 25 kN load cell). The quasi-static tests



33rd European Conference
on Acoustic Emission Testing

12-14 September 2018 -

were performed under displacement control at 1 mm/min and the cyclic fatigue tests also
under displacement control at 5 Hz; starting from a displacement level selected from the
load-displacement curve by setting a displacement ratio of 0.1 between upper and lower
limit). Load and displacement signals from the test machine were also recorded
synchronously with the AE data (sampling-rate around 40 Hz). There were preliminary,
quasi-static compressive tests at 0.1 mm/min with limited displacements for determining the
compliance of the test set-up in which the wood joint was replaced by a steel bar, and
calibration tests with different length of the starter crack between the bottom support rollers
for determining the delamination length from specimen compliance. A travelling optical
microscope was used to visually observe the delamination during the fracture tests.

3. Results

Focusing on the information from the AE monitoring of the tests, the evaluation of the
fracture toughness for the comparison between the adhesives (the main goal of the tests) will
not be discussed here. Figure 3 shows examples of the linear AE signal source location plots
from quasi-static flexure testing, one for each adhesive type. The auto-calibration signals of
the AE equipment were used to determine the signal speed for the linear AE signal source
location by adjusting the signal speed until the location of the recorded signals matched the
known sensor positions. The values of the signal speed obtained varied between about 400
and 500 cm/ms with an average around 425 cm/ms.
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Figure 3: AE linear signal source location (color-coded for AE signal amplitude) of quasi-static tests
(under displacement control at 1 mm/min) using the AE sensors on the compression side (fop) and the
load curve for the 4-ENF specimens with (left) PRF and (right) HB110 adhesive.

It can be noted that the non-linear point in the load curves indicating the initiation of the
delamination corresponds fairly well to the onset of significant AE. As a trend, the more brittle
adhesive (PRF) yields more AE signal source locations than the more ductile one (HB110).
For the PRF-type joint (Figure 3 left), the AE signal amplitudes above 60 dBae roughly
indicate the position of the delamination tip as a function of time. These positions are also
consistent with the visual observation of the delamination propagation on the edge of the
specimens. For the more ductile adhesive (HB110), the AE signal source locations do not
highlight the tip of the delamination as clearly as for the more brittle adhesive. The AE signal
amplitudes recorded during delamination propagation in this case (Figure 3 right) are
essentially all below 60 dBae. For the PRF-type joint, the cluster of AE signal source locations
extending over most of the distance between the two sensors at about 740-750 s is likely due



3 3rd European Conference
on Acoustic Emission Testing

12-14 September 2018 - Senlis - France

to tensile damage in the (bottom) wood beam occurring before the loading was stopped
(Figure 4). This tensile damage in the wood also yielded audible cracking noise. The
respective AE signal source cluster is even more pronounced when plotting the signal source
location data from the tensile, i.e., the bottom side of the joint. The located signals yield even
higher AE signal amplitudes than the locations from the compressive (top) side. The
scattered AE signal source locations beyond the tip of the delamination after about 500 s
(Figure 3 left) are likely due to precursors of the macroscopic tensile damage. Similar AE
signal source locations beyond the tip of the delamination for the HB110 adhesive joint
possibly indicate that some damage is also initiating there. However, tensile damage was not
noted and was not visible when inspecting the specimen after the test. It has to be noted,
however, that contributions from friction signals (e.g., from the contact between test-rig and
joint or from slight relative movement between sensor and coupling surface due to specimen
bending) to both location plots cannot be excluded.

Figure 4: Photographs of the PRF-type joint showing signs of tensile failure (highlighted by black zig-
zag-type marks) on the bottom side after quasi-static testing, on the edge, the delamination is visible
as well.

Since the 4-ENF setup inevitably involves some friction between the support and loading
rollers and the wood joint, the AE signals are further analyzed using selected AE signal
parameters. Figure 5 shows plots of AE signal duration (logarithmic scale) versus AE signal
amplitude (linear scale), again for both types of adhesive. This plot has been shown to allow
for rough identification of AE signal source mechanisms in fiber-reinforced polymer
composites [6], such as, e.g., mechanical rubbing (low amplitude, broad range of durations),
delamination (intermediate amplitudes, high durations), fiber breakage (high amplitude range
and high durations), electromagnetic interference (intermediate amplitude, short durations).
This approach has also been used by Schubert et al. [7] for identifying AE signal source
mechanisms in a full-scale wind rotor blade test. Even though the AE signal parameter areas
for different mechanisms may overlap to some extent, it is likely that “low” amplitude signals
(e.g., about 40-45 dB,e) for all durations observed (up to about 1’000 us in Figure 5) indicate
friction or rubbing. The other parameter ranges are then attributed to crack or delamination
propagation and fiber breaks (in the case of laminates). That possibly also holds for wood as
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a natural fiber-reinforced composite material, if the delamination damage develops in the
adherend rather than in the adhesive or at the interface between wood and adhesive.
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Figure 5: AE signal parameter plots (duration versus amplitude) of quasi-static tests using the AE
sensors located near the starter crack tip of the 4-ENF specimens with (leff) PRF and (right) HB110
adhesive (following [6]).
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Figure 6: AE signal parameter plots (counts versus duration) of quasi-static tests using the 150 kHz
resonant AE sensors located in the delamination propagation zone of the 4-ENF specimens (between
the top loading rollers) for (left) PRF and (right) HB110 adhesive.

As already seen in the AE signal source location plots (Figure 4), the HB110 adhesive joint
yields less source locations and less AE signals (Figure 5) than the PRF adhesive joint. This
can be attributed to the difference in adhesive properties, the more ductile adhesive (HB110)
yields less signals and/or lower amplitude signals when failing, resulting in fewer data being
recorded. Figure 6 shows another set of AE signal parameters (counts versus duration) that
also yields information on the type of source mechanism. Typically, signals with low number
of counts at relatively long duration correspond to signals with significant low frequency
partial power in their Fourier Transform power spectra. The example for the PRF adhesive
(Figure 6 left) has much more AE signals with durations between about 200 and 600
microseconds and less than 20 counts than that for the HB110 adhesive (Figure 6 right).
Please note that the plots in Figure 6 show channels 3 and 4, i.e., sensors located in the
delamination propagation zone. The same parameter plots for the other sensor pairs
(channels 1 and 2 located in the starter crack range; and channels 5 and 6 located in the
uncracked part of the adhesive joint) show less signals in this parameter range (low number
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of counts and long duration). Comparing the two types of adhesive, these plots are
consistent with the signal parameter analysis shown in Figure 5, i.e., a larger amount of
friction signals for the PRF-type joint.

The dynamic load-signal (cycling at 5 Hz under displacement control) as a function of test
duration shown in Figure 7 on the right indicates a decreasing trend of the maximum
compressive load with time. This is due to the increasing compliance of the specimen, i.e., a
reduction in flexural rigidity with increasing delamination length.

"
o
L

-y 504

2

=1
ENTE
=150+
bl
2304
~H04
-3501-1
4004
4304

- ¥
LS T
g e,

H-Loc fem]

T
Bar, in user s M)

5004
550
00
830
T — T T T T T T T 004 ] ]
0 1000 30DD 3000 4000 5000 EDDO OO0 BOOC DOOC 1000 | : | : - - - | : 1 -
Ledi2D11 Time [s] 0 1000 2000 3000 4000 5000 G000 TOOD 2000 GODD 80000
* A[dB] <= 60 and CAL = 0 A [dB] > 60 and A [0B] <= 80 and CAL = 0 203 Tima [3] {4bis)
® A[dB] >80 and CAL =0 — Mo filler

Figure 7: (left) AE linear signal source location (color-coded for AE signal amplitude) of dynamic 4-
ENF tests at 5 Hz using the AE sensors on the compression side and (right) load curve for the 4-ENF
specimen with the PRF adhesive.
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Figure 8: (left) AE linear signal source location (color-coded for AE signal amplitude) of dynamic 4-
ENF tests at 5 Hz using the AE sensors on the compression side and (right) load curve for the 4-ENF
specimen with the HB110 adhesive.

The duration versus amplitude plots for the two types of adhesive joints tested under mode Il
cyclic fatigue fracture load at 5 Hz (Figure 9) differ less in the amount of signals than for the
respective quasi-static tests (Figure 5). Interpreting the signals with amplitudes below 45
dBae again as being mainly due to friction, the HB110 adhesive joint yields more friction
signals and with durations extending up to 2-3 ms rather than 1 ms for the PRF type joint,
and this in spite of the lower total number of cycles applied (PRF 50’000 cycles, HB110
40’000 cycles).
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Figure 9: AE signal parameter plots (duration versus amplitude) of quasi-static tests using the AE
sensors located near the starter crack tip of the 4-ENF specimens with (left) PRF and (right) HB110
adhesive (following [6]).
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Figure 10: AE signal parameter plots (duration versus amplitude) of quasi-static tests using the broad-
band AE sensor in the propagation zone of the delamination for (leff) PRF and (right) HB110 adhesive
(following [6]).

4. Discussion

The AE monitoring of the quasi-static and cyclic mode Il (in-plane shear load) fatigue fracture
tests yields additional information for interpreting the damage induced in adhesively bonded
wood joints under quasi-static and cyclic fatigue in-plane shear (mode Il) fracture loads.
Linear AE signal source location yields indications of delamination propagation with time for
comparison with the visual observation on the edge of the joints. From this, the average
delamination propagation speed can be calculated. AE signal source location also yields
indications of damage initiation in the wood adherends of the adhesive joints beyond or
outside the propagating delamination that cannot be detected by visual observations.

The rather dense set of AE signal locations toward the undamaged end of the HB110-type
specimen in Figure 8 is tentatively attributed to friction from slight movement of the specimen
on the support during cyclic loading. For confirming this, AE signal source mechanisms
should be identified.
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Figure 11: Selected AE waveforms and Fast Fourier Transform power spectra for one PRF adhesive
joint from the broad-band AE sensor mounted in the propagation zone of the delamination.

Therefore, for further analysis of the possible different source mechanisms, recorded AE
waveforms are briefly discussed as well. Figure 10 shows the duration versus amplitude
plots for the broad-band AE sensor (channel 7) for the two types of adhesive. As for the
signals recorded with resonant type AE sensor, the more ductile adhesive (HB110) yields
significantly less signals than the more brittle one (PRF). Figure 11 shows selected AE
waveforms and Fourier Transform power spectra of signals recorded with the broad-band AE
sensor on the PRF adhesive joint. As expected, the AE signals with low amplitude or low
counts, and intermediate duration, respectively show larger low frequency partial power
contributions than AE signals with higher amplitude and counts for comparable signal
duration.

In the cyclic fatigue fracture loading tests, likely, noise sources such as, e.g., friction between
test-rig and specimen, seem to dominate the recorded AE. It is planned to investigate this in
more detail by applying pattern recognition approaches, e.g., as described in [8,9].

5. Conclusion
Examples of AE monitoring and analysis of mode Il fracture tests on adhesively bonded

wood joints indicate that the adhesive type has a significant effect on the amount as well as
on the parameters of the recorded AE signals. AE further provides a perspective for
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comparison between quasi-static and cyclic fatigue fracture behavior of adhesively bonded
wood joints made with different adhesive types. Differences observed in the power spectra
from AE waveforms recorded with a broad-band AE sensor during quasi-static tests suggest
that pattern recognition approaches (e.g., similar to those described in [8,9]) should be allow
to discriminate between different AE signal source mechanisms, possibly also for the cyclic
fatigue fracture tests. This will be further investigated.
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Abstract:

This paper proposes the monitoring of old timber beams with natural defects (knots, grain
deviations, fissures and wanes), reinforced with carbon composite materials (CFRP).
Reinforcement consisted of the combination of a CFRP laminate strip and a CFRP fabric
discontinuously wrapping the timber element. Monitoring considered the use and comparison of
two types of sensors: strain gauges and multi-resonant acoustic emission (AE) sensors. AE data
analysis propose two main steps: 1) A filtering of signals based on the root mean squared of the
waveforms; 2) The use of partial spectral ratio corrected by the attenuation characteristics of the
material, to identify damage mechanisms. Results demonstrate that: 1) the mechanical behaviour
of the beams can be considerably improved by means of the use of CFRP (160% in bending load
capacity and 90% in stiffness; 2) Acoustic emission sensors provide valuable information for
damage assessment and its location during operation in real wood structures.

1. Introduction

The use of FRP for retrofitting and repair of wooden structures as an alternative material
to steel has been booming for several years. Its high strength and deformability and the
low weight added to the structure are its main attractions. In particular, the use of carbon
fiber pultruded laminates and fabrics (CFRP), already at reasonable and competitive
prices in the market, provide excellent results in terms of strength, stiffness and ductility.

Numerous experimental, analytical and numerical works have demonstrated the high
capacity for retrofitting and repair conferred by different layouts of CFRP [1-14].
However, at present, the use of codes and standards for the calculation and design of
FRP reinforcement systems on timber beams, unlike in the case of concrete, are still
scarce or nonexistent. This gap generates in the professionals of architecture and civil
engineering and in the owners of wooden structures, both private and administrations
that own many historic buildings, certain reluctance to use them.

To generate confidence about its operation in situ, as well as to do a continuous follow-
up that establishes the pertinent structural alerts, the in-situ and real-time monitoring of
structures [15] is an efficient strategy (Structural Health Monitoring), which can be of
great utility to the case of FRP-retrofitted or repaired timber structures. In particular,
acoustic emission (AE) method is an efficient technology for structural monitoring
especially suitable for this purpose [16-18]. There are just one, as far as the authors of
this work know, previous publications about the AE monitoring of timber structures
reinforced with CFRP [19]. The method has been, however, widely used for wood and
CFRP, individually [20-25]. There are also some works on the AE monitoring of concrete
elements retrofitted with CFRP [26-30].

In the case of wood, however, two problems arise when applying this technique: a) Its
high heterogeneity, which confers a very high distortion to the waves. Multiple reflections
and other propagation phenomena of the wave, alter in a very considerable way the
shape of the wave, making its ulterior analysis very complicated and unreliable; b) The
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high attenuation of the material, which entails a closer location of the sensors, and the
almost loosing of information at higher frequencies.

To overcome both inconveniences, this work proposes a double strategy for the AE data
analysis. Firstly, all the AE data analysis is done only on a very narrow window of the
signal, just after the threshold crossing, including only one cycle of the waveform. This
action largely avoids the effect of reflections and other propagation phenomena.
Secondly, the proposed method includes a correction of the signal in the frequency
domain, which attempts to compensate the attenuation losses.

Using this double strategy, the work proposes the use of signlals whos spectral energy
is predominant within a band of high frequencies, correlating these signals as coming
from the resin-wood failure (precursor of CFRP-wood delamination). The appearance,
detection and location of these AE signals serve as a real-time alert of final element
failure. The proposed methodology has been validated on two different retrofitting
layouts, providing successful AE results in both cases.

2. Description of work

All the timber beams used in this work were extracted from the last rehabilitation carried
out on the roof of the Faculty of Law of the University of Granada. They are pinus
sylvestris beams from the forests of the south of Spain, which had been in service for
more than 200 years. They were cut and sanded with a final cross-section of (147 + 11)
X (222 + 6) mm? and a length of 4500 + 2.4 mm.

In particular, six beams were reinforced with CFRP by using two different layouts named
as LR (longitudinal) and BR (braided), respectively. They are represented in Fig. 1.
Furthermore, two beams without reinforcement (NR) were used as control specimens.
As is shown in Fig. 1, the width of the CFRP lamella for both layouts was set at wy,,, =
100 mm. In the case of the BR layout, the CFRP fabric height was set at h¢,,, = 150 mm
and the length of each piece of fabric was set at [¢,,,= 100 mm.
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Fig. 1. LR (left) and BR (right) reinforcement layouts
AE data analylsis

The acoustic attenuation of the six beams was measured before the mechanical tests.
To do that, one AE sensor was placed at the center of six intervals of length [-60, 60] cm.
Pencil lead break tests (PLBs, using 0.5 mm 2H leads) were carried out at each particular
point every 20 cm on the central line of the lateral face of the beam, according with the
standard ASTM E976. Three PLBs were done at each point, and the peak amplitude in
dB of each recorded AE signal was obtained. Fig. 2 describes the attenuation tests.
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Fig 2. Attenuation tests procedure

A Vallen Systeme AMSY-5 equipment was used to acquire the AE signals. Multi-
resonant VS45-H sensors with a sensitivity within the frequency range 25-500 kHz (Fig.
3), were used. As it can be seen, two of the main resonances are located around 100
kHz (low frequency) and 300 kHz (high frequency), respectively. The sampling frequency
for the waveforms recording was established at 5 MHz, and the number of samples was
set at 4096 with a pre-trigger of 300 samples.

Big attenuation values and very relevant differences between all the specimens is
obtained. It is basically due to the big differences in density and number and position of
defects of each specimen. Similarly, a no symmetric attenuation pattern is obtained
respect to the central position of the sensor, demonstrating the enormous heterogeneity
of the used wood.

For ulterior data analysis of the AE signals during the mechanical tests (Section 3), it
was required to evaluate and quantify the attenuation in the two particular frequency
bands, B1 and Bz. To do that, the RMS for each band was calculated. Only the first cycle
of the signal just after the first threshold crossing, Wo: [0 - 20] us, was used for the
calculation of the spectral energy. This very narrow temporal window was selected in
order to avoid as much as possible the influence of the different reflections and other
propagation effects of the wave on the calculation of the spectral energy. This strategy
was already follow for some of the authors in a previous work [31]. More precisely, the
used bands were

a) Band (B4): [60 - 120] kHz. Low frequencies. RMS, (B1).
b) Band (B:): [270 - 330] kHz. High frequencies. RMSq (B2).

AE data analysis was carried in four steps, described as follows.

Step 1. Filtering of miss-recorded signals. Due to the avalanche of generated AE
signals, some of them were miss-recorded. Basically, they were signals recorded with a
large period of low amplitude before the arrival time. In order to filter automatically the
miss-recorded signals, two temporal windows were considered in each signal. Then, the
root mean squared (RMS) of each signal in both temporal windows W1 (RMS(W+)) and
W, (RMS(Wy)) was calculated. Using the difference between RMS(W+1) and RMS(W>),
only the signals fulfilling the RMS1, criterion were considered as properly acquired and
passing the filter for ulterior data analysis in step 2.
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Step 2. Source linear location. By means of the classical AE source location theory
[16-18], linear location of the passing signals was carried by using the 6 used sensors.
Thus, for each particular AE event the coordinate x between two sensors was obtained.

Step 3. Attenuation correction. For the first-hit of the located events in Step 2, the
spectral energy at each frequency band, RMSy (B1) and RMS, (B2) in decibels was
calculated. Using the location of each event, x, and the attenuation fitting curves, for
each frequency band, f-(x)s1 and f+(x)s1 for B1 and f-(x)s2 and f+(x)s2 for B2, a corrected
spectral energy was calculated. The corrected RMS was named as RMSC, (B1) and
RMSC, (B2), respectively.

Step 4. Classification of events. During the last step, a classification of passing signals
in two groups was carried out, according to the relative importance of its corrected
spectral energy. More precisely, passing signals were classified in Group 1 as
predominant low-frequency signals and in Group 2 as predominant high-frequency
signals, respectively (Egs. 1-2), i.e.

Group1l — If RMSCy(B;) > RMSCy(B;) (1)
Group 2 — If RMSCy(B;) > RMSCy(B;) (2)

Mechanical testing with acoustic emission monitoring

All the beams were subjected to monotonic 3-point bending test until failure.
Displacement rate was 1.5 mm/min. Tests were carried out on a hydraulic machine from
the company SERVOSIS S.L., model CH4-ST-100, with a span between supports set at
4000 mm.

In addition, all specimens were continuously monitored by the acoustic emission method,
by using six multi-resonant VS45-H sensors. For these tests, the pre-trigger was
established at 500 samples. The acquisition threshold was set at 32.1 dB and a 34 dB
gain preamplifier was used. The AE sensor was coupled with silicone grease and fixed
with a magnetic holder to the specimen.

3. Results and discussion

Fig. 3 shows the stress as a function of time during the bending test on the eight
monitored specimens. In the case of non-retrofitted beams (NR) the final failure was
totally brittle. For the case of the beams with LR retrofitting layout, the stress curve shows
a slight plastic range, although the final failure was also brittle. On the other hand, the
three beams retrofitted with the BR layout had a much more ductile behavior, with a
gradual and stepped decreasing of the loading capacity. For LR beams, although the
knots still remain as sensitive areas, the final failure occurs due to delamination between
the CFRP laminate and wood. In the case of the BR layout, the purpose of the fabric is
to prevent the resin-wood failure and the subsequent delamination. Therefore, when a
particular stress level is reached, the fabric begins to work, thus avoiding the
delamination. The failure that causes the first loading decay occurs when this adhesion
fails, i.e. when wood-resin breakage occurs.
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Fig. 3. Stress versus time for all the tested beams. Red: Non-reinforced beams (NR). Blue:
Longitudinal reinforced beams (LR). Black: Braided reinforced beams (BR).

Fig. 4 represents the cumulative AE events grouped as explained in Section 2, for three
particular beams of each group (NR, LR and BR). In all cases, it is observed that Group
1 events (in which low frequencies predominate) are much more numerous than Group
2 events (in which high frequencies predominate). It is also observed that the events of
Group 1 do not show any special change when the element is close to reach the
maximum load. However, in many cases, the events of Group 2 show a substantial
increase when the load is close to its maximum value. This indicates that Group 2 events
can be relevant to predict the final failure of the element in advance.
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Fig. 4. Cumulative AE events versus time for an example of non-reinforced (NR), longitudinal
reinforced (LR) and braided reinforced (BR) beam.
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For this reason, Fig. 5 shows the location results of the Group 2 AE events along each
tested specimen. The red dots represent the position of the sensors. Each blue dot in
the graphs represents a localized event. The figures represent the peak amplitude of
each localized event versus its position along the monitored area of the beam (the
coordinate origin is at the center of the beam). The green lines correspond to the cracks
in the wood, whereas the areas where breakage between wood and resin was observed
are shown in orange color. The black areas correspond to the CFRP laminate that did
not delaminate, while gray areas with black dots correspond to the zones where CFRP-
wood delamination occurred.

In general, fewer events and shorter pick amplitudes are observed for the non-reinforced
beams (NR) than for the reinforced beams (LR and BR). This indicates that the events
of Group 2 can be mainly associated with resin-wood breakage (precursors of CFRP-
wood delamination).

In the case of the beams retrofitted with the CFRP laminate (LR beams), it is observed
that Group 2 events (especially those with a greater peak amplitude) are mostly and
more clearly located in the area where the resin-wood breakage occurred. This area was
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where the final CFRP-wood delamination began, leading to the fragile failure of the
element.
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Fig. 5. AE linear location of events (Group 2) during the bending test for an example of non-
reinforced (NR), longitudinal reinforced (LR) and braided reinforced (BR) beam.

A similar result is observed for beams reinforced with laminate and fabric (BR). For the
three beams, the cracks of the wood were concentrated at the central part of the element,
subjected to greater stresses. It can be clearly seen that the AE events are located mainly
in this central area of the beam, which is an excellent correlation between AE location
and damage location. In addition, the highest concentration of events for the beam BR3
is located in the interval [-20, 0] cm, just at the resin-wood breakage area and precursor
of lamella CFRP-wood delamination.

4. Conclusion

The work proposes the use of acoustic emission technique for the early detection of
delamination between CFRP and wood, applicable to the case of retrofitted or repaired
wooden beams with CFRP material. This analysis consisted on the following steps:

-Elimination of erroneously recorded AE signals, by comparing the temporal RMS
of the signals in two different time windows.

- Calculation of the spectral RMS in a very narrow time window of the AE signals
in two particular frequency bands. This minimizes the influence of the reflections
of the acoustic waves and other propagation effects.

-Correction of the spectral energy of the AE signals by means the attenuation
curves empirically determined.

-Clustering of signals into two groups, according to the value of the corrected
spectral energy in two frequency bands: Group 1 (low frequencies are
predominant) and Group 2 (high frequencies predominant). It has been shown, that
if the attenuation correction is not carried out, no signals of Group 2 are found, due
to the strong attenuation in wood material.

It has been shown that Group 1 events undergo virtually no change when the specimen
is close to the final failure. However, in general, the events of Group 2 suffer a
considerable increase. It has been corroborated that the location of the Group 2 events
correlates very well with the location of the wood-resin break zones, which are the
precursors of delamination failure between the CFRP sheet and the wood. This check
has been made both on reinforced beams only with CFRP laminate (in which
delamination is a critical aspect) and beams reinforced also with CFRP fabric.
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Abstract:

Acoustic emission (AE) registration is a useful methodology, which allows “hearing” and registering
damage during loading of a specimen or a part. It is a challenge to determine connection between
acoustic emission (AE) events and the corresponding damage modes. In the present study AE events
registered during static loading of a C/SiC laminate are correlated to actual damage. The friction and
cracks in the C/SiC laminate and localized delimitations are distinguished. AE events are classified
according to the amplitude and centroid frequency of the signal into high frequency ,low frequency —
low amplitude and low frequency — high amplitude clusters. The first (high frequency) AE events are
assumed to be connected to friction. The second (low frequency — low amplitude) are assumed to be
connected to formation and propagation of cracks, and the later (low frequency — high amplitude) are
assumed to be connected to fiber breakage. The study validates use of Frequency-Amplitude class of
AE for identification of damage models in C/SiC laminates and find out the load when each damage
model first emerge.

1. Introduction

Due to its high temperature resistance, C/SiC is widely used in aerospace applications,
especially in some high temperature resistant structures [1], such as the spacecraft rudder
surface [2]. Due to lack of plastic deformation, ceramic matrix composites have high
brittleness and may cause sudden damage under external loads. The use of suitable non-
destructive testing methods to detect the damage of the C/Sic structure will play a key role.
NASA puts advanced nondestructive testing methods in a very important position in its
advanced ceramic matrix composite structural plans [3]. C/Sic composite Damage will lead to
strong acoustic emission [4]. Acoustic emission signals contain important information about
structural damage, such as the location of damage, severity and type of damage [5].
Therefore, for certain C/Sic structure, this paper uses the relationship between the frequency
and amplitude of the center of mass of acoustic emission signals received to classify and
recognize acoustic damage.

2. Structural static test and data collection

Here, the acoustic emission monitoring technology is applied to the damage analysis of the
C/SiC structure during the static loading process. Six acoustic emission sensors were



33rd European Conference
on Acoustic Emission Testing

12-14 September 2018 -

arranged on the upper surface of the structure and two sensors are arranged on the lower
surface of the structure. The location is shown in Figure 1.
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Fig. 1 Arrangement of acoustic emission sensors: (a) upper surface; (b) lower surface

The threshold is set to 200 mV, and the resulting cumulative energy of the acoustic emission
signals received by the eight sensors is shown in Table 1. It can be seen that the
accumulative energy of the acoustic emission signal received by the No. 8 sensor is the
largest, and the damage position of the test piece is closest to the No. 8 sensor. Therefore,
the following section mainly analyzes the acoustic emission signal received by the No. 8
sensor.

Table 1 cumulative energy of acoustic emission signals received by eight sensors

Sensors number 1 2 3 4 5 6 7 8
cumulative energy | 0.12 1.30 9.54 36.26 10.17 5.17 26.20 | 39.77

3. Acoustic emission data analysis

The cumulative energy and loading load of the acoustic emission signal received by the No.
8 sensor over time are shown in FIG. 2 . It can be seen from Fig. 2 that the accumulative
energy of the acoustic emission signal received by the No. 8 sensor gradually increases with
the increase of the loading load, and the accumulated energy suddenly increases to the
maximum slope when the applied load causes the test piece to be destroyed. Therefore, the
moment of destruction of the test piece can be judged based on the cumulative energy
change of the acoustic emission signal. However, the cumulative energy of the acoustic
emission signal can only be seen at a time when the degree of damage of the test piece is
relatively large, and it cannot be judged when the damage has just started and the type of
damage. Therefore, the relationship between the amplitude of the acoustic emission signal
and the center-of-mass frequency is studied in this paper to solve the problem of determining
the type of damage and the moment of initial damage.

The relationship between the centroid frequency and amplitude of the acoustic emission
signal received by the No. 8 sensor is shown in Fig. 3. It can be seen from Fig. 3 that the
relationship between the mass center frequency and amplitude can be clearly divided into
three categories, namely the high-frequency sound at 600 kHz. The transmitted signal is a
low-frequency, low-amplitude acoustic emission signal and a low-frequency, high-amplitude
acoustic emission signal with an amplitude of 7000 mV. The resulting changes in the centroid
frequency of the three types of acoustic emission signals over time are shown in Fig. 4.
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It can be seen from Figure 4 that the first type of high-frequency AE signals is mainly
concentrated in the later stage of the test, and the frequency will be higher during the period
when the test pieces are destroyed. This article observes the time-domain diagram of
acoustic emission signals during the destruction stage of the test pieces. It has been found
that there are a large number of signals with high center-of-gravity frequencies. At this time,
since the damage expansion is severe, a large number of fibers break, and the acoustic
emission band of fiber breakage is high, so the center-of-gravity frequency of the damage
acoustic emission signal increases at this time. The second type of low-frequency and low-
amplitude acoustic emission signals appeared at the beginning of the test and existed
throughout the entire test. Therefore, such acoustic emission signals can be regarded as the
generation of micro-cracks in the test piece. The third type of low-frequency, high-amplitude
acoustic emission signals are generated in large quantities before the test piece is destroyed.
Therefore, such acoustic emission signals can be regarded as a matrix fracture. At this time,
the center-of-focus frequency of the acoustic emission is not high, but the energy of the
acoustic emission event is significantly increased. high. Then find the time when the three
types of damage begin to occur. The time for the first type of large-scale fiber breakage
signal to be generated is 964s, and the corresponding load is 120%; the time for the second
kind of microcrack signal to start is 98s, corresponding to The load is 50%; the time for the
third type of matrix fracture signal to start generating is 829s, and the corresponding load is
80%.
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Fig. 2 The cumulative energy by No. 8 sensor during Loading process
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4. Conclusion

In this paper, we use acoustic emission to study the damage characteristics of a C/Sic
composite structure during static experiments. Based on the relationship between the
frequency and amplitude of the center of the acoustic emission signal, acoustic emission
events can be divided into three categories: high frequency with low amplitude, low-
frequency with low-amplitude and Low-frequency. The main damage characteristics of the
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three types of acoustic emission events are determined. The research results of this paper
can provide reference for the damage monitoring of this kind of structure.
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Abstract

The present study investigates the mechanical behavior under static loading and assesses damage by the
acoustic emission method of a C/SiC composite material. Acoustic emission signals in C/SiC structure can
be used for monitoring the state of item in the loading.

The recorded signal includes information which can be associated with different events, such as the
formation and propagation of cracks, appearance of cracks and so on. One of the major challenges in
analyzing these acoustic emission signals is to identify parts of the signal which belong to such an event
and discern it from noise. In this contribution, a wavelet packet decomposition within the framework

of multiresolution analysis theory is considered to analyze acoustic emission signals to investigate the
failure of C/SiC structure.

By applying the wavelet packet transform a method for the extraction of single events in static loading
test is proposed. The extraction of such events at several stages of the test permits a classifica-tion and the
analysis of the evolution of cracks in the C/SiC structure.
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Abstract

The railway steel bridges in Poland are tested mostly by visual diagnosis and after that by other NDT
method. One of useful NDT method for evaluation of large structures with defects is acoustic emission
method. For the correct uses of it, it is important to determine the method of the analysis, the AE criteria
and the relationship between the condition and the activity of the failure with the conditions and values of
the operational load of the bridge structure. For this purpose the project funded by National Centre

for Research and Development was realized by specialists from different companies.

During project realization, the tests on railway steel bridges for collection of AE data were performed and
also other methods were used.

The some of tests were carried out at a controlled moving train at different speeds but some of that during
normal bridge operation.

In this paper the results of AE test and analysis with standard and additional parameters and also other
results like videos and metallography with use of portable equipment will be presented.
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Abstract:

The structural health of a solid body can be monitored by detecting acoustic emissions (AE) that
indicate the occurrence and/or propagation of fractures. Continuous monitoring is possible with
vibroacoustic sensors that generate electric signals in response to structure-borne sound. However,
damage detection and identification in real time imposes performance challenges on the sensor
system that must be solved so that it can acquire and process the signal of interest.

In this work, piezoelectric sensors were connected a prototyping unit to continuously monitor a steel
semitrailer structure subjected to fatigue tests. From previous tests on sample structures, signals in
frequencies of up to several hundred kHz were expected to be associated with the emergence of
cracks. At the required sampling frequencies, it was not possible to record, display or transmit the
measurement data for external or post-processing. A parametric analysis was therefore carried out,
whereby the vibrations were processed in 5 ms bursts. In such an implementation, the raw measured
data is never made available. It could nevertheless be processed in real-time in order to calculate
parameters that enabled damage monitoring.

The paper describes the parametric analysis used for online monitoring of the structure under test.
The hardware implementation of the sensor system is described and results are compared with post-

processed results of raw data to validate the online analysis.

1. Introduction

Structural health monitoring techniques based on acoustic emission (AE) detection are used
in a wide range of applications, from buildings to aircraft. Such monitoring relies on the
detection of AE events caused by crack formation or propagation in the material. The first
challenge to the success of a quasi-passive AE-based condition monitoring system is to
properly acquire relevant vibroacoustic data, since AE signals can have very low amplitudes
relative to unavoidable background noise. In general, one-time events (such as catastrophic
failures) generate stronger and clearer signals than progressive damage (such as caused by
fatigue). Moreover, the characteristics of an AE signal, both in time and in the frequency
domain, depend on the type of event that caused it as well as on the geometry and
mechanical properties of the medium where it propagated. The second challenge is,
therefore, to properly identify an AE event within the vibroacoustic data, which is particularly
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difficult if there is no prior knowledge of where a fracture is likely to emerge, or of what kind
of damage may occur in the structure.

The work presented here was carried out in the scope of the research project TraZu
(Electronic Condition Monitoring System for Predictive Maintenance of Semitrailers). The
project focuses on semitrailers used in the transportation industry, which saw in 2016 an
increase of 3.5 billion tonnes in the amount of goods transported by road within Germany
alone [1]. There is a constant demand for ever-lighter structures, to be in operation as often
as possible, carrying as close to its load limit as permitted, and often above it. Making the
load-bearing structures of transport vehicles lighter can increase payload, but also the risk of
damage to which these vehicles are already subjected in normal operation [2,3]. In Figure 1
examples are shown of damages to a semitrailer frame which most likely occurred
progressively, but too fast to be found by regular periodic maintenance [4].

Figure 1. Damages to semitrailers at junction plate (left) and transverse beam (right)

The goal of the research project is a predictive maintenance system (illustrated in Fig. 2), a
crucial part of which is the damage detection based on AE detections by decentralised
sensor units. Specific parts of the semitrailer were chosen for monitoring taking into account
the likelihood of structural damage occurring in their vicinity and on previous studies of the
propagation of structure-borne sound on the frame [5]. The electrical signal from each sensor
first goes through a signal conditioning stage (including pre-filtering and analog-to-digital
conversion). The digital data is then delivered to a sensor controller unit, which performs the
damage detection. These three stages comprise a decentralized sensor unit (DSU). Each
DSU reports its results to the central electronics unit, which interprets these data taking into
consideration complementary data received from the telematics unit — environmental data,
vehicle information such as speed and load, etc. The end user (e.g. the driver or the fleet
management) can also configure the damage detection via the telematics user interface.
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Figure 2. Overview of the predictive maintenance system
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In previous works, the authors have demonstrated the validity of the AE-based damage
detection strategies used in preliminary examinations of test specimens in controlled
environments (static tensile tests and fatigue tests) and how they can be correlated to
damage in a real semitrailer structure in operation [6-9]. Among the results of these first
studies was the determination of a range of frequencies corresponding to the signals of
interest (i.e. acoustic emissions due to fractures in the material). It became clear that for the
relatively high frequencies involved (ca. 150-500 kHz), real-time processing of the raw data
would impose severe performance challenges to the equipment. Therefore, a parametric
analysis was favoured for the damage monitoring.

In parametric damage monitoring, a probable AE event is typically detected when the
monitored signal exceeds a certain voltage threshold. A sample of a certain length of the
signal is then quickly processed so that predefined parameters, also called “features”, are
calculated. The raw measurement data is discarded and only the values of the features
obtained is used for further analysis of the event, e.g. to confirm whether it corresponds to an
acoustic emission or to identify its source. Classical features of an AE signal (see 10)
include:

e Maximum — peak amplitude within the sampled window;

¢ Rise time — time from the first crossing of the threshold until the maximum is reached;
e Fall time — time from the maximum until the last threshold crossing within the window;
e Duration — time between first and last threshold crossings, equals rise + fall times;

e Counts — number of times the threshold is crossed during the sampled window.

These are illustrated in Fig. 3 over a sample of a real detection captured during preliminary
tests. The parameter counts is omitted for visual clarity.
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Figure 3. Classical features in AE testing
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The classical features listed above were used in this work, as described in the following
sections. In the system, these are called “low-end” features, to differentiate them from the
secondary or “high-end” features calculated later. For brevity, they will be referred to here
only as “features”, since further stages of the damage monitoring system fall out of the scope
of this publication.

2. Description of work

During the development of the damage detection algorithm, Hsu-Nielsen tests were used to
simulate acoustic emissions on samples of various geometries, all out of S700 MC steel, 4
mm thick. The algorithms were then tested during the fatigue test of a larger longitudinal
section of semitrailer chassis (length 3.5 m, width 2.5 m) comprising the region
corresponding to all three axles. The second (middle) axle was mounted. The testing
machine varied the force applied to the axle between a minimum F, and a maximum Fy =
10-F. at a frequency of 2 Hz. The forces were progressively increased in different phases of
the test, with Fy in the range 46-110 kN, until a crack could be cleary seen and its
propagation observed. Structure borne-sound was measured using four VS150-RIC
piezoceramic sensors (Vallen Systeme), placed on the longitudinal beams on either side of
the semitrailer structure, adjacent to crossbeam junctions near the first and second axles.
Measurement data was acquired for post-processing using a PicoScope 5444B (pico
Technology). For the online monitoring, a MicroLabBox (dSPACE) was used as a real-time
data processing unit.

Models were built in MATLAB/Simulink so the algorithms developed until then could be
implemented in a real-time application on the MicroLabBox. The analog-to-digital converter
(ADC) class 1 of the MicroLabBox has a fixed vertical resolution of 16 bits and a configurable
sampling rate of up to 1 Msps. Considering the range of frequencies of interest, the upper
limit was desired. However, although the ADC can sample the signal within 1 s, the time
needed for data from the ADC to be made available to the running application can be close
to 3 us. Hence it was not possible to implement the algorithms developed for post-processing
in an online manner.

A solution was to build the application using the burst conversion mode, whereby the ADC
samples at 1 Msps and after 5 ms (i.e. 5000 samples) sends a hardware interrupt signal and
makes the whole 5000-sample burst available to the application as a vector X of values x;
indexed from 1 to 5000. Both the interrupt block and the ADC subsystem, which delivers the
sampled vector as well as a binary status signal, are part of the group Input on Fig. 4.
Additionally, a switch signal is used to determine whether detections will be triggered based
on an amplitude threshold value p, or on a variance threshold p,. The trigger switch and
threshold values can be set by the user in real-time, and are thus part of the group Input.

The interrupt signal is used in the MATLAB/Simulink model to trigger a subsystem (in the
group Detection), which takes the newly available data and compares it to the chosen
threshold p. If xi 2 p, for any i, or if Var(X) = p,, depending on the chosen threshold, a
detection signal is set to 1; otherwise, it is set to 0. This signal is used to trigger other parts of
the model. The parameter counts can be directly obtained as the number of indices i where Xx;
= p,. Furthermore, the first and last such indices, denoted as a and z respectively, are carried
over to the subsystem in the Low-End Features group and used to determine the duration
feature of the signal. With the index m of the maximum value within the vector, the rise and
fall times also follow as r = m - a and f = z - m respectively. In the model, duration, rise and
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fall are given by an integer number of samples, instead of a floating-point value of time; with
a predefined sample rate, the actual times can be calculated directly. Although not strictly
necessary, the calculated features are then set as model outports, so they can be easily
visualised in a real-time application running on the dSPACE software in a host-PC connected
to the MicroLabBox. To save the generated features (and some additional control signals) for
later analysis, the USB Flight Recorder functionality is used (group USB Recorder). Chosen
variables are saved automatically and periodically to a USB mass storage device connected
to the MicroLabBox according to the sample time of their tasks in the model. The application
can still run with no USB connected, but then no data is saved. The USB flight recorder iss
used only as a means to analyse the results a posteriori, and has no corresponding
functionality in the planned monitoring system described above.
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Figure 4. Simulink model of the first stages of the detection algorithm

In accordance with the system structure, the features generated so far are then packed into
CAN messages (configured in a separate .dbc file and controlled by pre-built Simulink
blocks) and sent out along with a detection ID. The CAN communication is out of the scope
of this paper. However, it should be said that these messages are not periodic, but rather
triggered by the detection signal.

The graphic user interface developed for the online detection monitoring is shown in Fig. 5.
The GUI allows the user to configure the damage detection in real time via adjustable values
of threshold as well as the input gain of the ADC and other visualization tools, e.g. the LEDs
that show when a certain number N of events was detected within a certain period T. The
interface reports detections clearly as they happen. An “event detected” means that the set
threshold was overcome, and does not take into account the features calculated. These are
shown to the user (although not readable in Fig. 5) along with with the status of their
respective CAN messages, to confirm that they were sent to the next stage of the monitoring
system.
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Figure 5. Graphic User Interface for the AE event detection in the MicroLabBox

3. Results and Discussion

The results of AE monitoring during the fatigue test of the larger semitrailer structure,
described in the previous section, was compared to the outcome obtained with post-
processing of the corresponding measurement data. Moreover, visual inspection of the
trailer, as well as strain gauge data, were used to assess the online feature-based
monitoring. Due to the length of the test, selected periods were considered for this
evaluation. The results in Fig. 6 correspond to one of the last phases of the fatigue test, with
an applied force of 110 kN. Towards the end of the period shown (at a point in time
highlighted in red) the crack was already visible. The left-hand y-axis corresponds to the
number of events detected during that phase (plotted in blue), while the right-hand y-axis
corresponds to the counts parameter in each burst. From the figure it is already apparent that
periods of rapid increase in the number of events correlated to high values of counts in each
event. A rapid increase in event detections can be associated to either crack initiation or,
especially, rapid crack propagation [9,11]. Therefore, this result indicates a significance of
counts as a valid analysis parameter in the system presented.

Another example of validation of the feature generation was obtained later, after the
macroscopic crack had already been verified. Crack propagation gauges were placed over
the fracture so that its progression could be tracked in 100-um steps. While the rate of
propagation was roughly 100 um/h most of the time, there were “jumps” during which the
crack grew by several hundred microns within an hour. In Fig. 7, the maximum voltage in the
burst is plotted against the total number of load/unload cycles of the fatigue test until that
moment. The parameter was saved periodically in the USB flight recorder. For the large time
scale displayed, it is not possible to differentiate between subsequent data points, especially
since at this stage in the test AE events were frequent, resulting in a rapid variation between
high and low values of the maximum parameter. Nevertheless, it can be seen that the high



value is relatively stable at ca. 1.8 V, except for a significant rise between approx. 4.579 and
4.581 million cycles, as well as a few spikes around the same time. Nearly all significant
variations in the maximum value occur within a period (highlighted in green) when the crack
propagation rate rose from ca. 100 uym/h to 336 um/h. Fig. 7 is thus shown as another
example of a clear change in the value of the features that can be strongly correlated to
crack formation or propagation verified by other means. The sudden drop in the maximum
value at the point highlighted in red marks the time at which the testing machine was turned
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off and the test was stopped.
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Figure 6. Blue (left-hand y axis): cumulative number of events detected.
Green (right-hand y axis): counts per burst.
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4. Conclusion

The first stages of a parametric damage monitoring system for semitrailer structures based
on acoustic emission were implemented on a MicroLabBox. Due to the technical impossibility
of delivering raw measurement data to the further stages of the system, the structure-borne
sound acquired by the sensors were digitized using burst conversion mode, which resulted in
some restrictions to the signal processing. The approaches taken to implement the AE
detection were described in this work, including the generation of classical features. The
applicability of the features to the desired application was verified during fatigue tests, the
results of which were analysed by various methods. Other stages of the damage monitoring
system will be presented in future work.
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Abstract:

One of the characteristic features of AE monitoring in comparison with laboratory or field testing is the
presence of plurality of additional acoustic sources of transient signals. These signals can relate not
necessarily to interferences but to “useful” sources, as well, or be a determinate noise, carrying relevant
information on processes occurring in the object. Therefore, one of the objectives was to extract all
available information stored in the data and use it for the purposes of integrity and condition monitoring.
The monitored objects are chemical reactors for polypropylene (PP) production whose main failure risk is
caused by the following mechanisms: loss of functionality of auxiliary mechanisms and formation of PP
agglomerates. Accordingly, in addition to a common AE approach, the analysis of both, continuous
background noise occurring from mixing microscopic PP particles and impulse interferences caused by
impacts of oversize agglomerates, were carried out. The study included spectral and correlation analysis,
digital filtering and modeling. In particular, AE technique allow extracting from the noise data very low
modulation frequencies, responsible for breaking of rotating facilities was developed. Another processing
procedure was designed to detect the beginning of agglomeration. It includes analysis of signal internal
structure, in particular, the analysis of sample distribution function within the frame of a single/multiple
waveform. The results obtained by simultaneous noise diagnostics and traditional AE monitoring using
the same data acquisition channels show the advantages of the proposed general-purpose approach and
line of future research in the field of AE monitoring.

1 Introduction

The passive high frequency AE method is commonly used for integrity monitoring of hazardous
assets in atomic, chemical and oil-chemical industries. In contrast to vibration-based diagnostics
designed for monitoring of rotating facilities and apparatus, AE method is applied for static
objects. Main challenges of continuous AE monitoring of the pressure vessels/components
during the operation is the presence of high level non-stationary noise, caused by the operation
of the auxiliary facilities and the dynamics of the process medium. On the other hand, such
noise carries relevant information on these processes, hence being recorded by AE means it
can be essentially used for condition monitoring of the asset provided by rotating facilities.

In our paper AE monitoring of the horizontally stirred bed reactors (HSBR) in the gasphase
polypropylene (PP) production is under discussion. Three years of monitoring the reactors
showed that the main risk of failure is caused by formation of PP agglomerates and by a loss of
functionality of the bearings and a stirrer. Formation of PP lumps and strings in the body of
reactor reduces its efficiency by plugging the discharging pipelines and bearings, therefore
leading to unscheduled shutdowns of the reactors.

Relatively low rotation frequencies of the stirrer and the bearings, and a high level of
mechanical noise in low frequency bandwidth (below 10 Hz) make it impossible to monitor the
rotated facilities using the vibration method. On the other hand, these rotation frequencies are
much lower than generally used AE bandwidth, thus they can’t be extracted and monitored by
conventional AE technique and require a new AE approach.

The objectives of the study were to develop a comprehensive AE noise based technique
intended for condition monitoring of the working reactor in addition to the commonly used AE
integrity monitoring method.

Two different processes affecting failure of the monitored objects are under consideration. The
first is the abnormal operation or failure of rotating mechanisms, the second is the detection of
the early stage of agglomeration and analysis of AE from impacts of agglomerates.

2. Types and Characteristics of the Operating Acoustic Noise

Three following types of acoustic noise and interferences were observed during the operation of
the reactor for PP production: continuous, impulse and periodic noise. Continuous noise is



caused by the turbulent motion and the collisions of small PP particles and impacts of a great
mass of particles against the reactor wall at stirring of the product. It was found that such
background fluctuation noise is a broadband noise, whose amplitudes are the random variables
obeying a normal distribution. Frequency analysis of noise shows that it refers to a colored
noise, with a power dependence of spectral density (PSD) on a frequency, PSD ~ f, as it was
reported in [1].

An optimum frequency range of AE tract was chosen with account of the temporal
characteristics of noise and amplitude-frequency dependence of its PSD obtained at preliminary
testing, it gave more than 12 -15 dB noise reduction.

2. Periodic or nearly periodic noise associates with the rotating facilities, such as stirrer or
bearings, and repetitive processes, e.g. discharging of PP product. Low frequencies (from
0.01Hz to 100 Hz), responsible for said processes cannot be directly extracted from high-
frequency AE data and require a special approach for their detection and monitoring. Therefore,
the DIAMOND technology, capable to extract the low frequencies from the high frequency AE
data was developed. This technology and the results of its field application are described below.
3. Impulse mechanical interferences are external impacts observed during the maintenance of
the facility and internal impacts were caused by collisions of PP agglomerates against the
blades, inner surface of the reactor, thermal couples, etc. Waveforms from these types of
mechanical sources were analyzed and interpreted.

Agglomerate types
Depending on the operating conditions of horizontal stirred bed reactors (HSBR), three following

types of PP agglomerates of different shapes are observed: bulky PP lump, flocculent PP and
PP string.

Figure .1/ PP strings(left) and PP lumps

Lumps form on the clots of the catalytic complex in the bed under certain process conditions,
determined by the quality of the passages of the catalyst, catalyst and donor flow lines to the
reactor, temperature, reaction activity and some other factors. Agglomerates lumps form from a
melted PP core covered with PP granule, they reach a size of up to 300 mm and can damage
stirrer blades. The PP strings and PP flocculents form when the catalyst or the quench liquid is
sprayed directly on the surface of the stirring paddles, the reactor wall, or other metal surface,
Furthermore the PP strings form in the proximity of the bearing, winds round the shaft thus
break the stability of the polymerization process. The formation of agglomerates in HSBR
negatively impacts the product quality, reduces the reactor efficiency, damage the stirring
blades and bearings thus leading to a shutdown of the whole plant.

3. AE data processing methods for detection of agglomerates

Signal from impacts



After agglomerate is formed under an unfavorable technologic conditions, it proceeds to grow
during its movement downstream to the discharging pipeline and strikes against the reactor
walls, rotating blades and the other inner protruding devices, such as thermocouples, arranged
at the bottom side of the reactor.

Generally the monitoring of impacts is carried out by low frequency methods, such as a loose
part monitoring, which is widely used in nuclear reactor industry [2]. The impact bandwidth can
be deduced with account of the form of impact function obtained by the Hertz theory of impacts
[3, 4]. The impact spectrum estimated in [5] is given by the following equation:

T
T cos(a)a) (1)
S, =—""
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where T — is a contact duration of a metal sphere strucked against a rigid surface of a a metal
plate (e.g. wall of the reactor), h,, — is a maximum displacement of the colliding bodies, i.e. total
of deformation of both surfaces.

The impact bandwidth can be obtained by setting the spectrum function S, to zero [6]:

A 3 (2)

v T

from this equation it follows, that, e.g., impact, having the contact duration of 100 us has the
bandwidth of 15 kHz, i.e. it should be recorded by the system having a corresponding
bandwidth.

However as it follows from (1) the high frequency AE receiving path allows collecting the part of
the impact energy, which lays in the sidelobes, see fig. 2. Besides as we previously showed the
high frequency AE channel transforms input effect into two separate signals, arriving with a
delay equal to the impact duration [5] that is well seen in the fig. 3d. This feature is used at
interpretation of waveforms.
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filter a)-1 Hz; b) 100 Hz; c)1 kHz; d) 10 kHz.

Signals generate at the moments corresponding to derivative discontinuities of surface
displacement function of impacting bodies, i.e. at the initial moment of loading and the final
moment of contact. To show the influence of the bandwidth of the receiving channel on the
system response, the output signals from impacts, shown in fig.3 c-d were modelled. Here the
typical input function from impact is passed through the different HP filters, with cutoff frequency
changing from 100 Hz (3.b) to 10 kHz (3.d) imitating different receiving channels. The results
obtained allow understanding the mechanism of signal transformation and estimating the form
of output signals from different AE sources recorded by the apparatus having different
frequency bands. In particular, the obtained results confirm that high frequency bandwidth gives
the impact response in the orders of magnitude lower in comparison with the low bandwidth.
Therefore in addition to ISR 30 sensors, several ISR15 (150 kHz resonance) sensors were
mounted on the lower part surface of the reactor to increase sensitivity of agglomerate
detection.

To recognize impacts from agglomerates, the waveforms exceeding the threshold of 80 dB were
recorded during the whole monitoring period. It was shown that large PP lumps are well
distinguished and can be easily recognized. However, to study the initial stage of the
agglomeration process, the waveform threshold has been periodically decreased to 70 dB that
provided additional increasing in sensitivity.



AE Detection of PP strings and PP flocculents

The inner structure of the digitized waveforms was analyzed and tested for normality of the
amplitude distribution law to identify the early stage of agglomerate forming. It was shown, that
noise waveforms, which are characterized by a normal amplitude distribution estimated within a
single waveform/multiple waveforms, correspond to normal operation of the reactor. On the
contrary, it was confirmed that failure of normal law of amplitude distribution relates to impacts
of small agglomerates, and can be considered as a criteria of the early stage of agglomeration.
The corresponding patterns are demonstrated in the figs. 4 and 5.
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Figure 4. The steady process, whose amplitudes are normally distributed within the single
waveform indicates the absence of agglomerates.
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Figure 5. Waveforms characterized by disnormality: beginning of agglomeration stage

Another processing method of agglomerate detection included analysis of waveform structure
and estimation of distribution of energy of the signal bursts over a threshold, which was set to a
fraction of an average energy (here - 0.25). The average energy was calculated as an area
under the waveform envelope. The failure of the Rayleigh distribution of energies was accepted
as a criterion of the beginning of the agglomeration stage, see fig.6b.



Figure 6. Burst energy distribution curves estimated within a single waveform. a) Rayleigh
distribution indicating the absence of agglomerates. b)The transition to the early stage of
agglomeration.

Not only the parameters obtained from the inner structures of the waveforms, but simultaneous
changes in form and numeric characteristics of amplitude distributions of AE hits served as
informative features of agglomeration at monitoring, as well.

4, Data analysis at monitoring of slowly rotating facilities

Simulations of wideband noise modulated by periodic forces

Preliminary study of the background noise of the reactor was done using a 2-channel PCI-2 AE
system that recorded data in a form of a streaming. It was found that the recorded background
wideband colored noise is likely modulated by external periodic forces related to rotation of the
blades (a pair of blades gives a frequency f = 0.25-2 = 0.5 Hz, where 0.25 — is the frequency of
shaft rotation). Typical data stream digitized with a sampling rate of 1 MHz and having the
duration time of several seconds is shown in fig. 7. The observed modulation period equal to 2
seconds corresponds to the frequency f =1/T = 0.5 Hz. The observed modulations apparently
result from nonlinear interaction between physical processes, which take place during the
operation of the reactor, here random wideband noise caused by the collisions of PP powder,
on one hand, and deterministic periodic forces corresponding to the stirring and rotation
mechanisms, on the other hand.
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Figure 7. The pattern of the recorded noise stream (7.5 seconds) has a typical form of an
amplitude modulated signal.



To get a feel for this result and clear up whether a typical high frequency AE system is capable
to detect and monitor such low modulation frequencies in spite of low frequency filtering
performed at AE acquisition, a computer model imitating the whole process was developed.

The simulated input signal is defined by the formulae (3):

s, =(+a,-sin(2z- f,-t,))-(I+o,-sin2x - £, -¢,))-10-White _ Noise;, (3)
where Fs = 1 kHz — is a sampling rate; f1 = 5 Hz and f2 = 12 Hz - are the external periodic
forces nonlinearly or multiplicatively mixed with a random wideband noise; ,=0.3 and - «,
=0.4 - are the modulation indexes (or AM indexes ).

The input signal s; and its spectrum are shown in fig. 8 a,b, correspondingly.

During the provided detection procedure the input signal is passed through a HP filter (or a
band pass filter) with a cutoff frequency of 200 Hz, as shown in fig. 8c. The performed filtration
suppresses noise in the low frequency band, see fig. 8d. The average value of the filtered signal
is computed using the root mean square (RMS) in the time window of 20 ms, fig. 8e. The RMS
spectrum is shown in fig. 8f, where two input low frequencies of the exciting forces are well-
defined in spite of the absence of low frequencies in the spectrum of input signal passed
through front-end HP filter.

We named this processing method as DIAMOND, which means DIAgnostics at MOdulated
Noise Detection. Nontrivial effect of the procedure is that it does not require calculating a signal
envelope using the Hilbert transform in order to extract modulation frequencies.

The obtained result gives only 2 modulation frequencies however depending on the depth of
modulation, i.e. values of the modulation indexes side frequencies and harmonics can appear,
as well. The results obtained by simulation indicated a significant effect of indexes on the
resulting spectrum pattern.

Such simulation results confirm the ability of the proposed processing procedure to detect low
modulation frequencies, carried by random wideband noise.

This technology was integrated into our monitoring system and its abilities to extract and detect
low frequencies and harmonics produced by slowly rotating facilities at the different operation
modes were proven by the practice. One of the advantages of the proposed method over a
vibro diagnostics is HP filtering providing to reduce low frequency noise, which masks the
frequencies of interest laying in this frequency band at vibro monitoring.
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Figure 7. Algorithm of DIAMOND method



The results obtained by simultaneous noise diagnostics and traditional AE monitoring using the
same data acquisition channels show the advantages of the proposed general-purpose
approach.
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Abstract:

The Structural health monitoring (SHM) is a method to safeguard the integrity of metallic components
or component assemblies during service. This process involves a continuous or periodic
measurement, the extraction or selection of degradation-relevant data and the statistical analysis to
determine the actual state of the system condition. Acoustic emission (AE) monitoring detects and
locates potential defects in plant components like piping and pressure vessels. An essential
advantage of acoustic emission is that it allows assessing the components regarding evolving defects,
leaks or even active corrosion during operation. Therefore, acoustic emission qualifies excellently as a
tool for structural health monitoring.

The sensors of the monitoring system have to be mounted at preselected positions of the metallic
structure and a tailored data analysis programme evaluates the incoming signals to provide a reliable
statement regarding the structural health. Individually designed alarm and warning criteria enable
corrective actions to prevent that the observed degradation evolves to failure.

In order to meet the requirements of customers from the oil and gas industry or the energy generation
industry, TUV AUSTRIA developed a monitoring technique for hot and cold surfaces including a
methodology for collecting, transferring, storing and evaluating the measuring data.

This paper contains case studies where structural health monitoring with acoustic emission is used to
provide an alternative to the regular requalification procedure of the monitored metallic pressure
equipment.

1. Introduction

The performance of a conventional water pressure test indicates total failure in the form of
visible deformation or leakage. A conventional acoustic emission testing (AT) is used as a
periodic inspection method for the condition assessment of metallic pressure equipment.
Accompanying pneumatic or hydraulic pressure tests are generally performed up to 1.1 times
of the design pressure of metallic pressure equipment, while the acoustic emission testing
provides a statement regarding the structural integrity of the item under test and can also
detect early failure mechanisms. A relevant issue of AT is that the pressurization is
performed with the operating medium. In contrast to hydrostatic testing no hazardous waste
will be produced. Furthermore residual humidity may induce or facilitate failure mechanism.
Therefore plant operators avoid complex cleaning and drying procedures which would be
required after completion of the test. Acoustic emission testing is appealing for industry and
enables the plant operators to optimize the plant availability with low operating costs for the
recommissioning of the pressure equipment after the inspection test.
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Structural health monitoring by means of acoustic emission is the next milestone in AT
history. The pressure equipment operational parameters, such as working pressure,
temperature or cycles should be recorded during the performance of the pressure test with
AE. The monitoring period for SHM can either be discontinuous (e.g. 3 days 4 times per
year) or continuously.

In general information regarding the current conditions of the metallic components in
industrial plants is of vital importance for every plant operator. Therefore, one main task of
the maintenance department is to take proper actions for ensuring secure operation. As an
illustration, there are a lot of different methods on the non-destructive testing sector, to
estimate the duration of a service period for pressure equipment, which are provided by TUV
AUSTRIA. Hence, there is increased attention on structural health monitoring using acoustic
emission. Precise information regarding the actual conditions of the metallic components
would enable the maintenance department to point out the components which should be
repaired or when they should be replaced. That would give an economic advantage by
preventing a shutdown of entire industrial plants and enable an appropriate repair.

2. Acoustic Emission Monitoring Concept

The main function of structure health monitoring is to merge the AE-data with the operating
parameter (pressure, temperature, volumetric flow rate...) in the measuring system (see
figure 1). Subsequently these monitoring data will be stored and can be analysed with
dedicated software (e.g. Vallen Systeme “Automation Manager”). The automation manager
has an online access to the measurement data. For example, if certain criteria are exceeded,
an alarm message is sent if necessary per email and a test report is created over a

predefined inspection period.
AE measuring data _u

-n_._._-—-""'-'-._._-_

operating data —I_J

monitoring data J_|

_—__._f_
Figure 1: Acoustic emission monitoring concept

Two kinds of sensors will be applied in these use cases. Standard sensors VS150-RIC from
Vallen Systeme with a temperature range up to 60 °C are mounted on the metallic surface of
the pressure equipment. For a temperature, up to 180 °C, VS150-BD-V01 sensors are



33rd European Conference
on Acoustic Emission Testing

12-14 September 2018 - 5enl

mounted directly on the tested surface. For temperature ranges above 180 °C, a specifically
designed waveguide device is applied between the test surface and the acoustic emission
sensor. The VS150-BD-V01 sensor is certified for hazardous areas and is connected to the
AMSY-6 measuring system with a 20-meter hazardous-certified coax cable and an AEP3-
BD-V01 preamplifier.

The sensitivity of each measuring chain is checked with the Hsu-Nielsen source before the
test. The AE system is an AMSY-6, which can acquire AE data and waveform data
simultaneously for each channel. It has an internal pulsing unit, which sends on request an
electric pulse to a sensor. That electric pulse is transformed into an acoustical pulse by the
sensor. The other sensors may detect the sent pulse after propagation in the metallic
structure. The AE system measures the time period from the emitting to the receiving sensor
and that together with the distance between emitter and receiver gives the speed of sound.
This pulsing function, defined as “Auto Pulsing”, will also be used to check the functionality
and sensitivity of the measuring chain before, during and after the 24h-AE-measurements.

The software for data acquisition, visualisation and frequency analysis is also provided by
Vallen Systeme. With VisualAE™ evaluation data files can be created concerning to the
metallic pressure equipment, the respective relevant operational parameters (pressure,
temperature, strain, volumetric flow rate...), cluster evaluation factor (CEF) [1] and external
data (weather data).

“‘Automation Manager”, the software used for structural health monitoring with acoustic
emission is also provided by Vallen Systeme. For a better comparison 24h measurements
will be saved with previously configured data acquisition and visualisation files. With the
“Auto Pulsing” function mentioned before the measuring chain is checked at certain intervals.
If a previously defined deviation of AE parameters occurs, an alarm should be sent as a
result [2]. Similarly, previously set limits of the acoustic emission results can trigger alarms.
Consequently, digital inspection reports will be created. The structure health monitoring could
be performed discontinuous or continuous.

3. Examples of monitored metallic Components

e Urea plant (passivation air cylinder, figure 2)
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Figure 2: AET application on passivation air cylinder (urea plant)

The entirety of the structure of the passivation air cylinder can be monitored by an application
of acoustic emission testing. As an example, for a simple standard sensor arrangement, 3
sensors must be applied linear on the 660-mm diameter cylinder in figure 2. The used sensor
is the VS150-RIC, which has a resonant frequency of 150 kHz. The sensitivity of each
measuring chain is checked with the Hsu-Nielsen source before the test. The “Auto Pulsing”
function of the Vallen Systeme was executed before and after a 24h-AE-measurement and
periodically in a 6 hours cycle. This functional check of the AE measuring chain was
appended to each 24h-AE-measurement inspection report (see figure 3). The AE system is
an AMSY-6, which can acquire AE data and waveform data simultaneously for each channel
and is able to intercommunicate with the “Automation Manager” software.
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Figure 3: Auto Pulsing on passivation air cylinder
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While the pressure equipment was in operation the 24h-AE measurement was recorded with
the operation pressure as external parameter. For the passivation air cylinder SHM used
acoustic emission was done discontinuous 3 days 4 times per year.

e Urea plant (Nitrogen cylinders, figure 4)

The same sensor arrangement as the passivation air cylinder was applied for this both
nitrogen cylinders. Those metallic pressure equipment are exposed to environmental
impacts. Thus, the external parameters were enhanced with the data of the weather station
for a profound analysis. The monitoring time was also the same: discontinuous 3 days 4
times per year.

e Preheater for fuel gas in gas-fired power station (figure 5)

! -~
Figure 4: SHM on nitrogen cylinders Figure 5: SHM on preheater for fuel gas in gas-fired power station

¢ Main steam distributor (figure 6)

The main steam distributor should give an example of the application of an acoustic emission
monitoring system during operation at temperatures up to 170 °C. A sensor arrangement
with 5 sensors must be applied linear on the 450-mm diameter cylinder in figure 6. Whereas
3 sensors were mounted directly with magnet holder and 2 further sensors were mounted
between those 3 sensors with a waveguide technique. For this example, external parameters
are temperature, pressure and volumetric flow rate. The electrical signal of these 3
parameters was fed directly into the acoustic emission system.
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Figure 6: SHM on main steam distributor

4. Results

The verification of the structural integrity while the metallic component is in operation was
implemented by the evaluation of a 24h-AE-measurement and provides further information:
Existence of active AE-sources caused by the act of defect-mechanism in the structure,
grading of the intensity of the AE-sources during the applied pressurisation and localisation
of the AE-sources in space of the whole structure.

Moreover, in respect of safety-relevant measures the early recognition potential of AET in
contrast to alternative test methods is from vital importance, especially to the common
hydraulic pressure test (water pressure test). This also includes an early detection at
approximately 30 % of the load of the component failure for ductile materials. Also, possible
defect-mechanisms can be observed in a microscopic range.

Figure 7a) shows the cluster evaluation factor (CEF) and the pressure versus time of
measuring. This graph gives conclusions about the load profile; it shows minimum- &
maximum- working-pressure, and pressure intervals during operation of the metallic
component. The cluster evaluation factor is applied for on-line evaluation of located events.
The CEF calculation is based on prototype data acquired on structures with known defects.
The evaluation range of CEF start from 0 (no located events = 0 severity) up to 4 (very high
severity).

At the example of the passivation air cylinder the traceable, active AE-sources are located
among the sensors xd4 and xd5 at the range between 380 and 400 cm (see figure 7b).
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Figure 7: Evaluation of passivation air cylinder
a) CEF and pressure vs. time, b) CEF vs. X-Location.

Exactly on this position the mounting ring is fitted. Therefore, this area was verified on the
cylinder with an ultrasonic test. This inspection method exhibits no noticeable indications.
Hence, the result suggests that the activity of the acoustic emission was caused by
mechanical friction between the mounting ring and the passivation air cylinder.

The important advantage of the monitoring inspection report is the history of those 12 x 24h-
AE-measurements which could be compared easy. An equally important reason to realise
SHM is the adequately long monitoring period of about 290 h compared to one hour of a
conventional acoustic emission test. The project target was the extension of the service
period till to next inspection (one year).

5. Conclusion

Structure health monitoring using acoustic emission on metallic components will become an
increasingly role on non-destructive testing sector. The system effectiveness of new
industrial plants is growing and the knowing of the actual conditions of the metallic
components in industrial plants is of vital importance for every plant operator.

Conventional acoustic emission tests will be more popular because they are performed with
the process medium, but this method must take a requalification. The test performance must
realise during a planned shut-down and usually on pressure equipment in ambient
conditions. Often the prevailing test requirements do not represent the operating conditions
or only in a limited way. Also, the material is sometimes not sufficiently loaded as in
operation, for example material properties modify with temperature.

In case if points which mention above should be relevant, acoustic emission monitoring could
be the solution. However, the degradation of the material happens normally during operation
nevertheless not during testing. Consequently, structure health monitoring using AET is
recording during operation and as a result it is a measurement of the degradation process.
Considering this analytic data, the “Automation Manager” makes it possible to send a
warning if defect-mechanism occurs as early as possible. Moreover, for a measurement
during operation, no further time must be spent for testing in a shut-down. Additionally, in
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case of severe degradation, the scheduled operation time can be observed with acoustic
emission monitoring to safeguard the time till to replacement of the metallic component.

This enables further improvements of customer specific implementation of SHM using
acoustic emission, which shall foster a broad acceptance of acoustic emission by equipment
users/operators.
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51 - Acoustic Emission Testing on a rail bridge
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Abstract

Acoustic Emission Testing (AT) is used to safeguard the integrity of metallic components of rail bridges
during operation. The test procedure involves a continuous or intermittent measurement, the selection
or extraction of relevant data including system-specific parameters and their statistical analysis

to determine the actual state of the considered rail infrastructure. Acoustic emission (AE) monitoring
detects and locates potential defects on rail bridges like active crack propagation or friction processes.

A crucial benefit of acoustic emission is that it allows assessing the bridge components regarding evolving
defects, active cracks during dynamical train crossings. Therefore, acoustic emission qualifies excellently
as tool for online bridge monitoring.

The sensors of the monitoring system have to be mounted at preselected positions of the metallic
structure of the defined bridge components and consequently tailored data analysis software evaluates
the incoming signals to provide a reliable statement regarding their current state. Additional data, like
strain measurements or information about train length or total weight could be used to estimate the
temporal damage potential of the observed or measured operation conditions.

The results of acoustic emission testing can be additionally used to estimate repairs and / or modifications
of load-bearing components regarding their lifetime.

This paper presents a case study of an online monitoring measurement of a rail bridge with acoustic
emission to demonstrate the universal applicability of the technology.
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Abstract

Hydrogen induced cracking (HIC) damage is a common damage mechanism, expected typically in
vessels in severe wet H,S service. It can occur at relatively low temperatures, as the atomic hydrogen
is concentrated at the impurities within the steel. The occurring damage is mostly cumulative and it
can be manifested in various types such as blistering, step-wise cracking or stress-oriented cracking.
As such, the qualitative and quantitative evaluation of structural integrity of any vessel possibly
suffering from wet hydrogen damage is of great concern from a safety, environmental and financial
point of view. In the present paper, results of the application of real-time AE monitoring of a HIC
damaged area of a thick-walled amine absorber in severe wet H,S service are presented. The
damaged area was found during a routine UT inspection. UT and AE trials were performed in order to
fine-tune and maximize the effectiveness of the application. This resulted in a unique correlation
database from which monitoring criteria were developed, that greatly maximized the AE location
performance and minimized the false alarms due to the noisy environment. Major benefits of the AE
monitoring application include an overall increase of health and safety, as well as minimum down-time
for the refinery until a full vessel replacement becomes possible.

1. Introduction

Acoustic Emission [1][2] has been successfully applied for the integrity assessment of static
structures such as pressure vessels and storage tanks during both in-service and hydrostatic
tests for a wide range of manufacturing materials. Extensive testing of such equipment has
led to the development of AE testing procedures, evaluation criteria and international
standards [3][4]. In addition to that, industry applied procedures, such as MONPAC & IPAC
[9][10] for pressure vessels, extended the codes’ pass-fail assessment to quantitative
evaluation of fault severity and criticality, providing the industry with a tool for 100%
evaluation of the vessel, capable of giving early warning of developing defects, increasing,
thus, the operational safety.

In areas with high stress concentration and where local strength may lead to crack
propagation, as in the case of step wise cracking HIC or SOHIC (Figure 1), local monitoring
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can be performed. Many variables, like temperature, contaminations, microstructure etc.,
may affect and thus differentiate the final damage.

Although surface breaking cracks are visible, their detection may be performed with various
other NDT techniques like UT (TOFD-PA), EC, PT or RT. Many of these methods may also
provide information about the crack size, position and orientation.

In cases where the primary interest is the crack growth and its criticality in relation with the
variation of operating conditions, continuous AE may be used by utilizing the stochastic
stimulation of the structure (varying pressure, temperature variations etc.) [6]. In this paper, a
novel adaptation of the method and application of real-time alarm criteria over a noisy
environment is presented. This was possible due to the unique AE & UT findings correlation
database. The continuous monitoring was able to provide an early indication of possible
damage accumulation in severely damaged areas.
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Figure 1 — (a) Stepwise Indication - HIC (b) Through Thickness Indication in HAZ — SO-HIC [6]

2. Case Study: HIC Monitoring of Amine Absorber

During a routine internal inspection, a large number of surface breaking blisters was found on
the internal surface of the 91mm-thick column (Figure 2) with an operational temperature of
60°C. These indications appeared just above the operational water level, on the internal
surface of the 2" course of the column. Subsequent base metal and weld ultrasonic (UT)
inspection with phased arrays (PA), as indicated by [6] were performed in sampled areas of
the column. UT inspection showed unexpected scattered indications in both areas (HAZ &
base metal).

The indications that were discovered were ranging from planar to step-wise (Figure 3a).
Some larger clustered axial-oriented indications were also discovered that appeared as
through-thickness damage (Figure 3b). The presence of these indicated that the damage
was already in an advanced state.

To this respect, the planning for continuous monitoring was established due to the criticality
of the column regarding its structural integrity condition as well as its impact on the general
safety during subsequent operation, until its replacement.
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Figure 3 — (a) Step-wise damage (b) Through-thickness damage indication

3. Setup

Eight areas (1-8) with larger clusters of identified damage were selected for monitoring as
being the most critical. Area 6, was selected as a reference since it was damage-free (Figure
4a).
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Figure 4 — (a) Monitoring areas 1-6 (b) Sensor layout, PAC R15i-AST, probes frequency
response

In total, twenty-two (22) R15i AE sensors, with a 150 kHz resonant frequency and integral
preamplifier, were mounted around the 2™ course in triangular formation (Figure 4b), where
the first and last four sensors were used as guards, in order to exclude operational or other
activity not correlated with the damaged areas. These were mounted after the column was
brought back to service.

The sensors were mounted with high-temperature couplant and magnetic holders (Figure
5a). The connection to the more centralized junction boxes (Figure 5a) was performed via
coaxial cables that were shielded inside elastic tubing (Figure 5b).

(b)

Figure 5 — (a) Sensor mounting (b) Junction box (c) Cable routing and pSamos Express-8 AE
monitoring workstation

From each of the junction boxes the coaxial cables were routed to a nearby shielded isobox
where the physical connection with the system (Figure 5c) was established. All routing to the
system was performed via larger diameter elastic tubing to shield the cables against the
elements.

4. Attenuation Measurements & Location Verification

AE signal attenuation measurements (Figure 6a) were performed along the axial direction,
circumferential direction and 45° angle from the circumferential direction. As is often
observed in thick vessels, the signal attenuation was relatively low (65 dBae at 500cm from
an AE probe). In this respect, it was expected that the predefined tight array of Acoustic
Emission probes would greatly increase the event detection capability of the resulting setup.
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attenuation measurements

Figure 6 — (a) Attenuation measurements in 3 directions (b) Hsu-Nielsen sources location
results
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Figure 7 — (a) Event due to a HN source (b) Resulting waveforms from the first 8 hits acquired

This was verified with the application of Hsu-Nielsen sources along the axial direction of each
of the areas of interest. The raw results are shown in Figure 6b. There is a clear distinction
between the sources located at area 1 and 2 which shows that the effective spatial resolution
of the setup was at least 10cm (distance between Areas 1 & 2). Moreover, the effectives and
performance of the resulting setup during the noisy service time was maximized by utilizing a
higher amount of AE hits for the location algorithm [21].

5. System Functionality and Sensitivity Verification

For any monitoring scheme, safeguards and system checks must be enforced in order to
maintain a high confidence level for the functionality of the system. For these reasons, daily
routines were performed in order to ensure that the system was functioning properly and the
sensitivity of the probes was not degraded due to the operation of the column or exposure to
the elements.

This was achieved by using the Auto Sensor Test (AST) feature of the MISTRAS pSamos
Express-8 boards in predefined and/or random intervals and the results were cross-
referenced with the reference AST results acquired when the probes were initially mounted.
The AST feature data comparison shows of the difference of AE features between two data
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sets. The comparison of the newer AST measurements (when performed) with the reference
AST measurements was automatically performed by the system each time new AST data
was available. Graphs from AST trials showing typical AE features for each probe are shown
in Figure 8a. In addition, for system performance, the Average Signal Level (ASL - Figure 8b)
of each channel was continuously monitored in order to have clear indications about any
abrupt operational changes or external noise that could contaminate the acquired data.
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Figure 8 — (a) Example of AST measurements for all 22 mounted AE probes (b) ASL
measurements

In the rare case that a sensor’'s response was degraded from its average behavior and
sensitivity, local crew was performing the necessary adjustments.

6. Data Evaluation and Reporting AE Results Grading

Daily evaluation and reporting of acquired data was decided due to the criticality of the
situation and the massive amount of acquired data. AE and UT phased array trials were
performed in order to develop a unique correlation database. Upon the completion of trials
and by using the resulting database the real-time alarm criteria were greatly improved and
fine-tuned in order to be used in real-time alarms. The number of false alarms during
continuous monitoring was greatly reduced, thus maximizing the effectiveness of the
monitoring. A confidential list of Events Cluster Activity, Amplitude and Energy Criteria and
time compensation/normalization was agreed with the client, upon the completion of initial
trials. The typical daily report contained the cluster activity grading of the monitored areas
assigned into 4 categories (Table 1a).

TYFE

Channels

Alarm/Evaluation Cluster Criteria Erlterla

Summary of

Alarms fEvaluation criteria

ABOVE
THRESHOLD

WARNING ST per Channel

WARNING

(a) (b)
Table 1 — (a) Cluster activity grading categories (b) Daily/weekly reported cluster activity

Day Of Week DD/MMMNYY

In addition, a summary weekly report was generated at the end of each week (Table 1b).
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7. Monitoring and Real Time Alarms

24/7 remote access to the ySamos Express-8 AE Monitoring Workstation was available
through a high speed internet connection. Daily reports of operational parameters of the
column and weather conditions were correlated in order to filter the data. AEWIN software
was used for automated located data clustering during acquisition (Figure 9). The alarm
generation according to the aforementioned categories and criteria was subsequently
triggered.
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Figure 9 — (a) Example of automated clustering (b) Real-time automated clustering

An interesting observation is that there is significant located AE event clustering, in the areas
of interest.

8. Discussion & Conclusions

In general, this novel AE monitoring method of verified HIC damaged areas, offers the
unique opportunity for asset owners to be informed rapidly and continuously, with minimum
interference, about the condition of the structural integrity of critical assets that need to
operate at their design limits.

Results of the test can be given almost immediately, upon the alarm triggering, with full
evaluation within hours after, thus providing a great assistance to the general operations
regarding the asset.

More specifically, safety and operational risks are minimized and operational efficiency is
increased, therefore minimum downtime is guaranteed.

Location optimization using high-density AE probe arrays shows a highly promising
contribution to the early detection of damage areas even in case that were not identified



33rd European Conference
on Acoustic Emission Testing

12-14 September 2018 -

previously. This was shown in (Figure 9b) where the area between probes 6, 7 and 11 was
not initially selected for monitoring. However from the initiation of AE monitoring the resulted
large AE event cluster that was located, change the criticality of this area. and additional UT-
PA follow up that was performed revealed many smaller critical indications.

Finally, all the above advantages can be further exploited by installing permanent AE
monitoring systems with remote access functionality, in order to assess the structural
integrity of assets during in-service operation and/or prolonged time periods. Typical systems
of this magnitude are already successfully monitoring critical assets, thus greatly promoting
the minimization of safety risks and the increase of operational efficiency.
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Abstract

Previous work has shown that damaged composite materials generally exhibit a nonlinear hysteretic
behavior. To quantify the nonlinear activity, we propose to monitor slow dynamics tests using acoustic
emission (AE). The experimental approach aims to highlight the link between the AE signals and the
conditioning/relaxation of the materials under test. The damaged composite materials (polymer concrete,
glass/epoxy composite ...) are driven at high level bending resonance during conditioning.

Recorded AE signals exhibit a frequency content orders magnitude higher than the resonance frequencies
(few hundreds Hz), which makes easier the separation between AE activity and vibration. During slow
dynamics tests, the recorded AE signals are analysed using wavelet transform and compared with the AE
signals recorded during the mechanical tests on the composites materials.

Results show that AE signals obtained during slow dynamics tests and during mechanical tests are
comparable (amplitude, frequency content ...), which offers a good opportunity to use AE on already
damaged materials with possibilities of linking micro-mechanisms to macroscopic observation.
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Abstract:

The identification of damaging events in fiber-reinforced plastics (FRP) based on their acoustic
emissions (AE) has been a vivid field of research for more than 25 years. Damage classification has
been carried out by correlating damage patterns with single or multiple features from the time and
frequency domain of the corresponding AE. Features such as maximum amplitude, peak frequency and
Weighted peak frequency were used as indicators to distinguish between the various damaging events
in FRP. However, classification results among authors partly contradicted each other and transferability
of results has therefore been questioned. Besides the differences in measurement equipment (e.g.
sensor, amplifier) and specimen design (e.g. geometry, layup) the effect of source depth and source-to-
sensor distance on the resulting signal characteristics has been pointed out as another possible cause
for the ambiguity in classification results. In this study, acoustic emissions are systematically produced
in various depths and distances to the AE sensors during quasi-static tensile testing of bidirectional
CFRP laminates with 0/90/0 and 90/0/90 layup in order to investigate the influence of source depth and
source-to-sensor distance on the signal characteristics of fiber and matrix fracture. The results underline
the impact of source depth and source-to-sensor distance on the resulting AE features and visualize the
limitations of AE for damage classification in CFRP.

1. Introduction

Multiaxial carbon fiber reinforced plastics (CFRP) show gradual failure characteristics with high
complexity due to their inherent heterogeneous structure and the various types of damaging
mechanisms. Understanding this failure process is the key for exploiting the full potential of
CFRP for structural lightweight applications. Acoustic emission (AE) analysis has been utilized
to characterize damage progression through the detection and analysis of released acoustic
emissions from crack initiation and development during mechanical testing. Source
identification has been realized through the correlation of single or multiple features from the
time and frequency domain of released acoustic emissions with the occurring damaging
mechanisms [1-7]. In this context, unsupervised and supervised clustering methods such as
k-means or self-organizing maps have been commonly utilized to find similarities in extracted
features in a multidimensional feature space and thereby identify the acoustic signatures of
damaging mechanisms [8,9]. However, the transferability of the findings has been questioned
since ambiguous results for the acoustic signatures of damaging modes such as fiber and
matrix fracture have been published [10]. Recent studies pointed out the importance of the
source-to-sensor distance and source depth on the acoustic footprint of matrix cracks in thin-
walled CFRP [10-12]. They proved that matrix cracks can excite low- as well as high-frequent
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acoustic emissions depending on the source depth. This contradicts the general believe that
only fiber cracks will produce acoustic emissions with high frequency content. The cause lies
in the excitation of the fundamental guided wave modes and their characteristics. Whereas a
spontaneous in-plane deformation in the center plane of a plate results in a symmetric wave
mode, an in-plane excitation outside the plane of symmetry will yield a dominant antisymmetric
wave mode. Since both modes vary in attenuation, wavelength and group velocity, AE signal
analysis with a constant time window will result in variations in frequency content and extracted
parameters. Hamstad et. al simulated this change in modal content in an aluminum plate and
thereby proved the importance of source depth on the resulting acoustic wave [13]. Maillet et.
al pointed out that limitations have to be given regarding the source-to-sensor distance in order
to allow for valid damage classification in CFRP [11]. The strong attenuation of the acoustic
waves in CFRP has a major impact on the frequency content of the detected waves and
thereby impedes source identification.

This study focusses on the influence of source-to-sensor distance and source depth on the
acoustic waves and damage classification. Specimens are designed to systematically produce
fiber and matrix fracture during quasi-static tensile loading in various depths and distances to
the sensors.

2. Description of work
Specimen

Mechanical testing was performed on CFRP laminates with 0/90/0 and 90/0/90 layup that were
manufactured with SGL Prepreg T700 12K 50C/EP322 according to the recommended cure
cycle. The layup was chosen to systematically produce fiber break and transverse matrix
cracking in different depths during tensile loading in 0° direction. Based on the design from
[14] the specimens were cut on a CNC milling machine to the dimensions shown in figure 1.
The tailored shape thereby promotes the occurrence of damaging events and respective
acoustic emissions in the mid-section. The nominal thickness of the specimens was 0.73 +
0.03 mm with a fiber volume content of around 53%. Tapered (+45/-45); GFRP laminates were
used as end taps in order to avoid early failure in the gripping area.

Experimental Setup

Mechanical testing was performed on a universal testing machine with hydraulic clamps. The
specimens were fixed with a clamping length of 215 mm and loaded in tension with a rate of 1
mm/min. AE analysis was performed with Vallen AMSY-5 system and four AE Sensors. The
inner VS900 sensors (1 & 2) were used for evaluation while the outer VS150 sensors (3 & 4)
served as guards to filter noise from the gripping area. The AEP4 was set up as preamplifier
for every channel with a gain of 34 dB. The sensors were coupled with silicon grease and fixed
with spring clamps.

For data acquisition, a sample rate of 10 MS/s (0.1 ps) with 4096 samples per set and 1024
pre-trigger samples was selected. Hit definition was based on a fixed Threshold of 60dB and
a duration discrimination and rearm time of 100 ps. Frequency evaluation was constrained
through a bandpass filter from 25 to 850 kHz.
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Figure 1: Specimen dimensions and experimental setup for the quasi-static tensile testing of CFRP
coupons

Data Evaluation

Acoustic events were defined based on differences in time of arrival between triggering
channels. For event localization, the threshold-based arrival time were adjusted through the
Akaike Information criterion (AIC) picker [15]. The SO mode was assumed to be the triggering
mode of each event with an estimated velocity of 2500 and 5000 m/s in the 0° direction for the
90/0/90 and 0/90/0 specimen respectively. Data evaluation was constrained to the area
between the inner sensors. Acoustic emissions outside this area were filtered out by
considering only those events that were localized in this area and triggered one of the inner
sensors (1 & 2) first. Feature extraction was performed with the remaining events in the
frequency domain based on the Fast Fourier Transform of the time signal in a fixed evaluation
window that spanned 1536 samples, starting 512 samples before the trigger and ending 1024
samples after. The features are based on Sause et. al [7] and are listed in table 1. In order to
identify the damaging mechanisms, a cluster analysis was performed in the AE feature space
by fitting a variable number of gaussian mixed models to the data set. The definition of the
number of gaussians was based on the results of former work [7,8].
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AE Features Abbreviation Unit
Partial Power 1, 0 to 200 kHz PP1 -
Partial Power 2, 200 to 400 kHz PP2 -
Partial Power 3, 400 to 600 kHz PP3 -
Partial Power 4, 600 to 800 kHz PP4 -
Partial Power 5, 800 to 1000 kHz PP5 -
Frequency centroid fe kHz
Peak frequency fo kHz
Weighted peak frequency fwp kHz

Table 1: Extracted Features from the frequency domain of AE signals (See Reference [7])

3. Results
Influence of source depth

Among the extracted AE features, the combination of Partial Power 1 with Weighted peak
frequency was found to visualize patterns in the data sets the best way. The results of the
cluster analysis for the data sets of both specimen types can be seen in figure 2. Only the
features of the first hit of each event were selected for analysis. Three clusters could be
identified for the 0/90/0 specimen, whereas four clusters were visible in the 90/0/90 data set.
However, after investigating the time and frequency domain of signals from cluster 3, it was
found that low frequency noise and electromagnetic interference were responsible for the
formation of this additional cluster of 90/0/90. Cluster 3 was therefore not considered for further
analysis.

(a) 0/90/0 (b) 90/0/90
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Figure 2: Signal classification through AE Features Partial Power 1 (-) and Weighted peak frequency
(kHz) of 1st Hit of events for specimen 0/90/0 (a) and 90/0/90 (b) with color coded classes
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The partitions of both data sets resemble each other. The shapes as well as the positions of
clusters 1, 2 and 4 are similar for specimen 0/90/0 and 90/0/90. However, the quantity of AE
data from each cluster differs as can be seen in figure 3 on a logarithmic scale. Whereas
specimen 90/0/90 shows a higher number of events in classes 1 and 2, there are more events
of class 4 found for specimen 0/90/0.

0/90/0

10° 10 107 10°

Cum. Number of Events

Figure 3: Cumulative number of events in the classes 1, 2 and 4 for the 90/0/90 and 0/90/0 specimen

In the next step, the frequency spectra of all three classes were inspected furthermore. For
comparability, a representative spectrum for each class was created by standardizing every
single spectrum by its maximum value and averaging these spectra class wise. The results
can be seen in figure 4 where the average spectra for each class (blue line) are visualized
along with their standard deviation (black dotted line) for both specimens.

Classes 1 and 2 of both specimens show a similar frequency distribution. However, specimen
0/90/0 shows more magnitude in the frequency region above 800 kHz in both classes. This is
highlighted furthermore in figure 5, where Partial Power 5 is displayed against Weighted peak
frequency. In the frequency spectra of class 4 additional dissimilarities can be found between
both specimens. Whereas some peaks can be found in both spectra, specimen 90/0/90 shows
one pronounced peak between 550 and 600 kHz that is not as prominent in specimen 0/90/0.
Furthermore, there is no hard drop in magnitude after the peak at around 700 kHz for the
90/0/90 specimen. Instead, it seems like there are multiple peaks following the major peak at
700 kHz where there is only one around 800 kHz for the 0/90/0 specimen.
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Figure 4: Standardized and averaged Fourier transforms of acoustic emission signals (blue line) from
classes 1, 2 and 4 from specimen 0/90/0 (a,b,c) and 90/0/90 (d,e,f) along with their standard deviation

(black dotted line)
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Figure 5: Partial Power 5 (-) and Weighted peak frequency (kHz) of 1st Hit of events for specimen
0/90/0 (a) and 90/0/90 (b) with color coded classes

Quasi-static tensile testing — Influence of source-to-sensor distance

The influence of source-to-sensor distance on the ability to identify clusters in AE features and
distinguish between damaging mechanism can be seen in figure 6 where Partial Power 1 and
Weighted peak frequency are displayed for the first and second Hit of an event that differ in
100 mm propagation path at maximum. Except for cluster 1, the shape and position of the
clusters varies. An increase in Partial Power 1 and a decrease in Weighted peak frequency
can be observed for the AE events of cluster 2 and 4. As a result, separation between the
clusters gets lost and events would have gotten misclassified if AE features from the 2" Hit of
each event were taken for cluster analysis.

For a closer look on the development of AE features the change in Weighted peak frequency
as a function of source-to-sensor distance is illustrated in figure 7. For both specimens a
decrease in Weighted peak frequency can be observed for events from the classes 2 and 4
with increasing source-to-sensor distance. These charts allow the estimation of a maximum
source-to-sensor distance for proper cluster separation. In the case of the 90/0/90 specimen,
this critical distance lies between 60 and 80 mm. For the 0/90/0 specimen, the critical distance
is hard to estimate due to the lack of data points between 20 and 80 mm. In contrast to the
events from other classes, events from class 1 don’t show a trend in the change of Weighted
peak frequency in relation to source-to-sensor distance.
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Figure 6: Signal classification through AE Features Partial Power 1 and Weighted peak frequency of
1stand 27 Hit of events for specimen 0/90/0 (left side) and 90/0/90 (right side)
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Figure 7: Change in Weighted peak frequency as a function of source-to-sensor distance for specimen
0/90/0 (left side) and 90/0/90 (right side). The colors represent the classes
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4. Discussion
Influence of source depth

According to several authors the source depth influences modal as well as frequency content
of the resulting acoustic emissions and should therefore affect the acoustic signature of fiber
break and matrix cracking in the selected specimen layups [10-13]. Regarding class 1 and 2 a
higher frequency content was observed for the events from 0/90/0 compared to 90/0/90. If we
assign cluster 1 with matrix fracture as suggested by Sause et. al [7], the change in frequency
content of cluster 1 could be attributed to the variation in source depth of transverse matrix
cracking. The reason for an increase in frequency content could be found in the change of
modal content. According to Hamstad et. al, an in-plane excitation outside of the axis of
symmetry leads to the formation of a dominant antisymmetric wave mode whereas an in-plane
excitation in the plane of symmetry results in a purely symmetric mode [13]. Since transverse
matrix cracking represents an in-plane source for wave excitation, the resulting acoustic
emission should carry a dominant antisymmetric mode in the 90/0/90 and a dominant
symmetric mode in the 0/90/0 specimen. By looking at the continuous wavelet transforms of
exemplary events from class 1 of both specimens, one can see the differences in modal
content.

(a) 0/90/0 (b) 90/0/90
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Figure 8: Continuous wavelet transforms of exemplary signals of class 1 from specimen 0/90/0 (left
side) and 90/0/90 (right side)

A change in modal content doesn’t have to result in a change in frequency content. However,
there are three reasons for it:

1. Both modes show differences in dispersion behavior which affect the temporal duration
of the wave package as a function of propagation path. When taking a constant time
window for AE evaluation and feature extraction, the result will depend on the excited
mode and the source-to-sensor distance, leading to differences in frequency content
and related features.

2. There are differences in the attenuation behavior of the symmetric and antisymmetric
wave mode that will lead to variations in frequency content depending on the source-
to-sensor distance and the propagation direction in CFRP [16-18]

3. Both modes show a different wavelength at a given frequency, which leads to variations
in the sensors response due to the aperture effect [19]. Since the wavelength is in the
order of the sensor diameter this can have a significant effect on the frequency content
and the resulting features.
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In general, the combination of all three effects will determine the resulting changes in frequency
content when modal content of the excited wave varies.

In this study, transverse matrix cracking in the 0/90/0 specimen lead to a higher magnitude
above 800 kHz compared to the 90/0/90 specimen. These changes in frequency content could
result from the formation of a strong SO mode that is excited through transverse matrix cracking
in the center layer of the 0/90/0 specimen. Since the SO mode shows a lower attenuation in
CFRP compared to the AO mode [16-18], the high frequency content in the acoustic signal is
more likely to be sustained over the propagation path. Furthermore, the SO mode shows a
higher wavelength at a given frequency compared to the A0 mode which results in a higher
critical frequency for signal attenuation due to the aperture effect of the piezoelectric sensor.

Regarding the events of cluster 4, we also observed changes in the frequency content between
both specimen. If we assign cluster 4 to fiber breaking, as suggested by Sause et. al [7], we
can explain the changes in frequency content again with a change in modal content that results
from the variation of source depth of fiber breaking. For the 90/0/90 specimen fiber breaking
takes place predominantly in the middle layer (the plane of symmetry), promoting the formation
of a symmetric wave mode whereas fiber breaking in the 0/90/0 specimen should excite a
more prominent antisymmetric wave mode. Again, differences in the attenuation factors as
well as in wavelengths of both modes are responsible for the observed changes in frequency
content.

Due to the aperture effect and the differences in wavelength of both modes, different peaks in
the frequency spectra can form from a broadband signal that can be assigned to the SO and
A0 mode respectively. This was observed in figure 4 and can be validated by looking at
exemplary signals in more detail. If the sensor dimensions and the wavelength of the modes
are known, the characteristic peaks could be determined and serve as indicators for the S0 to
AO ratio that could again yield information about the source depth.

Influence of source-to-sensor distance

In figure 7, events from classes 2 and 4 showed a decreasing trend in Weighted peak
frequency with increasing source-to-sensor distance. After around 60 to 80 mm of propagation
path in the 90/0/90 specimen, acoustic events from the two classes could not be separated
from events of class 1 anymore. This could result from the strong attenuation of lamb waves
in CFRP compared to metallic structures [16-18].

The Weighted peak frequency of events from each class is affected differently by the source-
to-sensor distance. The highest loss in Weighted peak frequency can be observed for events
from class 4 for both specimen. This is due to the higher frequency content in acoustic signals
of class 4 because attenuation increases with frequency. The events of class 1 seemed to be
unaffected by the source-to-sensor distance. This behavior can be explained with the strong
resonance of the AE sensors around 140 kHz. The low-frequency events of class 1 are mainly
characterized by this resonance which represents a stable peak frequency over the source-to-
sensor distance. Hence, frequency centroid shows only slight changes as well so that the
Weighted peak frequency of events from class 1 stays stable over the source-to-sensor
distance.
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To quantify the reduction in Weighted peak frequency as a function of source-to-sensor
distance and thereby define limitations for source identification in CFRP, more specimens will
be included in future analysis.

5. Conclusion

In this study, the influence of source depth and source-to-sensor distance on acoustic signal
characteristics of damaging events in CFRP was studied. The specimens were designed to
promote the generation of fiber breaking and transverse matrix cracking during quasi-static
tensile loading in various depths and distances to the sensors. The authors could show that
the source depth as well as the source-to-sensor distance have a significant impact on the
frequency content of the acoustic signals. Regarding the influence of source depth, a variation
of SO to AO ratio in relation to source depth was suggested to be the cause for the observed
changes in frequency spectra. Both modes vary in group velocity, wavelength and attenuation
behavior and therefore yield different frequency spectra. The role of the aperture effect was
underlined in this context. In terms of source-to-sensor distance, the authors could show that
propagation distances of 60 to 80 mm are sufficient for misclassification of AE signals in the
CFRP specimens under investigation. In the future work, the limitations for damage
identification will be investigated in more detail in order to increase the awareness of the
influences of source depth and source-to-sensor distance in AE analysis.
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Abstract:

Application of CFRP to the industrial field is expanding and acoustic emission testing (AT) is utilized
for some applications. In this paper, possible problems that may cause when AE testing is applied to
CFRP components with curved fibers are discussed based on the previous author’s paper about
ultrasonic propagation in CFRPs. It was concluded that the AE amplitude has a potential to be highly
affected by the location of AE sensors on the components. It is also noted that general AE source
location algorithm cannot be applied for this kind of materials in some cases since shortest path from
AE source to AE sensor are varied with the position on the components

1. Introduction

Carbon fiber reinforced plastics (CFRP) are widely used for structural components in
industrial fields. Acoustic emission testing (AT) is sometimes used for structural health
assessment of CFRP components together with other inspection methods. As CFRP is
anisotropic material, AE propagation behavior is different from that in isotropic material.
Figure 1 shows propagation direction of phase velocities and group velocities of AE in
CFRPs when AE propagates as bulk waves. Relationship between phase velocities and
group velocities of bulk wave can be found in the basic acoustic textbook, such as reference
1. Rhee et al. [2] reported that this relationship could be applied for lamb waves when Fd
(Frequency X Thickness) value is less than 0.7 for So-mode, and between 0.2-0.7 for Ag-
mode. The authors investigated amplitude of Lamb wave AE that propagates in CFRP
according to this relationship [3].

Y

AE wave

Fiber direction

Figure 1 Propagation direction of phase velocities and group velocities in CFRPs. Dotted arrow
shows phase velocities direction, Solid arrow shows group velocities direction
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Figure 2 shows normalized amplitude distributions of Lamb wave AE generated with dipole
source in Cross-ply CFRP [0/90]2s with Fd=0.64 for So-mode and =0.32 for Ac-mode. Material
properties used for the calculation are shown in Table 1. As shown in the figures, amplitudes
of Lamb wave AE highly change with propagation direction and this phenomenon is different
from that in isotropic materials.
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Figure 2 Relationship between normalized amplitude and propagation direction of Lamb wave AE in
cross-ply CFRP generated with dipole source. (Left: Fd=0.64 for Sp-mode,Right: Fd =0.32 for Ao-
mode)[3]

Table 1 Stiffness Matrix used for calculating amplitude distributions

Cn Ca Css C235,Cs2 Cs1,Crs3 Ci2,Cai Cu Css,Css
IM7/977-3 178.2 14.44 14.44 8.119 8.347 8.347 3.161 6.1
T300/914 143.8 13.3 13.3 6.5 6.2 6.2 3.6 5.7
T700GC/M21 123.44 11.54 11.54 6.35 5.55 5.55 2.6 4.6
Unit: GPa

On the other hand, there are curved structures made of CFRPs as shown in Figure 3. There
are several published papers discussing elastic wave propagation behavior in CFRP with
curved fibers [4-6]. However, these studies focused on guided waves and the CFRP
specimens are curved with curvature of structures. Then the elastic waves are affected not
only by curved fibers but also by curved boundaries of structures. The authors investigated
elastic wave behavior of thick CFRP with curved fiber by both the numerical analysis and by
the experiment [7]. In this paper, the results from reference 7 are introduced and the effects
for the AE testing are discussed.

AE sensor

Figure 3 Thick CFRP component with curved carbon fibers
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2. Numerical simulation in reference 7

In the reference 7, 2D analyses of bulk elastic wave propagation in CFRP with curved fibers
were conducted using the finite difference method. A plane strain condition was assumed.
The numerical simulations were performed in the cylindrical (r- 6 ) coordinate system to
incorporate the curvature of the principal axis. The fiber direction is correspond with the 6 -
axis of the cylindrical coordinate system. Figure 4 shows the analysis model. ri, r;, Ar, /A
0 in the figure are 0.1[m], 1[m], 1.75x10%3[m] and 1.75 X 1073[rad] respectively. Figure 5
shows description of AE source used for the simulation. Detailed condition of the simulation
is shown in reference 7.

Displacement fixed boundary

sound source 15 apphed at
the center of the model

Figure 4 Analysis model of elastic wave in the cylindrical coordinate system [7]

Direction of displacement
[r-direction, f-direction}=[1, 0]

[0,-1]

Figure 5 Discription the quasi-point source of sound [7]

3. Amplitude of AE

Figure 6 and 7 shows simulation result from reference 7. The figures show the absolute
value of displacement in color. Figure 6 shows results for isotropic aluminum specimen and
7 for CFRP with curved fibers which explained in chapter 2. Direction of continuous fibers
are shown in the figure. In the original our paper, only the wave propagation was focused
and acoustic emission issue was not taken into account. Then, in this paper, we assume
the point sources in the figures as the source of AE and discuss the amplitude dependence
to the location of AE sensors.
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As shown in the figure 6, when the material is isotropic aluminum, AE propagate
concentrically from the source. As a result, when the AE is detected by AE sensors, AE
amplitude (dBae) is same when the distance between the source and AE sensor is constant.

of displicer

Lbsolse valne

(a) 8000 steps, 26.6 s (b) 18000 steps, 59.8 us

Figure 6 The result of the numerical simulation for aluminum. The point sound source was applied at
the center of the model [7]

On the other hand, as shown in Fig. 7, when the material is CFRP with curved fibers, AE
generated from the source propagates under the influence of the curved fiber and does not
propagate concentrically. Though, AE amplitude detected by AE sensor highly influenced by
the location of AE sensor.

,_
of displscment

(a) 8000 steps, 26.6 s (b) 18000 steps, 59.8 us

Figure 7 The result of the numerical simulation for CFRP, T700GC/M21. The point sound source was
applied at the center of the model [7]

When the material is an isotropic material as shown in Fig. 6, the AE signal amplitude
depends only by the magnitude of the damage at the source and the distance from the
source to the AE sensor, so the AE signal amplitude is used as an important AE parameter
for evaluating scale of fractures at the source. However, when the material is an anisotropic
material as shown in Fig. 7, the AE signal amplitude varies greatly depending not only by the
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propagation distance but also by the position of the AE sensor, so special caution must be
taken when using the AE signal amplitude for evaluating the damage scale.

It is also noted that, special care is required to detemine the location of AE sensor since AE
is difficult to transmit in directions other than along the fibers. For example, when
considering a CFRP component having curved fibers with drilled hole as shown in Fig.8, it is
reccomended to attache the AE sensor at position A or B rather than position C and D as AE
propagates along fibers. Such consideration is particularly necessary when the direction of
the fiber does not follow the outer shape of the structure, and it is assumed that it will
become more important issue in the future as the number of continious fiber CFRP products
made with 3D printers increases [8].

Even the stacking sequence of CFRP components are quasi-isotropic, such as [0i/-
45i/90/45i]sym., similar consideration may nesessary when the wavelengh of the AE is much
smaller than the thickness of the components as AE propagates only the upper surface of
the components.

Figure 8 Suitable AE sensor locations (A and B) on CFRP with curved fibers

4. Source location of AE

Source location of AE is important issue for AE testing. Even the fibers in CFRP are straight,
special consideration is required for the accurate source location [9][10]. When the CFRP
components includes curved fibers, propagation path for the minimum arrival time becomes
not the straight line between AE source and AE sensors. It makes difficult to conduct source
location in such kind of the components. As in the previous chapter, consider a CFRP in
which fibers are arranged concentrically around the origin. Figure 9 comes from reference 11
from author’s research group and shows wave front of elastic waves when the waves are
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generated not from the origin of the fibers. AE sensor and path-A and —B in the figure are
overwrapped with original figures. In this paper, the source of the elastic waves (indicated as
“Point source of sound” in the figure) is considered as the source of AE. Dotted line in the
figure shows shortest path of AE from the source of AE.

When AE sensor is attached at the position in the figure and the material is isotropic, shortest
path to arrive AE sensor is path-A in the figure. In such case, it is easy to conduct the source
location by traditional source location algorithm. However, in this case (material is CFRP with
curved fibers), path-B becomes the shortest path for the AE. Since the shortest path from
the source to the AE sensor changes complicatedly depending on the combination of these
two parameters, it is difficult to estimate the AE source accurately.

—Shortest path |
:_—7;_‘Wavle front

"—r{_“

Figure 9 Shortest path for the AE in the CFRP with curved fibers [11]

5. Conclusion

In this paper, based on the previous author’s paper of elastic wave propagation analysis in
CFRP with curved fibers, we raised the potential problems when the AE testing is conducted
for such kind of materials. Followings are main possible problems for the AE testing. It may
be required to solve these problems when we apply AE testing for CFRP with curved fibers
adequately.

1) AE signal amplitude depends not only by the magnitude of damage occurrence at the AE
source but also by the positional relationship between the AE sensor and the source

2) For an isotropic material, the shortest path that AE reaches from AE source to AE sensors
is straight line connecting these two points, although, in a CFRP with curved fibers, shortest
path becomes curved line and the pass changes in complicated manner by the position
between the AE sensor and the AE source. Though, traditional source location algorism
cannot be applied in this case.
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Abstract

The damage scenarios of interlock composite materials were investigated using a multi-instrumentation
especially in the vicinity of the first significant damage. This instrumentation that was deployed for tracking
damage initiation and development includes Acoustic Emission (AE), video-microscopy, Digital Image
Correlation, and micro-tomography. Besides, a multi-variable AE data analysis approach was developed for
discriminating between the signal classes representing the different AE sources.

This includes an unsupervised classification technique to perform AE data clustering without a priori
knowledge. The AE clusters were labeled according to the damage mechanisms using the experimental
observations taken on different specimens and tests. The collected clustered data served to build a learning
database used for constructing a supervised classifier, which is useful for an automatic recognition of the
AE signals. Several materials with different ingredients were tested under various solicitations in order

to supply the learning database.

The methodology presented in this work was useful to refine the threshold of the first significant damage
and to highlight the damage mechanisms around this threshold. The obtained signal classes were assigned
to the main mechanisms. The isolation of a “noise” class helped to discriminate between the signals
emitted by damages without resorting to localization or to modify the acquisition threshold. This approach
was validated on different material configurations. For the same material and the same type of solicitation,
the identified classes are reproducible and little disturbed. The constructed supervised classifier was pretty
well able to predict the labels of the classified signals.
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Abstract:

This study presents the results of a collective study performed at CETIM for industrials of the hydraulic
transmissions profession. The purpose is to develop an accumulator made of composite material,
carbon fiber and thermosetting resin, and to characterize the behavior of this accumulator by both
static and cyclic pressure tests.

Knowledge of the damage mechanisms evolution occurring during these tests is studied by Acoustic
Emission monitoring combined by strain gage measurements.

The AE monitoring results are compared to the failure criteria used in the design model in order to
correlate the different damage mechanisms occurring in each layer with the detected AE signals.

Further mechanical tests were carried out on samples taken from accumulators tested at different
pressure levels. Visual observations by video camera combined with AE data recording during these
tests validated the identification and the progression of the different damage mechanisms in different
layers.

1. Introduction

In the scope of hydraulic transmission needs, a study is currently conducted at CETIM to
better understand damage mechanisms of accumulators made from carbon fiber-reinforced
thermosetting matrix. For that purpose, several accumulators and more specifically their
pressure envelopes, have been designed, manufactured and tested. This paper is mainly
focused on the results of the static tests. The tests were divided in two parts; operational
tests with proof testing at different pressure levels and residual mechanical characterization
with tensile tests on samples cut from tested accumulator. The aim of the tests analysis is to
characterize the behavior of the structure during the proof test through AE monitoring and
strain measurement combined with ultrasonic inspection performed before and after the
proof test. The mechanical tests are then performed in order to give the residual strength in
axial direction and the damage mechanisms are observed with a camera combined with AE
monitoring.
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2. Description of work

21 Accumulator design

The accumulator is composed of a 5 mm plastic liner, a 6 mm layer of composite material
and 2 metallic nozzles. The working pressure of the accumulator is 300 bar. The composite
design is made up of 6 different orientation layers (circumferential and helicoidal layers)
containing various ply number. Each ply is composed of epoxy resin and carbon fiber with a
fiber volume fraction of 50%.

Six accumulators have been manufactured by filament winding process.
2.2 Proof tests

Different proof pressure levels have been applied in order to analyze their influence on the
accumulator damage mechanisms. The tests have been performed at Ps (300bar), 1,5Ps (450
bar) and 2Ps (600bar) (Table 1). The test device consists of a water booster with a range of
0-1000 bar. The proof test cycle used is presented Figure 1.

Accumulator reference | Proof test pressure (bars)
ESP8 300
ESP9 450
ESP12 600
ESP13 450

Table 1: Proof test description

Pressure test cycle

Pressurs (bars)

Time {min)

Figure 1: Pressure test cycle

A strain measurement has been performed with 4 unidirectional strain gages located around
a circumference on the center of the accumulator (90° apart). The strain measured is the
circumferential strain.
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All the proof tests are monitored by Acoustic emission. Ten sensors are located on the
accumulator as described in Figure 2. They are 150kHz resonant sensors, coupled by
cement to the composite surface.

Figure 2: Sensor implantation

Non-destructive inspection is performed before and after the proof test by phased array
ultrasonics.

2.3 Mechanical tests

The tensile mechanical tests are performed to determine the residual mechanical
characteristics in axial direction on tested accumulators. To do this, specimens are taken
from the central part along the axis of the accumulator, their location being determined from
AE and ultrasonic inspection results .

The tensile tests are realized with a tensile test machine equipped with self-fastening
hydraulic clamps. Tabs are glued on the specimens to the specimens so as to obtain a flat
surface in contact with the hydraulic jaws. The test velocity is 1 mm/min according to the
1ISO527-4, the strain measurement is performed by an extensometer and there is a
monitoring by acoustic emission (Figure 3).

These tests do not stress the composite in the main direction of stress induced by internal
pressure, i.e. in the circumferential direction. Nevertheless, they provide valuable information
on the pressure damage induced in the helicoidal layers.
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Figure 3: Tensile test configuration

3. Results
3.1 Proof tests results

3.1.1 acoustic emission analysis

The first step of the analysis is to evaluate the AE signal evolution during the tests in terms of
activity (hit number) and intensity (hit amplitude or energy).

- Global analysis with acoustic energy parameter

It can be seen on Figure 4 that signal energy for high amplitudes signals (superior to 85 dB)
increases regularly with the pressure with local acceleration around 150 to 200 bar and after
400 bars (cumulative energy slope changes suddenly after these steps).
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Figure 4: AE cumulative energy for high amplitude signals
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These punctual accelerations can be linked to the progression of the damages during the
pressure holds. The acceleration for high amplitude signal is sudden compare to lower
amplitude signals acceleration (Figure 5). This can be explained by the fact that high
amplitude signals correspond to high energy damage phenomena such as fiber strand
breaks, which occur randomly.

Another observation linked to the signal amplitude is that for the 4 accumulator the signal
amplitude doesn’t exceed the following values:

Figure 5: AE cumulative energy for medium (brown) and low
(green) amplitude signals

- 70dB for the 100 bar increase

- 80 a 85dB for the 200 bar increase

- 90dB for the 300 bar increase

- 95dB for the 400 bar increase

These characteristics have been observed on all the 4 accumulators. What can be also

noted is that the accumulators have the amount of acoustic emission activity related to the
same pressure level. The results for 400 bars are shown below in Figure 6.
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Figure 6: AE cumulative energy for low and medium amplitude signals
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Given the energy evolution and the signal amplitude progression, these two parameters
could be linked in order to define a damage starting point. This will have to be consolidated
by further tests leading to critical damages and their impact on signal energy level.

- Local analysis

Zonal analysis makes it possible to identify the areas where acoustic emission is
concentrated. In the conducted tests, several areas where identified, principally on the
bottom shell junctions and on the center of the shell (Figure 7). These observations helped
us to select the mechanical tests and micrographic observation samples.

Figure 7: Zonal analysis of the accumulator ESP12

Pressure holds analysis

The AE activity during the different holds(10 min for intermediate holds every 100 bar and 30
min for the final hold) has been analyzed. From the 400 bar steps, the acoustic activity
doesn’t decrease during the holds but has a stable level. No activity increase was detected
during the holds, which means that there is no significant damage progression occuring
when the accumulator is stabilized in pressure.

3.1.2 ultrasonic testing analysis

The ultrasonic inspection of the 4 accumulators showed that there was no significant
evolution of the indications initially detected, knowing that the purpose of the inspection is to
detect defects such as delamination. Moreover, no significant defects created by the proof
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test was detected, which means that proof test until 600 bar doesn'’t lead to severe damages
between the composite layers.

3.1.3 micrographic analysis

For the accumulator tested at 300 bar, matrix cracking is observed in the helicoidal layers. A
more severe damage is noted in the layer +10° compare to the £30° and +55° layers. The
+10° layer presents over the thickness cracks whereas discontinuous cracks are in the +30°
and 1£55° layers (Figure 8).

For the accumulators tested at 450 bars, the cracking state of the +10° layer is more severe
than for the 300 bar accumulator, particularly due to cracks appearing through all the
thickness (Figure 8). The cracks from the + 30° et £55° seem also more developed in length
and density.

As for the 600 bar accumulator, the cracking in the £10° layer is comparable to the one
present in the 450 bar accumulator. The cracks in the + 30° £55° layer are also more
developped.

Micrographic observations location + 55° a | +30° b |+10° ¢

Figure 8: Micrographic observations

3.2 Mechanical tests results

3.2.1 residual strength

The tensile tests show a decrease of 19-22% of material stiffness after the tests at 300 and
450 bar. This can be explained by the transverse cracking observed in the helicoidal layers.
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The stiffness decrease doesn’t generate a decrease on the residual strength which means
that the high energy AE signals detected before 450 bars don’t affect the breaking load.

3.2.2 damage mechanisms

During the tensile tests, a monitoring by AE and a camera gave us information about the
chronology of damage occurring during the load increase.

What has been observed thanks to the camera is that the onset of damage occurs with
transverse cracking in the £90° plies around 57MPa (13kN) (Figure 9). Then these cracks
multiplicate and at 271MPa (65kN) the damage of intern plies oriented at +10° begins.
Internal damage continued to propagate until the final failure at 340MPa (82kN). Then, a
delamination propagates along the oriented plies. All the specimen tested (x21) have a
similar behavior.

Tanaile press (WPs)
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Figure 9 : Tensile test damage mecanisms Top:
damage visual observation Bottom: load
increase

The AE data have been analyzed in parallel and what can be noted is that before the final
failure of the specimen, two AE accelerations occur. The first one happens around 10kN and
the second one between 70 and 80kN (Figure 10). These two accelerations could be linked
with the initiation of damages in the +90° and £10° layers as described above.
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Figure 10 : AE energy cumulate for tensile tests

4. Discussion

The different results obtained by the tests leaded were brought together with the design
criteria, the Hashin criteria. Hashin criteria is used to determine the criticity of tensile loads
for unidirectional fibers [reference?]. The criteria allow to differentiate the damage
mechanisms of:

tensile fibre breakage

compression fibre breakage

tensile matrix breakage

compression matrix breakage

Once the value of the criteria reaches 1 for each damage mechanism, the break is likely to
occur. For 300 and 450 bars levels an evaluation of this criteria has been realized.

At 300 bar, this criteria shows the following:
The helicoidal ply £10° is in a breaking state which means that the fibre transversal strain

exceed the layer transversal strain. The x30° layer has a high probability of through
thickness cracks. The £55° has also a probability of cracks presence.
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Figure 11 : Overview of accumulator layers with Hashin criteria evaluation for a proof test pressure of 300 bar

This Hashin criteria observations can be linked to the experimental results. Indeed, the AE
data showed that an acceleration of acoustic activity took place around 200 bar which means
that some damage mechanisms have already appeared and are propagating until reaching
the proof test pressure. In addition to that, micrographic observations validate the fact that
there is damage in the £10° layer but also in the £30° and +55° layers.

At 450 bar, the criteria has evolved:
The helicoidal ply £10° must have several through thickness cracks, and the first through

thickness cracks appear in the +30° layer. In the +55° layer the cracks are longer and
denser.

Layer angle

Figure 12: Overview of accumulator layers with Hashin cr/ter/a evaluat/on for a proof test pressure of 450 bar

In the case of the accumulator tested at 450 bar, the experimental results can also be linked
with the Hashin criteria. In micrographic observations cracks through the thickness of the
layer at £10° are more numerous. In the £30° and £55° layers, cracks are denser and have a
higher length than in the accumulator tested et 300 bar. Moreover, AE signal amplitude are
getting higher which may correspond to the multiplication of through thickness cracks.

5. Conclusion

The present project has given us an approach on how to study the behavior under pressure
of a composite material accumulator . As far for the Acoustic Emission analysis is concerned,
the energy criteria have given us important information about the evolution of the damages
during the proof tests. Moreover, the possibility to locate the areas where the activity was the
most intense was also an asset to evaluate the zones with the highest stress and to analyze
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them after with micrographic observations and tensile tests. AE provides valuable information
for the manufacturer in evaluating the safety and the residual life of this pressure equipment.

The micrographic observations were useful to link the AE observations with the Hashin
design criteria evaluation and so to the actual damage mechanisms occurred during the
proof tests. (It gave a good information of what had been induced by the proof tests).

The possibility of performing tensile tests allowed to give information of the criticality of the
damage present in the accumulators.
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Abstract:

AE streaming i.e. continuous recording of AE waveform is effective for monitoring under a noisy
environment such as materials processing because an optimized digital noise filter can be designed
from the real measurement result. For real-time denoising of AE streams, a PC-level high performance
CPU and a number of cables are needed for power supply and communication for conventional AE
streaming. However, complicated cabling among the measurement equipment, amps and sensors
often disturb the materials processing. Therefore, a wireless AE streaming system is strongly
demanded. In this study, such a wireless system was developed. A battery-powered small sensor
node continuously acquires AE waveform and transmits it to a base station via broadband wireless
network such as IEEE802.11ac (Wi-Fi). The whole waveform analysis is conducted in the base station
which includes a high performance computer. An in-process defect monitoring during friction stir
welding (FSW) was conducted as a test of the developed system. AE sensors were attached to the
FSW machine and moved on the specimen. Four channels AE stream with 4 MHz of sampling
frequency and 14 bit resolution was acquired, transmitted and analyzed in real-time. AE events due to
joining defect were successfully detected and located. The measurement noise in the developed
wireless sensor node was much lower than the conventional wired system because the sensor nodes
were electrically insulated.

1. Introduction

Since the AE method detects the occurrence of microfracture inside the material in real time,
it is an effective method not only for health monitoring of structures but also for process
monitoring of material manufacturing. Continuous acquisition i.e. streaming of AE waveforms
is effective for noise reduction and AE event detection under noisy environments. For more
than a decade, the authors have developed “Continuous Wave Memory” (CWM) system
which specialized for measurement and analysis of continuous AE waveforms, considering
the importance of streaming in process monitoring.[1][2] Furthermore, it has been applied to
various materials manufacturing processes including thermal spraying [2] and welding.
However, since the equipment for material manufacturing process often has many moving
parts and large monitoring object, it is troublesome to handle a large number of cables for
power supply and signal transmission between the AE measuring devices, amps and
sensors. Therefore, the authors have developed wireless CWM.

Although the wireless AE measuring devices already exist, they were difficult to deal with
continuous waveforms. In recent years, calculation efficiency (performance per watt) and
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wireless communication performance of small computers for loT (Internet of Things) device
are dramatically improving. However, analysis of continuous AE waveforms is still too heavy
load for such small computer. Therefore, in order to realize wireless CWM, performance of
high speed wireless communication was expected. The wireless sensor node i.e. slave
machine only performs continuous waveform measurement and separated from the master
unit with sufficient computing performance and storage capacity.

2. Development of sensor node of wireless CWM

AE streaming is roughly divided into three steps as acquiring, recording, and analyzing of
continuous waveforms. Since the AE wave generally includes signal components of about 1
MHz at the maximum, at least 2 MHz of sampling frequency is required. The resolution of a
typical A/D (analog-to-digital) converter is 10 to 16 bits jie. one sample data is 2 bytes,
therefore the required data rate is 4 MB/s/ch. This data rate can be sufficiently written
continuously even with an internal storage of a sensor node likes microSDHC card. However,
it is not practical to store continuous AE waveforms with several hundreds of gigabytes in
one measurement in memory cards for each sensor node. Next, consider analysis of
continuous AE waveform. When digital noise filtering with a large amount of calculation is
conducted by the built-in CPU of the sensor node, the power consumption becomes
unacceptably large. On the other hand, power consumption can be reduced by using DSP
(Digital Signal Processor) or FPGA (Field-Programmable Gate Array) for filtering. However, it
is difficult for these processors to change the analysis method frequently. Finally, consider
transmission of continuous AE waveforms. The recent high speed Wi-Fi (IEEE 802.11ac) can
obtain an effective speed of 25 MB/s (200 Mbps) even with a low theoretical speed of 433
Mbps. Since four access points with no frequency bands overlapping are allowed in Japan,
continuous transmission of several tens of channels of continuous AE waveforms is
estimated to be possible.

From the above consideration, the wireless sensor node only acquires the continuous
waveform. Waveforms are transmitted to the master unit in real time via Wi-Fi, recording and
analysis are performed in this master unit. By using the conventional CWM as the master
unit, the development man-hours are kept down and high compatibility with conventional
wired CWM system is maintained. An loT board STEMIlab 125-14 board by Red Pitaya team
was adopted as the sensor node. Figure 1 shows a schematic diagram of the data flow of the
wireless CWM system, figure 2 is a photo of the wireless sensor node and table 1 shows the
specifications of the wireless sensor node. Because the A/D converter is high resolution (14
bits) and the voltage range can be narrow as + 1 V, preamplifier was not necessary. The
highest sampling frequency of the built-in A/D converter of STEMlab 125-14 is 125 MHz.
However, this is the instantaneous highest speed which valid only for a short time burst
transfer. Then, a preliminary experiment was conducted to investigate the upper limit
frequency for continuous measurement without any data lost. As a result, the effective
maximum was about 4 MHz (125 MHz / 32). The sampling data was acquired from the FPGA
by ARM CPU and transmitted to the master unit by IEEE 802.11ac Wi-Fi. At this time, a
microSDHC card was used as a cache in the sensor node to prepare for temporal
destabilization of wireless communication in environments with many metal equipment and
other Wi-Fi devices like factory and laboratory. The acquired continuous AE waveform were
recorded and analyzed with Intel CPU on the master unit.
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Figure 1. Schematic diagram of the data flow of the wireless CWM system
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Figure 2. Photo of the wireless sensor node (STEMIab125-14 board)

Table 1. Specifications of the wireless sensor node

Channels 2ch
Max. Sampling Freq. for continuous recording about 4 MHz
Voltage range +=1Vor 20V
A/D resolution 14 bit
Power consumption 35W
Footprint 107 mm x 60 mm
Weight (without battery) 90g
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3. Demonstration Experiments of wireless CWM

For demonstration of the wireless CWM, AE measurement during FSW (Friction Stir
Welding) was performed. Figure 3 shows a schematic diagram of the FSW experiment. The
specimen was two flat plates of flame-resistant magnesium alloy with 200 mm long x 70 mm
wide x 2.0 mm thick. A rotating steel tool was inserted into the specimen and moved along
the butting line. During the FSW process, specimen softened in the solid phase and was
joined by plastic flow. At this time, if there was excess or deficiency in heat input, a welding
defect occurred and AE was generated. Because of the heat due to the welding, four heat
resistant AE sensors (type AE254SMH177 by Fuji Ceramics) were placed so as to surround
the welding part. These sensors were fixed to the FSW tool holder and moved on the
specimen while adsorbed to the sample by magnetic force of the neodymium magnet. Ch. 1
and ch. 2 were connected to the conventional wired CWM via the type 9913 preamplifier (20
dB amplification) manufactured by NF corporation, ch. 3 and ch. 4 were connected to the
wireless sensor node. The sampling frequency was set to about 2 MHz (125 MHz / 64) and it
was well above the sensor's resonant frequency of 250 kHz. After the continuous waveform
recording, the same high-pass filter with a cutoff frequency of 100 kHz was applied to each
waveform on the wired and wireless sides.

A typical waveform of the AE event part is shown in figure 4. Although the absolute value of
the amplitude varied depending on the presence or absence of the amplifier, almost the
same waveform was acquired. A notable difference between the wired and wireless sides
was the presence or absence of electrical noise. In wired measurement, electrical noise was
likely to intrude into the A/D converter because the all electrical devices i.e. sensors, amps,
PC for CWM and even the FSW machine were electrically conducted via the commercial
power supply line. In addition, when electric noise invaded the AE sensor and vibrated the
piezoelectric element, noise with a waveform similar to an AE event that rapidly rose and
gradually attenuated was generated. On the other hand, in the wireless measurement, the
sensor node was touching on the specimen via the sensor, but no electrical noise was found
since there was no electrical path through the sensor node.
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Figure 3. Schematic diagram of the FSW experiment
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Figure 4. Typical waveform of an AE event recorded by (a) wired and (b) wireless CWM

4. Conclusion

® A battery-powered wireless sensor node with AE streaming function was developed. All
waveforms with 16 MB/s of data rate (2 ch, 4 MHz, 2 Bytes/sample) per node could be
transferred to the master unit via Wi-Fi.

® Monitoring of FSW process could be performed with high S/N ratio since the developed
wireless sensor node was not easily invaded by electrical noise.
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Abstract

Aims: To research and modeling the comparative sensitivities of fiber-optic sensors and piezoelectric
sensors for detection of acoustic emission waves and analyze the type of acoustic wave propagation in the
metal and composite materials.

Methods: Using the Abaqus commercial software modeling and comparatives sensitivities the localized
sensors and distributed sensors with the different type of source excitations. Research the experimental
results and modeling results of the localized sensors and distributed sensors. For experiment in the sample
source of excitation are excited in the different places from the optical fiber sensors and piezoelectric
sensors. Sensors are placed in the different places of the sample. The signals of the AE were excited

by different types of source in various places of the plate.

Results: The arrangement of optic fibers with respect to the AE source is not localized. Fiber optical sensors
are distributed sensors. This needs to be taken into account when choosing the procedure for calculating
the location of AE sources. Fiber optical sensors are wideband sensors and have a more linear amplitude-
frequency response as compared with piezoelectric sensors. The spectrum of acoustic waves detected by
fiber optical sensors in the longitudinal and transverse directions differs for a plate having various
dimensions and different directions. This is because the group Lamb wave excites various modes

of oscillations in the plate. The results of research Lamb wave propagated in metal and composite materials
depend on the type of source excitations.
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Abstract

In this work a novel measurement methodology known as Phased Array Modal Acoustic Emission
(PA-MAETM) is described, and the advantages detailed. In the measurement methodology, multiple
elements are positioned in a tightly packed arrangement and sense the same waveform with minimal
effects of dispersion present due to the tightly packed nature of the array.

Each received waveform is time shifted into a coherent time basis (established by a designated reference
element within the array), and the signals summed into a composite waveform; the resulting composite
waveform possessing an increased signal-to noise ratio (SNR) as the electronic noise associated with

the electronic amplification is uncorrelated white noise and cancels. Computationally efficient digital
signal processing (DSP) algorithms have been implemented into hardware so that time coherency
between elements may be established in a real-time fashion, enabling the increased SNR to be utilized

in the measurement and creating a system with improved dynamic range and sensitivity over traditional
single element measurement systems.

Examples of the increases in signal sensitivity and SNR which are realized through the PA-MAE
measurements are detailed. The increase in signal sensitivity and SNR may be leveraged to increased
sensor-spacing in highly attenuative wave propagation measurements. Furthermore, it is shown that
accurate source location from a single array is possible. Finally, a discussion of the computational expense
and improvements in SNR and dynamic range with increasing number of elements is provided, as well

as physical aspects related to optimized array design.
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01 - Modal Acoustic Emission analysis of mode-I
and mode-Il fracture of adhesively-bonded joints
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Abstract:

Acoustic emission (AE) testing has previously been demonstrated to be well suited to detecting failure
in adhesively-bonded joints. In this work, the relationship between the fracture-mode of adhesively-
bonded specimens and the acoustic wave-modes excited by their failure is investigated. AE
instrumented Double-Cantilever-Beam (Mode-| fracture) and Lap-Shear (Mode-Il fracture) tests are
conducted on similar adhesively-bonded aluminium specimens. Linear source-location is used to
identify the source-to-sensor propagation distance of each recorded hit, theoretical dispersion curves
are used to identify regions of the signal corresponding to the symmetric and asymmetric wave modes,
and peak wavelet-transform coefficients for the wave-modes are compared between the two fracture-
modes. It is demonstrated that while both fracture-modes generate AE dominated by the asymmetric
mode, the symmetric mode is generally much more significant during Mode-Il fracture than Mode-I.
While significant scatter and overlap in results prevents the ratio of peak-wavelet transform coefficients
from being a robust single classifier for differentiation between fracture-modes in most cases, other
modal analysis methods, or integration of this parameter into multi-parameter methods in future work
may result in more reliable differentiation. Understanding of the wave-modes excited by the different
fracture-modes also has implications for source-location, as identification of the correct modes is critical
for selection of suitable wave velocities.

1. Introduction

Structural adhesive bonding is increasingly being utilized across a wide range of industries,
such as the aerospace, renewable energy, marine and automotive industries. Adhesives offer
a variety of advantages over more conventional mechanical fastening methods, including
improved stress distribution, low weight, corrosion resistance, damping properties and the
ability to join dissimilar materials and composites. They are however susceptible to defects
introduced throughout manufacture and service life which can lead to catastrophic failure.
These defects can include disbonds or weak “kissing” bonds, introduced by surface
contamination of the adherends, voids, due to inadequate quantities of adhesive or air
entrapment during lay-up, porosity, due to volatiles or entrained air, cracks, due to thermal
shrinkage or applied stressed in service, and poor cure, occurring from improper mixing or
inadequate thermal exposure [1].

Due to these potential defects, non-destructive testing (NDT) and condition monitoring is vital
if adhesives are to be used in safety critical applications. Acoustic Emission (AE) testing has
been well proven in its ability to detect adhesive failure and, particularly for large structures,
the ability to provide continuous real-time monitoring over a large area is advantageous and
makes AE an appealing technique to complement more conventional NDT techniques, such
as ultrasound and resonant-frequency based methods.
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Multiple studies of adhesively bonded joints have demonstrated the ability of AE to detect
initiation and propagation of debonding and adhesive cracking through the correspondence
between AE and drops in load during various fracture tests [2-5], while studies such as those
by Croccolo and Cuppini [6] have demonstrated the ability to predict the final failure load of a
joint, based on the acoustic emissions at lower load. Differentiation between debonding and
adhesive cracking has also been achieved by Galy et al. [3] through clustering based on typical
AE parameters, while work by Bak and Kalaichelvan [7] used peak-frequency analysis to
differentiate between the failure mechanisms of adhesive failure, light fiber tear failure and
fiber tear failure during lap-shear tests of composite specimens.

Dzenis and Saunders [8] successfully utilized the statistical pattern recognition software Vallen
VisualClass to differentiate between Mode-| (crack opening), Mode-II (shear) and Mixed-mode
fatigue failures of adhesively bonded joints. While it was demonstrated that differentiation
between fracture-modes was possible, the method used, and results reported provided little
insight into the fundamental differences between the recorded waveforms. The differentiation
between fracture-modes is extremely valuable in the case of adhesive bonds, as there is vast
disparity in the strength of bonds dependent on the loading orientation. For this reason, most
adhesively bonded joints are designed to be loaded predominantly in Mode-II, and application
of unexpected Mode-| loadings may therefore lead to catastrophic failure. The study will look
further into the differences in AE occurring from different fracture-modes.

It has been demonstrated by Gorman [9], amongst others, that the orientation of an AE source
affects the amplitudes of the wave-modes propagating from it. In-plane sources are seen to
create a greater extensional/symmetric wave-mode, while out-of-plane sources are seen to
create a greater flexural/asymmetric wave-mode. This finding has been previously used in
modal AE analysis of composites to aid in differentiation between delamination (out-of-plane)
and fiber-breakage or matrix cracking (in-plane) [10-11]. Understanding of the wave-modes
generated is also crucial for accurate source location. Due to differing propagation velocities,
it is critical that velocities used in calculating source-location correspond to the wave-modes
for which arrival times have been detected.

The aim of this study was to investigate the wave-modes generated by Mode-I and Mode-II
fracture of adhesively-bonded joints and to identify whether modal analysis has the potential
to discriminate between fracture-modes in a similar manner to which it has been used to
discriminate between failure mechanisms of composites. To achieve this, AE instrumented
Double Cantilever Beam (DCB) (Mode-l) and Lap-Shear (LS) (Mode-ll/Mixed-mode) tests
have been conducted on adhesively-bonded aluminum specimens and the resulting AE
analysed, using continuous wavelet-transforms and theoretical dispersion curves to identify
the resulting wave-modes.

2. Experimental Setup
2.1 Specimen preparation

Both specimen types were manufactured from 3.175 mm x 50 mm HE30TF aluminium bar.
Adherends were cut to 300 mm long for the DCB test, and 360 mm long for the lap shear test.
Specimen widths and lengths were chosen to be as large as was practical for the available
test equipment, to minimize the effects of edge-reflections in the results, and to allow significant
propagation distance for the wave modes to separate through dispersion. The adhesive
bonding process consisted of surface preparation, adhesive application and curing. The
specimens were initially rinsed with acetone, before being abraded with P400 grade abrasive
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paper, rinsed with acetone again, and then cleaned with Loctite SF 7063. Silicone grease was
then carefully applied to a 60 mm long region of the DCB specimens to prevent bonding and
thus create a pre-crack. Loctite EA 3430, a relatively brittle two-part epoxy adhesive, was then
applied through a mixer-nozzle to the bond areas of one adherend for each of the specimens.
The bond area for the DCB specimens covered the entire specimen, aside from the pre-crack,
while the bond area for the shear specimens was a 50 mm x 50 mm square, located 70 mm
from the ends of the adherends. Small 0.5 mm thick aluminium shims were then added into
the adhesive to maintain a uniform bond thickness as the other adherends were placed on top.
Once assembled, weights totaling 4 kg were added on top of each specimen and they were
left to cure for a minimum of five days, at an average temperature of 19°C and humidity of
about 20%.

2.2 Mechanical testing

Both types of specimen were tested using an Instron 3382 universal testing machine (UTM),
controlled through BlueHill 3 software. Loading blocks were bonded to the DCB specimens to
allow them to be mounted to the machine in custom made yokes. Lap shear specimens had
tabs bonded to each end and were then clamped into the machine using 50 mm mechanical
jaws. The loading rates used were 0.5 mm/min, based on ASTM D5528 — 01 [12], and 1.3
mm/min, based on ASTM D1002-10 [13], for the DCB and lap shear specimens respectively.
DCB tests were run up to a crosshead displacement of 10 mm, while lap shear tests were run
until complete failure was achieved. Each test was conducted four times to ensure
repeatability.

2.3 Acoustic emission setup

Two Physical Acoustics Micro80D differential sensors were used. These were connected to a
PC with a NI PCI-6115 DAQ through; Physical Acoustics 2/4/6 variable-gain pre-amplifiers (set
to 60dB), an in-house built signal-conditioning unit (providing an additional 12dB gain), and a
NI BNC-2120 shielded connector block. The system was operated through LabVIEW software,
with the signals being recorded continuously at 2.5 MHz and saved in *.tdms format. Signal
processing and analysis was conducted after testing, using MATLAB.

The sensor locations used were both on the same sides of the specimens. On the DCB
specimens, as indicated in Figure 1, one sensor was located at the end of the pre-crack, and
the other 10 mm from the end of the specimen. On the lap shear specimens, illustrated in
Figure 2, the sensors were located either side of the bond area, at distances of 90 mm and
200 mm away from the center of the bond area. Sensors were coupled to the specimens with
a layer of silicone grease and secured using aluminium adhesive tape. As well as recording
AE, a video camera was used to record crack propagation for the DCB test to verify the position
of the crack-front. This approach could not be used effectively for the shear specimens due to
the speed of their failure.
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Figure 1. Double Cantilever Beam experimental schematic Figure 2. Lap Shear experimental
(not to scale) schematic (not to scale)

3. Signal processing

As the system was recording continuously, the initial step was to isolate hits for further analysis
and to discard the noise. This was achieved by averaging the RMS value of the signal over
200 data points, to create something similar in form to the upper wave envelope, and then
applying upper and lower thresholds. Hits of significant amplitude were identified by crossings
of the upper threshold. The start and end of the hit were then identified by the nearest crossings
of the lower threshold before and after this point. Threshold values were set at 0.05 V and 0.15
V, chosen based on the level of noise present in the recorded signals.

The identified hits were transformed into the time-frequency domain by continuous wavelet
transform. In this case the Gabor wavelet was used, as this provides the best combination of
time and frequency resolution. An example of this transformation from time to time-frequency
domain is illustrated in the upper panels of Figure 3. Arrival times, corresponding to the Ag
mode at 300 kHz, were determined as the first peak in the 300 kHz band of the wavelet
transform to exceed 70% of the maximum WT coefficient. These arrival times, and the
separation distance between the sensors, were used to estimate the linear source location of
each hit, and therefore the propagation distance from the source to each of the sensors. Hits
located as occurring from outwith the potential bond regions of the specimens were excluded
from further analysis.

Based on the identified propagation distances, the arrival times of both the Sy and Ag wave-
modes are calculated using the theoretical dispersion curves for the adherends (generated by
Vallen Dispersion software). The central panel of Figure 3 shows these dispersion curves,
modified by the propagation distance, overlaid on the wavelet transform plot of the signal. This
allows certain peaks in the wavelet transform plot to be attributed to these wave-modes.

To allow quantitative analysis of the contributions of each wave-mode, the corresponding
peaks within a certain frequency band were extracted. The frequency band around 300 kHz
was chosen as it is close to the resonant peak of the sensor and contains significant content
from both wave-modes. There is also significant enough dispersion at this frequency to
differentiate between the wave-modes in the time-domain. The lower panel of Figure 3 shows
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the amplitudes of these peaks was then used to investigate the difference between the
fracture-modes. In a small number of hits the wave-modes could not be clearly identified or
separated due to factors such as overlapping of hits, in such cases the hits were excluded from
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Figure 3. Example of signal-processing method. Top: Original AE signal. Middle: Wavelet Transform
plot with overlaid dispersion curves indicating symmetric (SO) and asymmetric (AO) wave-modes.
Bottom: Wavelet Transform coefficients for 300 kHz frequency band, with So and Ao peaks marked.
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4. Results

4.1 Load results

Typical examples of the loading curves and AE source location results for the tests are shown
in Figure 4. As expected, the loading characteristics of the two specimen types vary
significantly. The DCB tests result in an approximately linear increase in load as the adherends
deflect elastically in the pre-crack region until the maximum load is reached. This is followed
by multiple small drops in load as the adhesive fails in sections, and small rises in load between
these, as the adherends elastically deform again. The lap-shear tests however, exhibit an
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approximately linear region of elastic deformation up to their maximum load, followed by
sudden complete failure in which the adherends completely separate. The maximum loads
withstood by the two specimens should be noted, as the DCB specimens withstood loads in
the region of only 50 N, while maximum loads applied to the lap-shear specimens were in the
region of 2000 N. This disparity highlights the potential importance of being able to discriminate
between fracture-modes during condition monitoring.

4.2 Failure mechanisms

The main failure mechanism observed in all specimens was adhesive failure, with the adhesive
layer separating from one adherend as the bond between adhesive layer and adherend failed,
while remaining bonded to the other adherend. In the DCB specimens, and to a lesser extent
in two of the lap-shear specimens, some adhesive cracking was also found. In some regions
the adhesive failure would occur at the interface with the upper adherend, and in other regions
it would occur at the lower adherend. The result being that the adhesive layer cracked between
these regions, allowing sections of the adhesive to remain attached to either adherend. Figure
5 shows annotated examples of the failure mechanisms present in both types of specimen.

4.3 Acoustic emission source locations

In both specimen types, a small number of hits were recorded during the initial linear portion
of the loading. Most hits however, correspond to significant drops in load as the adhesive fails.
In the DCB specimen hits are spread throughout the test as crack slowly propagates through
the specimen, whereas in the lap-shear test, AE activity is concentrated around the moment
of final failure. The AE source locations identified in the DCB tests generally correspond well
with the visually observed crack-front recorded with the video-camera, with the hits initially
being centered around the tip of the 60 mm pre-crack and then progressing further along the
specimens as the crack opens. While the AE source location results generally correspond well,
there is some variation and scatter which is believed to be due to a combination of the following
factors; the crack-front will not be uniform due to the inhomogeneous bond quality, so the
location of the crack-front recorded at one side will not necessarily be accurate through the
entire specimen width. The use of a linear source-location method, as opposed to 2D or 3D,
will also generally result in a small level of error as not all hits will occur directly between the
sensors. In the lap-shear specimens hits are concentrated within the bond area, as would be
expected, although some hits are identified as occurring out with the bond area. This may
again be due to the limitations of linear source-location but may also be due in some cases to
the incorrect identification of arrival times due to interference between overlapping hits, a
problem which can also occur in the DCB specimens but is much more prominent in the lap-
shear tests due to the limited time in which the hits all occur.
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Figure 4. Examples of loadiﬁg curves and source locations. (a) Loading of DCB test. (b) Loading of
lap-shear test. (c) AE source location and visually observed crack length for DCB test. (d) AE source
location for lap-shear test.

B Region of adhesive failure
Adhesive cracking
| T .__pi

Figure 5. Example of failure mechanisms observed. Left: DCB specimen showing adhesive failure and
cracking of the adhesive layer. Right: Lap-shear specimen showing only adhesive failure.

4.4 Modal acoustic emission analysis

The resulting ratios of the peak wavelet-transform coefficients corresponding to the Sg and Ao
wave-modes are presented in Figure 6. Both fracture-modes can result in a wide range of So/Ag
ratios being generated. For the DCB tests, values range from 0.0169 to 0.4178 with an overall
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mean and standard deviation of 0.085 and 0.0848 respectively. Lap-shear tests produced
values ranging from 0.0616 to 0.7197 and with an overall mean and standard deviation of
0.1902 and 0.1425.
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Figure 6. Ratios of peak wavelet-transform coefficients at 300 kHz corresponding to So and Ao wave-
modes. (a) All hits analysed. (b) Mean and std. deviation for each test. (c) Overall mean and std.
deviation for the two test types.

5. Discussion

The WT coefficient peak ratios show that in both tests the Ag mode is dominant and that there
is significant overlap between the sets of results. There is however a clear trend indicating that
the So mode is generally greater in the Mode-II lap-shear tests than in the Mode-I DCB tests.
This result appears to be in line with previous work, as Mode-I failure creates a clear out-of-
plane source, very similar to the delamination of composites, which has previously been shown
to create a dominant Ao component.

While the loading in the Mode-Il test is applied in-plane with respect to the adherends, any
failure occurring at the interface with the adhesive is occurring at the surface of the adherend
rather than near the mid-plane, as can be the case for other in-plane sources previously
investigated, such as fiber-failure or matrix cracking in composites. It has been previously
demonstrated by Hamstad et al. [14] that while a signal generated by an in-plane source
located on the mid-plane will be dominated by the symmetric mode, the same source, applied
away from the mid-plane, can create a signal dominated by the asymmetric mode. This
provides some explanation as to why both fracture-modes result in signals dominated by the
asymmetric mode, despite the loading orientation. Additionally, a lap-shear test is technically
not a pure Mode-Il test, while the loading is predominantly in shear, bending of the adherends
can result in a small Mode-I crack-opening component, making it Mixed-mode and potentially
contributing further to the generation of the Ag mode.
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As both fracture-modes have a significantly higher amplitude Ao than Sp mode, a suitably
chosen threshold can be used to consistently select the arrival time of the Ag mode, without
risk of accidental selection of the Sy arrival time. If the Mode-Il tests had resulted in a greater
So component, then a more sophisticated method would be necessary to select arrival times
and calculate source locations.

The results presented by Dzenis and Saunders [8], analysed using Vallen VisualClass, clearly
demonstrated the possibility to differentiate between fracture-modes using AE, they did not
however provide much insight into the fundamental differences in the signals which allowed
this differentiation. The results presented in this work indicate that it is likely that the difference
in wave-modes excited during their tests will have been one of the significant factors
contributing to the differentiation which was achieved, while other differences may have also
occurred from features such as the specimen geometries causing variation in attenuation and
reflections. An increased understanding of these factors allowing differentiation will be
beneficial if attempts are made to utilize these techniques on full scale structures, rather than
small laboratory specimens, as any method used will need to suitably account for the
dispersion, attenuation and reflection which will be present in larger structures with potentially
irregular geometries.

The use of the WT peak ratio as a classifier to differentiate between fracture-modes may be
feasible when considering multiple hits, i.e. an entire test, however due to significant variation
between hits, and the overlap between tests, it would not be possible in most cases to identify
fracture-mode based on a single hit. Future work should therefore consider either; other
methods to assess the modal content of the signals which may yield clearer discrimination, or,
combining this parameter with others to form a more robust method of discrimination.

Differentiation between hits occurring from the adhesive failure and cracking of the adhesive
layer has not yet been attempted within this study, and it is recognized that results for each
test may include hits from both failure mechanisms which may exhibit different characteristics.
Future work should address this issue by conducting tests capable of isolating each of these
failure mechanisms to identify the defining characteristics of AE occurring

6. Conclusion

The aim of this study was to investigate, for the first time, the AE wave-modes generated by
Mode-I and Mode-Il fracture of adhesively-bonded joints (aluminium metal-to-metal) and to
identify whether modal analysis has the potential to discriminate between fracture-modes in a
similar manner to which it has been used to discriminate between failure mechanisms of
composites. Differentiation between fracture-modes is particularly important in adhesive joints
due to the vast disparity in strength between joints in Mode-I and Mode-Il loading, assessment
of loading conditions through AE could therefore provide a very useful tool for structural health
monitoring. Understanding of the wave-modes generated by different fracture-modes is also
important for accurate source location. Due to the differing propagation velocities of the modes,
it is critical that the velocity used in source location calculations corresponds to the wave-mode
for which arrival times have been detected. From the work conducted, the following has been
concluded:

e Use of linear source location to identify propagation distances and theoretical
dispersion curves to identify arrival times, has successfully identified regions of the
time-frequency domain corresponding to the fundamental Sp and Ao modes.
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e Modal analysis, based on investigation of the amplitude-ratio of peaks in the
continuous wavelet-transform corresponding to the Sp and Ay modes, has revealed
clear differences between Mode-I and Mode-Il/Mixed-mode fracture. While signals
from both fracture-modes are dominated by the Ag mode, the So mode is generally
greater in the Mode-II tests than in the Mode-I.

¢ As the amplitude of the Ag mode is consistently higher than that of the So mode, a
suitably chosen threshold can be used as a reliable method to select the arrival
time of the A mode for the purposes of source location.

¢ Analysis of the amplitude-ratio of wavelet-transform peaks corresponding to the
wave-modes has been demonstrated to reveal differences between the fracture-
modes when considering each test. However, due to the variation between hits
within each test, and the overlap between results from the two test types, it is
generally not possible to distinguish between fracture-modes based on a single hit.
Future work should therefore focus on investigation of other methods to assess
modal content of the signals or on utilizing the wavelet peak ratio in combination
with other parameters to provide a more robust classifier.
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Abstract:

In the past, many approaches were proposed to perform the task of acoustic emission based source
identification in fibre-reinforced composites. Almost all identification attempts make use of feature values
to act as representation of the recorded acoustic emission signals. The typical features are classified in
two primary categories, one to express the intensity / energy of the signal and one to describe the
frequency characteristic of the signal. Both categories are used to classify signals into microscopic
failure mechanisms such as matrix cracking, fibore breakage and many more. To this end, various
approaches used either energetic or frequency features or a mix of both. This contribution takes a closer
look at the relationship between acoustic emission signals and their feature values and assesses their
relation to acoustic emission source mechanics. This provides guidance on the reliability of acoustic
emission features for source identification procedures and points out some key aspects for successful
classification attempts.

1. Introduction

Failure of composite materials during mechanical loading is a complex phenomenon starting
on the microscopic level. At exposure to increased load, small flaws start to grow into larger
ones, escalating over several orders of magnitude, which finally coalescent into macroscopic
failure. Each microscopic (and macroscopic) crack progression generates acoustic emission
(AE). The multitude of different cracks occurring in composites have been categorized and
listed several times (i.e. [1], [2]). In the context of AE, it is most noteworthy that all of these
different cracks result in detectable AE signals. Among other things, the detectability will
depend on the distance between source position and the sensor position. One intrinsic
challenge is to deal with the variety of terminology used in the past to categorize the different
failure mechanisms in composites. Still there is no consensus on how many different AE source
mechanisms can be distinguished in a particular test setup. However, in the past decades
there have been many attempts to distinguish between the different AE source mechanism as
occurring in composites [3-20]. Basic distinction is made between work that has applied model
specimens to establish prototype signals for each source type, approaches that are using
validation of signal classes by microscopic evidence and approaches using numerical or
analytical modelling to assist in the interpretation.

The aim of this contribution is to review the reliability of particular AE parameters (features)
applied to perform source identification in fibre-reinforced composites.
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2. Experimental

As described in more detail in [10], [12], a four-point bend test was combined with multi-
resonant type WD sensors to detect the AE generated during damage initiation and
progression. For acoustic coupling Baysilone silicone grease of medium viscosity was used,
the mechanical contact was provided by two clamps. To decrease detection of friction noise a
bandpass ranging from 20 kHz up to 3 MHz was used. The AE waveforms were recorded using
a PCI-2 data acquisition system with 40 dBae preamplification and the software AEWin
(Physical Acoustic Ltd.) with a threshold of 40dBae and a sampling rate of 10 MS/s. This will
provide some representative AE data for further discussion and only acoustic emission sources
located between the two upper supports are considered for the following analysis.

To analyse the crack formation inside the material, high-resolution computed tomography was
used. The Nanotom m system (General Electric) was applied with 50 kV tube voltage and
200 pA tube current using a voxel resolution of 5.2 ym. This provides a way of volumetric
measurement of the typical crack dimensions found after four-point bending in a composite
material.

After extraction of classical signal features out of the first 100 ps after signal arrival (definition
of features see Appendix C in [2]), the feature dataset is ready for analysis by pattern
recognition methods. In figure 1, a typical result from a hierarchical clustering using the
agglomerative tree linkage [21] is shown for one representative dataset resulting from loading
the specimens to failure. This statistical data analysis method applies the Ward-algorithm (also
known as “sort algorithm” or “agglomerative tree linkage”) and groups the AE features
according to their similarity based on a minimum variance criterion [19], [22]-[25]. High
numerical values indicate an equal relevance to describe the underlying data structure. In the
example of figure 1, the feature “energy” and “signal strength” link at a value of approximately
one, so they essentially provide the same information, i.e. they are highly correlated.

For composite materials, this feature dendrogram (example see figure 1) often splits in two
branches that link at relatively low levels. One branch is primarily composed of features related
to the “energetic quantities”, such as energy, amplitude, signal strength, but it also includes
features related to the amplitude. One such example is the duration of the signal (louder signals
take longer to fall below threshold). Similar, the rise time and the counts to peak correlate with
the strength of the signals as increased amplitudes may cause an earlier onset above threshold
level.

The other branch of the feature dendrogram typically holds the features, related to frequency
information of the AE signals. Besides the obvious frequency measures, this chart reveals the
high correlation between counts and the average frequency, as the latter is based on the
former value (see Appendix C in [2] for precise definition).

As this kind of behaviour seems to appear in many AE datasets of composites, this indicates
that there is a distinct difference in the descriptive capabilities of both branches. Therefore, this
motivates the organization of this work in two sections, one dealing with a review of “energetic”
AE features and one dealing with a discussion of “frequency” AE features.
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Figure 1. Hierarchical clustering of dataset using the Ward-algorithm (agglomerative tree linkage).

3. Energetic AE signal features

Several fundamental acoustic emission theories aim to establish a relationship between the
AE source type, the properties of the fracturing homogeneous isotropic solids and the resulting
AE signal [2]. Composite materials are, dependent on the observation scale, significantly
different to that, i.e. they are only homogeneous on the macroscopic scale where they may be
approximated as homogeneous anisotropic solids. Nevertheless, the key principles of these
theories are still found to be still valid for composite materials [2].

One of the common results of all the theories mentioned above is that they expect a
proportionality between the size of a crack growth a and the AE signal amplitude U. The theory
of Lysak would propose U o« a3/2 for the case of a “crack-through” and U « a for an internal
“penny-shaped” crack [22]. Green and Zerna reported a U « a relationship for a crack-through
process [26]. Investigations by finite element modeling recently confirmed the relationship U «
a3/2 for a crack-through process in a homogeneous material, while results from internal cracks
apparently obey the U « a relationship [2].

The theory of Ohtsu and Ono uses the moment tensor representation for AE sources, which
generally states U « AV, with AV being the internal volume produced by the crack growth [23],
[24]. Similar, the theory of Scruby and Wadley would predict the proportionality U «< AV, given
the dynamics of the crack process are unchanged when comparing different crack sizes [2],
[27], [28].

3.1. Matrix cracking and interfacial failure

In a composite, the expected variation of crack sizes for “matrix cracking” ranges from fairly
small length scales in the order of 1 um to 10 um (cf. figure 2a) to reasonably macroscopic
sizes such as several 100 ym to some 1 mm (cf. figure 2b). In [29] polymer fracture was even
measured to generate one huge signal for final fracture at several centimetres of length scale.
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The theories quoted above allow estimating an increase of the corresponding acoustic
emission signal amplitude by three orders of magnitude. This corresponds to a dynamic range
of the corresponding AE signal amplitudes of at least 60 dB (1um to 1mm internal cracks).
Furthermore, for a typical composite, there is no expectation of distinct crack sizes, as larger
“matrix cracks” do not necessarily need to grow at once, but may show several intermediate
rests. This will result in more than one AE signal for one such macroscopic crack. Accordingly,
the distribution of crack lengths for source types such as “matrix cracking” and “interfacial
failure” is not discrete. This is different in some cases, when the typical extent is geometrically
limited in one more directions (e.g. because of ply structure, bundle distances, or other). Thus,
in [30] it was demonstrated, that the average signal amplitude of matrix cracking is related to
the thickness of the failing plies. Similar, findings in [31] indicate, that matrix cracking in fibre
yarns causes characteristic acoustic emission energies.

o) MEEIRteY
LR NSRS

Figure 2. Computed tomography image of crack network on microscale (a and b) and on macroscale
(c) taken from damage region of four-point bending sample of [10], [12].

Nevertheless, for the majority of composites, there is no general discretization of crack
dimensions for matrix cracking and interfacial failure, but a homogeneous distribution of crack
length sizes. Hence, it appears invalid to detect the occurrence of either “matrix cracking” or
“interfacial failure” based on a particular amplitude range unless the microstructure explicitly
forces discrete size distributions.

3.2. Fibre breakage

Another type of failure mechanism frequently interpreted in terms of its expected AE signal
amplitude is fibre breakage. Essentially, contradicting proposals have been made that either
concluded Ufiber » Unatrix OF Ufiber < Unatrix-

Based on the theories mentioned in section 3.1, the decisive factor for the size of the AE
amplitude is the AV-value. Due to the fibre diameters, the crack area is well defined for carbon
fibres (5 um to 10 ym) or glass fibres (10 um to 50 um). For fibres failing under tensile load,
the additional contribution to AV is the extension along the fibre axis. The amount of this
extension in load direction relates to two factors, namely (i) the amount of elastic energy stored
before fibre failure and (ii) the confinement effect of the surrounding fibres and matrix. The first



33rd European Conference
on Acoustic Emission Testing

12-14 September 2018 - France

contribution implicitly relates the amount of extension to such factors as the fibres tensile
strength (or their fracture toughness). Hence, a larger AV expects for a stronger fibre. In
addition, a stronger AE signal is expected for a 10 um diameter cracking fibre vs. a 10 ym
diameter cracking matrix polymer. Assuming typical fibre and matrix failure strength values
(50 MPa polymer vs. 5 GPa fibre) and applying the theoretical relationships above, for the
same cross-sectional area this results in 100 times larger AE signal amplitude and
accordingly Usiper < Upmaerix- Note that this description does not take into account potential

additional contributions to AV due to matrix cracking and debonding surrounding the fibre
filament. This might well lead to additional contributions to the fracture surface normal to the
tensile load (i.e. factor of 2 — 4 as estimated from computed tomography images, cf. figure 3).

A primary difference to the discussion of amplitude distribution of section 3.1 is the discrete
size distribution expected for fibre breakage. As demonstrated e.g. by [32] the single filament
failure initiates long before ultimate failure and does not necessarily result in cascades of fibres
failing simultaneously. For constant cross-section and constant fibre strength, a discrete AE
energy release is theoretically expected. However, this discrete energy smoothens out due to
the cross-section distribution of the fibre filaments and the Weibull strength distribution of the
filaments.

Single filament testing sometimes is used to demonstrate that fibre breakage AE signals have
very strong amplitudes. As sketched in figure 3, the confinement of the failing filament is
substantially different in single filament testing vs. a real composite. In the case of the free
filament, the crack faces may move independently in each direction, reaching many millimetres
or even centimetres. For fibre failure inside a composite material, the surrounding fibres and
matrix (in case they do not fail simultaneously) confine the movement of the breaking fibre. In
this case the resulting movement along the axis could be quantified using in-situ computed
tomography analysis to be less than 5 um as seen in figure 3-b [33]. Thus, the resulting AV is
more than three orders of magnitude smaller than for single filament testing. Based on the
theories stated above this would result in a corresponding reduction of AE signal amplitudes
of up to 90 dBae. The same change in energy release was also consistently found in finite
element modelling for the case of free fibre filaments in [33] and for confined fibres in [2].

(a)

single filament testing
é LSS LS LSS

matrix cracking

y L
composite testing

X

Figure 3. Schematic difference in AV for single filament testing vs. fibres confined within composite
material (a) and experimental measurement of AV using high-resolution computed tomography at
0.4 ym voxel size (b).
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Other indications that fibre breakage signals from composites (confined condition) show
relatively low amplitudes were recently provided by Lomov et al. and Swolfs et al. [30], [31].
They compared theoretical predictions for first fibre filament failure based on classical Weibull
theory to the corresponding onset of AE signals. Overall, the predicted onset of the weakest
fibre filaments systematically preceded the measured AE onset. This indicates that the AE
signals of the weakest fibres possibly fall below the experimentally used detection threshold.
This was additionally verified by finite element modelling of fibre breakage with varying tensile
strength following a Weibull-type strength distribution in [2].

As baseline of all these considerations above, the dominating factors for the AE signal
amplitude (and hence energy) are the size of the crack as well as the amount of elastic energy
stored immediately before fracture.

4. Frequency AE signal features

In contrast to the energetic AE signal features, there are several established ways to compute
frequency information to represent the recorded AE signals. The three different features
“Initiation-“, “Reverberation-“ and “Average-Frequency” are used to provide an estimate of the
characterlstlc frequency before and after the peak-maximum and of the complete signal (see
Appendix C in [2] for precise definition). These features are no exact frequencies since they
rely on the number of signal threshold crossings, which is a discrete and often error-prone
count, thus resulting in relatively inaccurate nominal frequencies.

A significantly better approach is to compute the Fast-Fourier-Transformation (FFT) of the AE
signal. The “Peak-frequency” f,.qr is the frequency value of maximum intensity in the
spectrum. The “Frequency Centroid” f...troia Characterizes the frequency content of an AE
signal in a similar way as the centre of mass describes the properties of geometric object with
uniform density. Thus, it is an independent evaluation of the characteristic average frequency
of the signal and is generally not equal to the “Peak-frequency”. Another means of representing
the signals frequency spectrum is the definition of different “Partial Power” levels. They
measure the signals frequency contribution within a given interval and represent the frequency
distribution of the AE signal by more than only one characteristic value. Hence, they usually
are defined for subdivisions of a certain frequency range of interest, e.g. 150 kHz intervals
ranging from fs;0rt = 0 kHz to f,,4 = 1200 kHz (see Appendix C in [2]).

Another sophisticated approach is to extract the frequency information from time-frequency
transformations. Using such concepts based on wavelets [34] or kernel convolution procedures
such as those proposed by Choi and Williams [35] this allows to obtain additional frequency
features. For the discrete wavelet transformation, the intensity of the decomposition levels has
been proposed as features to describe the AE signal [36], [37].

Similar as for the energetic features, established theories allow raising some expectations for
the resultant frequency spectrum of a particular source mechanism in a fibre reinforced
composite. All of the established theories assume a source function, which is due to a rapid
internal displacement [19], [22]-[24] and has been recently confirmed by fracture mechanics
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based numerical modelling [33]. Typically, this is a step function as seen exemplarily in figure
4-a for two typical rise-times. In this simple source representation, the governing factor to judge
on the source dynamics is the rise-time of the internal displacement. However, the rise-time is
not identical to the time the crack needs to propagate. In [2], [33] the duration for crack growth
was found to be substantially shorter than the rise-time of the source function with the
additional dynamics caused by inertia effects and by the vibration of the crack faces, as well
as propagating surface waves. Nevertheless, a simple FFT of the two exemplary source
functions of figure 4-a reveals the corresponding bandwidth of the AE source and is plotted in
figure 4-b. Naturally, faster internal displacement generates broader bandwidth, i.e. causes
excitation of higher frequencies. Similar, the slower internal displacement causes reduced
bandwidth of the source.
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Figure 4. Scheme of source function (a) and corresponding spectral bandwidth estimated from -3dB
drop (b).

4.1 Dynamics of source mechanisms in composites

Based on these considerations, the discussion now focuses on the expected dynamics for
different source mechanisms. In general, the duration for a singular crack event (from initiation
to rest) links to two factors. This is (i) the ductility/brittleness of the material and (ii) the
geometry/extension of the crack growth. The first item directly links to the crack propagation
speed. As has been discussed by Scruby [25], depending on the applied load and the material
properties, cracks may potentially reach their ultimate propagation speed limit, which is the
Rayleigh wave speed. The second item relates to the geometric boundary conditions posed
for the crack growth. At constant speed, larger crack length will need longer to form than
shorter crack length, hence adding to the overall rise-time of the source. Potentially there is a
fixed upper limit to this duration of growth, as cracks in composites can be geometrically

confined due to sizes of the plies or due to the overall dimension of the sample (width,
thickness, ...).

For failure mechanisms such as matrix cracking or delamination the basic expectation for
broad crack length distributions has already been discussed in section 3.1. Based on the above
considerations, this would expect a broad distribution of source rise-times for these cases.
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Likewise, for discrete crack dimensions as for fibre breakage, a discrete rise-time distribution
is expected.

However, reinforcement fibres such as glass or carbon fail more brittle than typical matrix
polymers and also exhibit up to one order of magnitude higher Rayleigh velocities (e.g. glass
3000 m/s, carbon 5000 m/s, polymer 500 m/s) as can be calculated from the materials Young’s
modulus, density and Poisson’s number when using the Bergman approximation [38].

Hence, generally the rise-time of the source function is significantly shorter for failure of the
reinforcement fibres than for a comparable failure size of a matrix polymer. Accordingly,
nominally larger crack increments as for matrix cracking and interfacial failure will reduce the
bandwidth further compared to the fibre breakage bandwidth.

4.2 Transfer of frequency information from source to sensor

Although, the source dynamics govern the bandwidth of the source and the spectrum itself
seems to be fairly flat with frequency (cf. figure 4-b), there are several factors which affect the
propagation of frequency information from source to sensor. One example obtained from FEM
calculus to demonstrate the severity of these effects shows figure 5.
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Figure 5. Transmission characteristics of sensor, material and propagation path and their
influence on generation of AE signal spectrum in relation to source spectrum.
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The first non-linear transmission is the formation of guided waves in a typical thin-walled
composite plate. As discussed in [2], the formation of plate waves comes with particular
frequency regions, that allow preferential transmission of the signal. Correspondingly, some
frequency ranges transmit badly, resulting in a significant change of the frequency spectrum.
The particular frequency values for preferential transmission depend mostly on the thickness
of the plate and the material properties. This guided wave propagation also leads to formation
of some of the characteristic peaks in the FFT spectrum of the final AE signal. Another
important source of non-linear transmission is the sensing system used. Especially for the
typical commercial sensor systems (resonant or multi-resonant designs), this results in
additional reduction of bandwidth or may cause characteristic peaks in the frequency
spectrum, which are owed to the internal sensor resonances (cf. figure 5).
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Figure 6. Comparison of frequency representation for four AE signals (a-d) using Peak-
frequency fpeqr, Frequency Centroid feentroiq @and Weighted Peak-Frequency (fpeqx)-

As seen in figure 5, the frequency information of the AE source maps not well to the acquired
electrical AE signal. In particular, features such as the “Peak-frequency” usually link either to
the sensor resonances or to the frequency ranges of preferential transmission of the guided
waves. Thus, it does not seem appropriate to use such features to distinguish failure
mechanisms based on their absolute frequency values. Typically, a choice to distinguish a
mechanism of e.g. s 137 kHz is either due to the sensor used or due to the material
investigated.
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To remove the sensor and material bias implicit to the frequency features, the use of relative
features, such as the “Weighted Peak-Frequency” (f,.q«) or “Partial Powers” was proposed
[11]. As the aim of all the frequency features is to best represent the frequency spectrum,
consider the four examples shown in figure 6. Visually, one would state close similarity
between the spectra of figure 6-a and 6-b and high dissimilarity between spectra of figure 6-c
and 6-d. Accordingly, frequency parameters should be representative numerical values for this
observation. Using the f,.. feature this works well for the bottom case, resulting in a
difference of 600 kHz. However, the upper case results in a difference of 240 kHz for visually
similar spectra. Accordingly, absolute values of the f,. feature do not suffice in this case.

The f.entroia feature is less susceptible to the occurrence of peaks in the spectrum as it is
obtained from an averaging of the full spectrum. However, the disadvantage of this is the
reduced sensitivity to relative changes of frequency spectra. Although the example spectra of
figure 6-a and 6-b are similar, they still do have different weight at low and high frequencies.
Still the f..ntroia i1 NUMerically almost identical for both spectra. This lack of sensitivity of the
feentroia fEQtuUre is quite typical as the basic “finger-print” of the spectrum originates to a
significant extent from constant contributions, such as sensor characteristics and guided wave
propagation (cf. figure 5). Therefore, the f.....r0iq fEature by itself is not very useful to capture
small changes relative to the average frequency content.

As result of these observations, the combination of both features into the (f,.q«) feature was
proposed [11]. As square-root combination of both other features, it retains the good
discriminative capability of the f,.., but is also susceptible to small changes in frequency
spectrum (cf. figure 6-a and 6-b) without being too susceptible to the resonance frequencies
of AE sensor or the material.

5. Conclusion

Based on the presented considerations it hardly seems applicable to perform source
identification in composite materials based on energetic features unless there is a discrete size
distribution expected for one mechanism. In specific cases this can be justified (i.e. matrix
cracks all growing the full height and width within a ply at once). In a general situation, there is
no expectation for a discrete distribution of AE signal amplitudes for one of the failure
mechanisms in a composite. Instead, especially for “matrix cracking” and “interfacial failure” a
wide distribution of AE signal amplitudes is expected, which cover several orders of magnitude.
Thus, the AE signal amplitude and energetic features should be interpreted more in terms of
strength or severity of the failure mechanism other than a feature to distinguish failure
mechanisms.

In order to perform source identification, frequency features were found to provide better
discriminative capabilities. The AE signals bandwidth directly relates to the duration of the
crack growth. In fibre-reinforced composites, the different failure mechanisms show
characteristic crack durations, which originates from the speed of the crack propagation and
the typical crack length of the different mechanisms (specifically for fibre breakage). However,
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the transfer of the information of the source bandwidth to corresponding AE features suffers
from resonances of the structure and the sensor. To overcome the associated issues in
evaluation of the frequency spectra the “weighted Peak-Frequency” was proposed. In
combination with other frequency features such as the “Partial Powers” and multi-variante data
analysis (e.g. by pattern recognition methods [12]) this appears as best approach to meaningful
AE source identification in fibre-reinforced composites, as the reliability of a single AE feature
is not significant enough to allow this complex task.
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