T fe. 3T . —e—c... ec
i ce%e to.Gect—1
Frief L F T — L ——

PhD Thesis
September 2015

John McCrory (MENQ)

Cardiff School of Engineering
Cardiff University

Cardiff

UK



Summary:

This thesis contains the development of advanced Acoustic Emission (AE) monitoring
techniques for aerospace structures. The techniques developed inthiswork H{SORUH $(TV
ability to detect, locate and characterise signals. Experimental studies were conducted

on a range of structures made from typical aerospace materials, including carbon fibre
composite, GLARE and high grade steel; and the data collected from these studies was
processed using the newly developed AE techniques, in order to determine their
effectiveness. The work was divided into three main areas of research:

1. AE Source Location

A location test was conducted on a GLARE fuselage panel specimen with complex
geometric features in order to test the effect that altering the training grid resolution has
on the accuracy of the delta-T mapping location technique. Delta-T mapping yielded
more accurate results than the conventional Time of Arrival (TOA) method and the
development of this technique formed the basis from which AE signals could be
confidently located.

2. Damage Identification

A fatigue test was conducted on a pre-notched, 300M grade steel, cantilevered beam
which was monitored using both AE and Digital Image Correlation (DIC) during loading.
The work considered the detection and tracking of fatigue crack growth. A novel form of
data acquisition and analysis called an Additive Hits Analysis (AHA) was proposed and
developed. The AHA provided a similar result to a conventional wavestreaming approach
which was also used, though it did so in a much more streamlined manner. Specific
delta-T mapping located signals were used to determine the frequency bands of interest
for the cracking process to be tracked. DIC was noted as being a useful tool for validation
of AE testing.

3. Characterisation on Large Scale Specimen

A buckling test was conducted on a large-scale carbon fibre composite specimen which
was monitored using AE and DIC. The work focused on the detection, location and
characterisation of signals occurring in the specimen due to the applied loading. An
ultrasonic C-scanner was used to quantify the damage which occurred in the specimen
and this was found to be a useful tool for validation. A novel form of the modal analysis
technigue Measured Amplitude Ratio (MAR) called Automated Corrected MAR was
developed. The new method was found to be able to successfully distinguish between in
and out-of-plane signals arising in the specimen during the test whilst also providing time
saving benefits over conventional methods. The combination of delta-T mapping with the
Automated Corrected MAR results proved useful to the analysis.

Key words: Structural Health Monitoring, Acoustic Emission, damage detection, source

characterisation, GLARE, carbon fibre, composite materials

il Page
Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospateeitruc



Acknowledgments

First and foremost | would like to thank Dr Rhys Pullin and Professor Karen Holford for
their guidance and continued encouragement throughout this project. They have the
ability to inject energy and enthusiasm into their work, and it has been a pleasure to

research under their supervision.

| must also thank my colleagues Dr Matthew Pearson, Dr Mark Eaton and Dr Hayley
Wyatt for their advice and assistance during this project, and also for making day-to-day

office life more entertaining.

I am grateful to lan King and the rest of the technical staff for their assistance running
the testing equipment, and also to the friendly and helpful administration staff up in the

Research Office.

| would like to thank all of my friends in Team DH for boardgames, cheese and wine; all
my training partners at Nam Pai Chaun for holding the pads; and finally my family for

supporting me every step oftheway <R XfTlhdbBsD O W

Finally, 1 would like to thank the Engineering & Physical Sciences Research Council
(EPSRC) and Cardiff University School of Engineering for the sponsorship which allowed

me to conduct this research, and embark on this rather life changing journey.

il Page
Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospateeitruc



Table of Contents

[D]=Tod F=T = 1[0 ] o PP PP PR i
SUMIMATY oeeiiiiie e e e e e e et e e e e e e e s e et eeeeeeaeeessas e taaeeeeaeessaassasaaeeeaaeeessasnssrnnneeaaeesaans ii
ACKNOWIEAGMENLS e e s e e e e e s e st r e e e e e e e e nraraaees iii
(€1 [0 11T o PP RO PPP T PPPPPP PRI 1
NOMENCIATUIE ...t e e e e e e e st e e s s e e e s e e e e e nnes 6
R 1 {oTo [UTo i o] o H TSRO U PP OTRPOP 7
1.1 NOVEIY STAEMENT ...t e e 7
1.2 BACKGIOUND.. ..ottt e e s e e s as 10
1.3  Acoustic Emission (AE) Monitoring of Aerospace Structures ............ccccceee... 13
1.4 AIMS and ODJECHVES......ciiiii i e e e e 14
1.5  Thesis OrganiSation ............cooiiiiiiiiieiiee e e e s e e e e e e e s e e e e e e e e 15

2 BacKground TREOMY .....ooiiiiiiiiiiiiie et e s 16
2.1 AeroSPaCe MatErialS.........ccciiiiiiiiiiiieie et 16
2.1.1  AeroSpace MELAIS ......uuveiiiieii e 18
2.1.2  Carbon Fibre Reinforced PIASHIC............cocveiiiiieiiiieiiiceesece e 26
2.1.3 ] N 31

2.2 ACOUSHIC EMISSION (AE) ...eiiiiiiiiiie ittt 33
2.2.1 = Lo o | (o 11 ] T I 33
2.2.2  AE Source MeChaniSmS..........cooiiiiiiiiiiiii e 35
2.2.3  Wave Propagation...........ceeeiiiiiiiiieiie e 36
2.2.4  ATENUATION ..ottt e e e st e e e s e e e e e b e e e 40
2.2.5  SOUICE LOCALION ...ooiiiiiiiiieiiiie ettt 41
2.2.6  CharaCteriSAtiON ...........eeeeiirriie it e e e e 49

iv| Page

Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospateeitruc



3 Experimental Instrumentation and Techniques ..o, 53

3.1 ACOUSHIC EMISSION ....iiiiiiiiiiiieiiie ettt 53
3.1.1 Data acquisition and timing parameters ..........ccccvervrurmrnrmrnnnnnne... 53
.12 TrANSUUCETS ..ottt 58
3.1.3  SENSOr MOUNLING ...cceiiiiiiiiiet ettt e e e e e e e e e e e e e e e ennnees 63
3.14 H-N SOUICE .....eeiieieieiiieiiieee e nnnnnees 69
3.1.5  VeloCity MEASUIEIMENT ....cccoiiiiiieiiiiiee et 71
3.1.6  Wavelet TranSformMi.........ooiiiiii e 73

3.2 Digital Image COrrelation............cooiiiiiiieiie e 75

R B O o= 0 01 0o R O T PSP PP PPPPPRPPPPRPN 78

3.4 Graphical REPreSENTAtION ........c..eiieiiiiiieeiiiiee et 81

4  Delta-T Mapping Optimisation and AE Monitoring of G~ LARE .........ccceeeiieen. 86

A 1 1 (o T U Tox 10 IR TSP PP PP PR OPRPN 86

4.2  GLARE Panel SPECIMEN .....cciiiiiiiiiiiiiie ettt 87

4.3  Preliminary Investigation into GLARE Specimen S, mode AE Velocity.......... 89

4.4  Delta-T Mapping and TOA Location Test Procedure ...........ccccccovviveiiiiineeenne 90

4.5  ReSUlts and DISCUSSION .......ccciiiiiiieiiiiee it 92

4.6 CONCIUSIONS. ..ttt 98

5  Additive HitS ANGIYSIS  .eeeiiiiiiieii i 100

5.1 INITOTUCTION.. ...ttt e e e e e e e anbn e e 100

5.2  Experimental ProCeAUIE..........ooi it 103
5.2.1  SPECIMEN PreParation.........ccccciiiiciiiiiieeeee e e et e e e e e e s e siarrar e e e e e e e eannes 103
5.2.2 FatiQUe TESt....c o 106

5.3  ReSUItS @Nd DISCUSSION .....ccciiuiiiieiiiiiiie ettt e ettt e st esnbeee e 107

v|Page

Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospateeitruc



5831 DIC RESUILS ...ooiutiiiiiii ittt 107
5.3.2  Traditional AE RESUILS .....ccceviiiiiiiiieee e 111
5.3.3  AE Delta-T Location and Frequency Analysis............cccccceveinninnene. 115
5.3.4  Conventional Wavestreaming.........cc.eeeeeeeeiiiciiiieieeee e scciiireee e e e e e e 120
5.3.5  Additive HitS ANAIYSIS......uuviiiieeiiiiiieer e 124
5.3.6  Comparison of Wavestream and Additive Hits Analysis Results........... 126
5.4 CONCIUSIONS. ...ttt s e e e e e e s anrn e e e 128
6 Automated Corrected Measured Amplitude Ratio  ......cccccevininininiiiniinnnnnns 131
6.1  Automated Corrected MAR ........c.ooiiiiiiiii e 132
6.1.1  Automated calculation of So and A, mode amplitude.............ccceeeerinnen. 132
6.1.2  Correction of S, and A, mode amplitudes and calculation of MAR ....... 135
6.2  Carbon Fibre Composite BUCKIING TSt .........uuuiiiiiiiiiiiiiiiiiiiiennnenens 137
6.2.1 Propagation StUAY ..........ccooiiiiiiiiiiie e 137
6.2.2 BuckIing teSt ProCEAUIE .......ccueiiieiiiiee e 139
6.2.3  BUCKING tESTIESUIS ......oeeiiiiiiieiiee e 141
6.2.4  Characterisation of AE SIgNalS..........ccccoieiiiiiiiiiiiiie e 142
6.2.5  DISCUSSION ...ceiiiiiiiie et ie ettt e e e e e es 145
6.3 CONCIUSIONS. ...oiiiiiiitii ettt 147
7  Conclusions and Recommended Future Work ... 149
7.1 CONCIUSIONS. ..eeiieiitiit ettt e s e e st r e e e e e e e e anbreeeean 149
7.2  Recommendations for FUture WOork ..........cccccoiiiieiiniiiee e 151
8 REFEIENCES ... s 154
S T Y o o 1= o To [ o7 = PR PRSRR 166
9.1 Appendix A +tAE Sensor MDQXIDFWXUHUTV 3URGXEW...OD®WD 6KHH
vi| Page

Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospateeitruc



Glossary

The following terms relate to acoustic emission (AE), many of which can be found in

ASTM E610 (ASTM 1982) and ASTM E1316 (ASTM 1991);

Acoustic emission (AE): the class of phenomena whereby transient elastic waves are
generated by the rapid release of energy from localized sources within a material, or the
transient waves so generated. Acoustic emission is the recommended term for general
use. Other terms that have been used in AE literature include: (1) stress wave emission;
(2) microseismic activity; and (3) emission or acoustic emission with other qualifying

modifiers.

Hit: A hit is the term used to indicate that a given AE channel has detected and

processed an acoustic emission transient.
Event: An event is the group of AE hits that were received from a single source.
Source: A mechanical mechanism that produces AE signals.

Acoustic emission signal:  The electrical signal obtained through the detection of

acoustic emission.

Transducer: Device that converts the physical parameters of the wave into an electrical

signal.

Couplant: Substance providing an acoustic coupling between the propagation medium

and the transducer.

Threshold: A preset voltage level, which has to be exceeded before an AE signal is
recorded, and processed. The following terms are made with reference to the threshold

(Figure i).
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Figure i: AE Waveform Features, figure reproduced from Pearson (2013)

AE Features: This refers to the features of an AE waveform such as amplitude, duration,
rise time, decay and counts, Figure i, which are frequently used during the analysis of

AE data.

Duration: The interval between the first and last time the threshold was exceeded by the

signal (Figure i).

Peak Amplitude: Maximum signal amplitude within the duration of the signal (Figure i).

Counts: Number of times the signal amplitude exceeds the threshold (Figure i).

Rise Time: The interval between the first threshold crossing and the maximum amplitude

of the signal (Figure i).

Initiation Frequency: The average frequency of the waveform from the initial threshold

crossing to the peak of the AE waveform.

Energy (Absolute): The integral of the squared voltage signal divided by the reference

resistance (10k Y) over the duration of the AE waveform packet.

Dispersion: The phenomenon whereby wave velocity varies with frequency.
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Group wave velocity: The perceived velocity at which a packet of energy (or wave

packet) travels.

Phase wave velocity: Velocity of individual waves within a packet of energy (or wave
packet), each wave may travel at a different velocity (see dispersion). Phase velocity

does not have to equal group velocity.

Attenuation: The rate at which signal amplitude reduces with distance of propagation.

So mode: Symmetrical fundamental Lamb wave mode that propagates in plate like

materials. (Also known as the extensional mode).

Ao mode: Asymmetric fundamental Lamb wave mode that propagates in plate like

materials. (Also known as the flexural mode).

Hsu-Nielson (H-N) Source: An artificial source of AE generated by breaking a

mechanical pencil lead on the surface of a structure.

Time of Arrival (TOA): This is the conventional AE source location algorithm used to
locate AE sources in a structure. It uses the difference in arrival times between

transducers and a defined wave velocity to estimate the location of an AE event.

Delta-T mapping: An advanced AE location technique which was developed in Cardiff
University (Baxter 2007). The technique owes its name to the fact that it involves creating
maps of the difference in time of arrival between each pair of sensors ( it maps), for an
AE source originating from any position in the inspected area. These maps are created
by generating an artificial AE source at numerous positions within the inspected area
and measuring the times of arrival of the signals generated by those artificial sources at
each sensor. The difference in the times of arrival between each pair of sensors, of hits
recorded from real AE events can be compared to the 0t maps in order for the location

of the AE event to be calculated; full description given in Section 2.2.5.3.
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AIC delta-T mapping: This is an advanced AE location technique which improves on
the delta-t mapping approach developed by Baxter (2007), by using the Akiakie
Information Criteria (AIC) (Maeda 1985) to determine more accurate first arrival times of

recorded AE waves.

Wavestream: Raw AE activity recorded for a set time period irrespective of the threshold

used.

Wavelet Transform: Signal processing technique which decomposes a transient signal

in order to release a time-frequency representation of a wave.

Acousto-ultrasonics:  An active monitoring technique which utilises guided Lamb
waves (GLW) to detect damage in a structure. An actuation signal is used to generate
GLW in a structure by using surface mounted or embedded piezoelectric transducers.
The resulting waves are recorded at receivers, where changes in the signal are observed

due to scattering and mode conversion due to the presence of damage in the structure.

Cross Correlation: A signal processing technique which can be utilised in AU and AE
applications to determine whether damage is present in a structure. It uses the integral
of the product of two signals to determine the similarity of the shape of two signals with

respect to each other.

Ultrasonic C-scanner: An ultrasonic technique which is used to detect, measure and
characterise a range of manufacturing and in-service defects in composites materials.
7KH WHYFD@Y UHIHUV WR WKH PDQQHWVFID@ Q@KQBKS WKHEHXIOW 8

back-and-forth over the surface of the specimen under investigation.

Digital Image Correlation:  An optical technique that allows for the full field
measurement of contour deformation, vibration and strain by tracking the movement of

a black and white speckle pattern applied to the specimen.

Piezoelectric effect: This refers to the ability of certain crystals to become polarised

when they are subjected to a mechanical strain which results in the creation of an electric
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potential. The magnitude of the polarisation and resulting electrical potential is

proportional to the mechanical strain.

Coupling factor: A measure of the effectiveness with which mechanical energy is
converted to electrical energy, and vice versa, between the contact of a piezoelectric

element and a solid surface.

Polarisation: The process of making a ceramic piezoelectric in a given direction by

applying a strong electric field at a temperature slightly below the Curie point.

Smart structure: A structure which has sensing devices embedded within the structure

which are used for SHM techniques.

Impedance (acoustic): a mathematical quantity used in computation of reflection

characteristics at boundaries; product of wave velocity and material density.

Lamb wave: a specific mode of propagation in which the two parallel boundary surfaces
of the material under examination (such as a plate or the wall of a tube) establish the
mode of propagation. The Lamb wave can be generated only at particular values of
frequency, angle of incidence, and material thickness. The velocity of the wave is
dependent on the mode of propagation and the product of the material thickness and the

examination frequency.

Mode: the type of ultrasonic wave propagating in a material as characterized by the

particle motion (for example, longitudinal, transverse, etc.).

Mode conversion: phenomenon by which an ultrasonic wave that is propagating in one
mode can form ultrasonic wave(s) of other modes; typically due to the interaction of the

original wave with an interface.

Noise: any undesired signal (electrical or acoustic) that tends to interfere with the

reception, interpretation, or processing of the desired signal.
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Nomenclature

Fracture Mechanics

K

m

stress intensity factor

flaw shape factor

stress
half of the crack length

stress intensity range
change in half crack length

number of cycles which caused the
change in half crack length

material constant for Paris Law

material constant for Paris Law

Time of Arrival Location

t;
Ot
di
D:
D,

c

time of arrival of wave at recording sensor i

difference in time of arrival

distance from sensor i to source
distance of sensor 2 to sensor 1
distance of sensor 3 to sensor 1

wave speed

Propagation Path Determination

d

#3RAHK"’
5RAHK?
Dispersion
C
Cp

propagation distance
propagation angle
velocity of A, lamb wave mode

velocity of S, lamb wave mode

velocity of wave
phase velocity
frequency

wavelength
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Deg
m/s
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m/s
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1 Introduction

1.1 Novelty Statement

This study investigated a number of advanced acoustic emission (AE) techniques that
could be applied in the field of structural health monitoring (SHM), with a particular
emphasis on the use of these techniques on aerospace materials such as carbon fibre
reinforced plastic (CFRP), glass laminate aluminium reinforced epoxy (GLARE) and high
strength steel. The research contained in this thesis incorporates studies into the ability
of AE to detect, locate and characterise damage arising in aerospace structures and

contributes the novelty outlined below;

X A comprehensive study on the optimisation of delta-T mapping, an advanced

location AE location technique, in a complex GLARE structure was undertaken.

x Anovel form of damage progression monitoring was developed called an Additive
Hits Analysis (AHA). The technique, which draws on the benefits of conventional
AE wavestreaming approaches but improves upon a number of drawbacks
associated with the technique, was tested in a fatigue test on a high strength steel

bar.

X A novel means of performing the modal AE characterisation technique, Measured
Amplitude Ratio (MAR) was developed. The improved technique, Automated
Corrected MAR, was implemented in a buckling test on a carbon fibre composite
panel and proved to be capable of distinguishing between in and out-of-plane

signals arising during the test.

The work contained in this thesis has formed the basis of two journal papers and

contributed to four conference papers;

J. McCrory, S. Kh. Al-Jumaili, D. Crivelli, M. R. Pearson, M. J. Eaton, C. A. Featherston,

M. Guagliano, K. M. Holford and R 3 X O OLQ Damage glassification in carbon fibre
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composites using acoustic emission: A comparison of three techniques { Journal of

Composites: Part B. Vol 68, pp 424 #430.

S. Kh. Al-Jumaili, K. M. Holford, M. J. Eaton, J. McCrory, M. R. Pearson and R Pullin.
(Qlassification of acoustic emission data from buckling test of carbon fibre panel
using unsupervised clustering techniguesy 6WUXFWXUDO +HDOWK ORQLWRU

241-251.

J. McCrory, S. Kh. Al-Jumaili, M. R. Pearson, M. J. Eaton, K. M. Holford and R Pullin.
Automated Corrected MAR Calculation for Characterisation of AE Signals §31%

European Conference on Acoustic Emission Testing, Dresden, Germany, 09/2014.

S. Kh. Al-Jumaili, M. J. Eaton, K. M. Holford, J. McCrory and R Pullin. Qamage
characterisation in composite materials under buckling test using acoustic emission
waveform clustering technique §53rd Annual Conference of The British Institute of Non-

Destructive Testing, Manchester, UK; 09/2014.

D. Crivelli, M Guagliano, J. McCrory, S. Kh. Al-Jumaili, M. J. Eaton, M. R. Pearson, K.
M. Holford and R Pullin Classification of Acoustic Emission Data from Buckling
Test of Carbon Fiber Panel using Neural Networks {13rd European Aeronautics Science

Network Workshop on Aerostructures, Politechnico di Milano; 10/2013.

J. McCrory, R. Pullin, M. R. Pearson, M. J. Eaton, C. A. Featherston and K. M. Holford.
gffect of Delta-T Grid Resolution on Acoustic Emission Source Location in
GLARE {130th European Conference on Acoustic Emission Testing & 7th International

Conference on Acoustic Emission, University of Granada, Spain; 09/2012.

Furthermore, during the period of study in which this PhD was conducted, the author
applied a number of the techniques contained within this thesis to additional projects and
consequentially contributed to one additional journal paper and one additional
conference paper which are not directly derived from the experimental chapters detailed

in this thesis;
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E. Z. Loizidou, N. A. Williams, D. A. Barrow, M. J. Eaton, J. McCrory, S. L. Evans and C.
J. $SOOHQGHU up6WUXFWXUDO FKDRDGWFHHANMDHILRQWXGQGGHW L
PLFURQHHGOHV ([SHULPHQWDO OR®J |DQ.BbvEHPHIQW PR C

of Pharmaceutics and Biopharmaceutics. Vol 89, pp 224-231.

J. P. McCrory, D. Crivelli, M. J. Eaton, K. M. Holford, M. R. Pearson and R. Pullin.
W'DPDJH &KDUDFWHULVDWLIRYOQHWXWU®D P WBWRNVFVWDD (PLVVLR
International Conference on Advances in Experimental Mechanics, Cardiff University;

09/2013.
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1.2 Background

It is well reported that greenhouse gas (GHG) emissions are continuing to rise to never
before seen levels, to the point where the scale of their impact on the climate is becoming
increasingly difficult to predict (IPCC 2014). Recent estimates from the
Intergovernmental Panel on Climate Change (IPCC) state that there is a high risk of
irreversible global climate changes occurring unless additional measures are adopted
(IPCC 2015), and in light of this potential tipping point there is a need for action in every
contributing area, no matter how small. Realistically though, and as is often seen to be
the case, it is the economic consequences rather than any genuine concerns for the
environment that are proving to be the most effective incentives for a global response to
this challenge. As a result of numerous studies predicting that the cost of immediate
mitigation would be monumentally lower that the cost of damage repairs and action to
combat climate change in the future (The U.S. Council of Economic Advisers 2014; IPCC
2007), the subject of mitigating climate change has been pushed near the top of many

agendas.

Aviation is responsible for 2% of global CO; emissions (ICAO 2013; ICAO 2010) and
hence, since the Kyoto Protocol meeting in 1998 countries have been working under the
guidance of the International Civil Aviation Organisation (ICAO) to reduce GHG
emissions from aircraft. Despite predicting air traffic demands to grow at a rate of 4.9%
per annum, recent ICAO documentation has called on the aviation sector to improve its
fuel efficiency by 2% per annum until 2020 and thereafter maintain net CO, emission
levels (ICAO 2013). The largest airline trade association in the world, the International
Air Transport Association (IATA), and its members have gone one step further than this
by pledging to reduce CO, emissions to 50% of 2005 levels by the year 2050 (IATA
2015) and thus the aviation sector appears to be embracing the climate change battle

head on.

Current strategies suggested to achieve these new targets recognise that such ambitious

reductions in emissions cannot come from one source of change alone and so
10| Page
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incorporate a range of measures. The IATA are promoting a four pillar approach which
includes; improving airframe and engine technology (including the introduction of
sustainable biofuels), improving flight operation efficiency, improving airspace and
airport infrastructure and introducing positive economic instruments (IATA 2013b). It
should also be highlighted that environmental concerns are not the only drivers for
change in the aviation sector and that even before the increasingly stringent regulations
surrounding GHG emissions were introduced, aircraft manufacturers were improving
aircraft technologies in a bid to increase aircraft fuel efficiency and gain a commercial
advantage. In fact, the commercial incentive for airlines to invest in fuel efficient aircraft
has never been higher with the cost of jet fuel reaching 33% of total operating costs in

2013 (IATA 2013a; Cranfield University Air Transport Department 2010).

One means by which aircraft manufacturers have been improving aircraft frames to
consume less fuel is via the introduction of lighter structural materials. Taking centre
stage in this evolution of aircraft frame technology are composite materials. Offering
significant weight savings and fatigue and corrosion resistance when compared with
conventionally used aluminium, composites have seen a dramatic increase in use on
civil aircraft in the last decade (AeroStrategy 2007). However, it is imperative that any
changes introduced in the pursuit to reduce weight do not compromise the structural
integrity of the aircraft, since any failures could produce disastrous consequences. In
fact, aircraft safety is of such paramount importance that aircraft structures are
periodically subject to non-destructive testing (NDT) in order to ensure that they still
comply with airworthiness regulations (Schmidt et al. 1998). These periodic NDT
LQVSHFWLRQV SURYLGH FRQW EFQ®HE TVR\QWLLGHRGRGhDI@® W & W HD.
basis of current structural health monitoring (SHM) protocol for aircraft. Since all aircraft
structures must be subjected to NDT in this fashion, methods of reliably inspecting the
new composite material structures have been developed. Composites provide additional
challenges for NDT due to their complex, multi-layered composition. They can be subject

to numerous damage mechanisms, many of which occur sub-surface which means they
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are more difficult to effectively visibly inspect and also renders some traditional NDT
techniques such as liquid dye penetrant testing unusable. Of all the conventional NDT
methods available, ultrasonic and audible sonic testing have proved to be the most
effective for monitoring composites since they utilise vibrational waves which travel
through the entire thickness of the component so that even sub-surface defects can be
detected (Federal Aviation Administration 2012). However, these NDT techniques are
most suitable for small inspection areas and the quality of the results are subject to

operator skill (Kapadia 2007) and so new and improved methods are still required.

Despite its merits, periodically performing NDT on aircraft also has a number of negative
consequences. Inspections can be time consuming since many components need to be
removed from the aircraft in order for testing to take place, and refitted thereafter. Since
the aircraft cannot be used during these times, NDT inspection periods equate to down-
time for the aircraft and hence a source of lost revenue for the airline. Furthermore, NDT
is particularly difficult for structures with complex geometry or areas that are difficult to
reach by hand and also cannot be performed whilst the aircraft is in use. Thus a revision
of the conventional SHM protocol for aircraft is desired, with a move away from time
consuming, periodic NDT inspection and maintenance, and a move toward continuous,
in service structural health monitoring. One form of NDT which lends itself well to such a
system is acoustic emission (AE). Like ultrasonic testing, AE also detects vibrational
waves traveling in a structure and so would be suitable for use on composite structures.
However, unlike other conventional NDT, AE is a passive monitoring technigue, meaning
that the signals it detects originate from within the structure under investigation itself.
Since it is not necessary to actively input a signal, AE lends itself to autonomous,
continuous monitoring. It is a sensitive technique with the ability to perform global
monitoring of large scale structures. Furthermore, through the use of an array of sensors,
AE provides the ability not only to detect but also to locate signhals originating from
damage, and subsequent studies have even investigated using the detected signals to

characterise the source mechanism, meaning that AE could also provide information
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about the nature of structural defects present. Thus, developing and implementing an
autonomous SHM system which utilises AE is an endeavour of significant importance,
and one which would revolutionise the manner in which the aviation sector ensured the

airworthiness of its aircraft.

1.3 Acoustic Emission (AE) Monitoring of Aerospace Structures

The most extensive uses of AE in practice are currently the monitoring of pressure
vessels and welded joints, and ASTM standards exists for each of these (ASTM 2011;
ASTM 2012c; ASTM 2012a; ASTM 2012b). Whilst AE has seen much use on aerospace
materials and structures in laboratory/research studies, examples of its industrial
application to real aerospace structures are scarcer. One reason for this is that it is only
recently that technological advances have improved the capability of AE systems to the
level where they can accurately record and store the vast number of waveforms released
during testing. As the accessibility of this technology increased so too did its use and
subsequently, advances in the understanding of AE signal propagation were made
(Holford etal. 2009) +RZHYHU GHVSLWH WKH LQF ENRXHKVDYSERK WF
these advances, the stringent regulations surrounding aircraft safety demand rigorous
research and trials of a new technology before it can be implemented and VR $(fV XVH
in this field is still limited. One aerospace application of AE which is gaining momentum
is the Acoustic Emission-Helicopter Health and Usage Monitoring System (AE-HUMS),
a system for detecting damage in helicopter drivetrains. Via a method of attaching AE
sensors to drivetrain components, the AE-HUMS has been found to be capable of
detecting a variety of damage processes, including cracking, and can even estimate
relative damage severity (Finlayson et al. 2001). AE-HUMSs have yet to receive
certification from aviation authorities such as the Federal Aviation Administration (USA)
and the Civil Aviation Authority (UK) due to the newness of the technology and the lack
of data to verify them however, a number of HUM systems are currently being utilised in-
flight in the North Sea area to collect this data (de Silva 2007). Another notable

aerospace application of AE is its use on board the International Space Station (ISS)
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where AE transducers have been mounted on the inside walls of the ISS to monitor
background levels of ultrasonic noise in order to detect and locate the presence of leaks

(Prosser & Madaras 2011).

Through examples such as these, the potential use of SHM in the aviation sector has
gained the attention of key institutions and when interviewed for an article in High
Performance Composites Dr D. Roach of Sandia National Laboratories stated W KhaVv 3
aviation industry has recognized the need for more sophisticated structural health
monitoring systems “(Roach 2007). AE could provide a means of detecting, locating and
characterising damage in such an SHM system, however, more robust and advanced
analysis techniques must be developed in order to derive the most comprehensive and

useful information from the data collected.

1.4 Aims and Objectives

Whilst the design of a fully autonomous SHM system is the long term goal for many
researchers in this field, the magnitude of such a task is beyond the scope of this study
and the work contained in this thesis aims instead to improve the monitoring techniques
and analysis methods required for the implementation of AE in an SHM system in the
future. Particular emphasis is given to the monitoring of the materials and structures

typical of civil aircraft. The key objectives of this study were:-

X To increased understanding of the advanced AE damage location technique,
delta-T mapping, and optimise this technique for use on composite specimens
with complex geometries

X The development and experimental investigation of more efficient methods of
collecting AE data for long term monitoring applications

X To develop and demonstrate a method of determining the orientation of AE
sources, in order to assist in the characterisation of AE signals arising from

different damage mechanisms in composite materials
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X The advancement of the ability of AE to detect, locate and characterise damage

in large-scale composite structures

1.5 Thesis Organisation

This chapter provides an overview of the motivations for the development of civil aircraft
and the resulting need for an improved SHM system for use on those aircraft. AE was

identified as a potential asset for SHM and the objectives of this research were declared.

Chapter Two discusses the background theory relevant to this thesis, with a focus on the
principles of AE source mechanisms, wave propagation, source location and signal
characterisation. The relevant structural materials commonly found in aircraft are also

described in detail.

Chapter Three explains the instrumentation, procedures and experimental techniques

commonly used throughout this work.

Chapter Four gives the details of an investigation into the effect of the delta-T mapping
WHFKQLTXHYTV WUDLQLQJ JULG \URIVW®KWLHROX @ 'Q WK E WIDFLRX

used to locate artificial sources in a complex composite specimen.

Chapter Five discusses the development of a more computationally streamlined means
of recording AE data and demonstrates its effectiveness during a fatigue test on a high-
strength steel specimen in which AE was used to detect, locate and track the progression

of a fatigue crack.

Chapter Six includes the explanation of an improved AE characterisation technique
specifically for use in flat panel composites. The technique § effectiveness was
demonstrated in a buckling test on a large-scale carbon fibre composite specimen where
AE is used in this case to detect, locate and characterise different sources of damage

arising in the specimen.

Chapter Seven summarises the conclusions from this thesis and discusses potential

directions for future work.
15| Page

Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospatteestruc



2 Background Theory

2.1 Aerospace Materials

Since their conception aircraft designs have undergone constant modifications from one
release to the next, from minor iterations to complete overhauls, and this is a process
that continues today. There have been design changes borne out of the necessity for
structural integrity; design changes borne out of the desire to produce a higher
performance aircraft; design changes driven by market needs and customer demands;
and, more recently, design changes driven by the desire to reduce the impact of aircraft
on the environment (Boyne et al. 2015; Gudmundsson 2014). Throughout any design
process material selection is of paramount importance, and this is no less true for aircraft
design. Over the years, advances in materials and manufacturing methods have
increased the scope and versatility of materials available for use in aircraft, and a
comparison between the wood and fabric airplanes of the early 20" Century with the
metal and advanced composite material airplanes of the early 215 Century shows clearly
how far the design of airplanes has come due in part to the introduction of new materials,

as shown in Figure 2.1. In fact material advancements can be seen to have played a vital

roe LQ WKH VXFFHVV RI WKH :U Lfild fighEit POBKIHWAY their @R X V

aluminium engine which allowed the provision of sufficient power at a low enough weight

to make powered flight feasible for the first time (Hitchens 2015).

One of the most notable changes in the evolution of aircraft is their increasing size,
another achievement made possible by material advancements. For instance, the use of
metals, which are stronger and stiffer than wood, enabled the pioneer Prof. Junkers to
initiate the industry shift away from the biplane, towards a wider spanned monoplane
(Hirschel et al. 2004). The concept took a few years to catch on, and even after the

LOQWURGXFWLRQ -Rdtal AiQlahid thfA01%) @ébd and wire assemblies still

competed for market share on an equal footing right up through WR WKH PLG

However, by the turn of the decade aluminium aircraft, with their semi-monocoque
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construction, had surpassed their wooden counterparts (Brooks 1967). Once pioneers
had gained experience working with metal for aircraft, they began to build bigger wings.
Bigger wings generate more lift, allowing aircraft to gradually become larger and larger

as engineers surpassed the limits of what was previously deemed achievable.

Figure 2.1: Aircraft from the early stages of th& 2md 2% Centuries. Top: World War | Bristol Scout
predominantly made from wood and fabric with wire bracifigure reproduced from Jakaf1999)
bottom: Airbus A350 XWB predominantly made from alumirdamchadvanced composites, figure

reproduced from Avionef2014)

Since the surge in aircraft design development which occurred between 1945 and 1960,
which birthed the concept of jet aircraft and subsequently the Boeing 707, the overall
appearance and configuration of civil jetliners has remained relatively consistent
(Torenbeek 2013). The majority of jetliners have their wings positioned below a
cylindrical fuselage, with jet engines supported in nacelles on the leading edge of the

wings. One of the stand out reasons for the limited variation is the conservative culture
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inherent in the civil aviation industry, which dissuaded airplane manufacturers from
deviating greatly from this accepted configuration out of concern for losing the interest
or trust of their customers who typically err on the side of caution, preferring reliability
and safety first and foremost. However, whilst the visual aesthetic of aircraft remains
relatively unchanged, the same cannot be said of the materials. There has been a
relentless drive towards the use of lighter materials which appears to have crescendoed
in the last ten years, during which time Boeing and Airbus have begun manufacturing
airplanes with over three times the amount of advanced composite materials than any of
their predecessors (AirBus 2015; Hale 2008). However, there is still no perfect material
which is ideal for all design scenarios. Instead, all of the materials available possess their
own advantages and disadvantages. The following section looks to take the reader
through a number of the materials most commonly used as structural members in

modern day aircraft, namely the ones experimented on in this thesis.

2.1.1 Aerospace Metals

The first successful introduction of metals into the design of aircraft can attributed to the
Wright Brothers for their aluminium engine, though it is the German engineer, Prof. Hugo
Junker, who is known for developing the first all-metal aeroplane (Hirschel et al. 2004).
Junkers fearly design incorporated an aluminium-copper alloy called duralumin for use
as the skin material. Years later, aluminium alloys remain the most commonly used
metals for aircraft structures. Alongside aluminium, titanium and steel alloys also see

significant use in aircraft structures.

Boeing and Airbus are the two largest aircraft manufacturers in the world and their latest
flagship civil aircraft, the 787 and the A350 XWB respectively, incorporate aluminium,

titanium and steel in the quantities shown in Table 2.1.

Since its development, aluminium has been the structural material of choice in aircraft
construction, owing to its superior strength-to-weight ratio in comparison to steel, and to

its natural corrosion resistance. A four digit numbering system is used to describe the
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composition of aluminium alloys, with common alloying elements including copper,
manganese, magnesium silicon, chromium, zinc, and more recently, lithium. The most
common aluminium alloy currently used for aerospace purposes is 7075 which
incorporates between 5.6-6.1% zinc, 2.1-2.5% magnesium and 1.2-1.6% copper (Mraz
2014) DOXPLQLXPTYV ZLGHVSUHDGWXWHHID¥W MAKDON GWHLW

strongest aluminium alloys available, with strengths comparable to that of steel.

Table 2.1: Metal composition of Boeing 787 and Airbu®A3&B(Hale 2008; Airbus 2015)

Metal Boeing 787 Airbus A350 XWB
Aluminium 20% 20%
Titanium 15% 14%

Steel 10% 7%

The use of copper and zinc in an aluminium alloy give it the added potential to be heat
treated; either softened or hardened depending on the process used. The tempered state
of an aluminium alloy is indicated in the coding system, by a letter and number
combination that follows the four digit alloy number code. The most common temper
designations used in aerospace structures are T3 and T6; where T3 signifies that the
alloy have been solution heat-treated and cold-worked by the flattening process and T6
signifies that the alloy has been solution heat-treated and artificially aged (Experimental

Aircraft Info 2015).

Titanium has a density approximately 60 percent greater than that of aluminum and 50
percent less than that of stainless steel. It boasts one of the best strength-to-weight ratios
and natural corrosion resistance of all metals (Federal Aviation Administration 2008),
and is also capable of operating at up to 600°C. Because of this titanium finds use in a
wide variety of ways on aircraft, from fuselage skin and landing gear to engine housing
and propeller blades. Despite its generally superior properties, over the years, steel
alloys have typically been selected for use over titanium due to the high material costs
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associated with titanium (Industrial Talks 2012). Titanium is also notoriously difficult to

machine on account of its high hardness, and this has likewise limited its use.

Steel, an alloy of iron and carbon, is the most popular construction metal in the world
and is available in three main divisions, which are determined by the amount of carbon

present;

X Low carbon steel containing 0.05 to 0.2% carbon
X Medium carbon steel containing 0.2 to 0.8% carbon

x High carbon steel containing 0.8 to 1.5% carbon

Above 1.5% carbon content the alloy is often referred to as cast iron. Low carbon steels
are ductile and often used for secondary structural components; medium carbon steels
are especially adaptable for machining or forging and are often used for applications
where high surface hardness is desirable; and high carbon steels are very hard and wear
resistant, and are commonly used to make flat or coiled springs (Federal Aviation

Administration 2008).

A host of alloying elements - namely manganese, nickel and chromium - can be added
to steel to improve the properties of steel, such as its strength, toughness, wear
resistance, corrosion resistance and hardenability. Hence, due to the diversity of forms
in which it exists, steel can be adapted for a large variety of applications. Summarised
by the Federal Aviation Administration (2008), the most common steels found in use on

aerospace structures are given in Table 2.2.
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Steel Type

Nickel steels

Chromium
steel

Chrome-
nickel Steel
(SEIESS
steel)

Chrome-
vanadium
SCEES

Chrome-
molybdenum
steel

Table 2.2: Common Aerospace Grade Steels

Properties

Increased hardness, tensile strength,
and elastic limit compared with plain
carbon steel, without a large
difference in the ductility. Intensifies
the hardening effect of heat treatment.
High in hardness, strength, and
corrosion resistant properties.
Particularly adaptable for heat-treated
forgings which require greater
toughness and strength than may be
obtained in plain carbon steel.

Combination of the properties of
Nickel and Chromium steels. Highly
anticorrosive. Its strength may be
increased by cold working.

High strength, toughness, and
resistance to wear and fatigue (after
heat treating). Can be cold formed
into complex shapes

Larger ultimate strength when
compared with plain carbon steel,
without detrimentally affecting the
ductility or workability. Tough, wear
resistant and harden throughout entire
thickness when heat treated.
Especially adaptable for welding.

2.1.1.1 Failure Mechanisms of Aerospace Metals

Application

Bolts, terminals, keys,
clevises, and pins

Balls and rollers of
antifriction bearings

Exhaust collectors, stacks
and manifolds, structural
and machined parts,
springs, castings, tie rods,
and control cables

Springs, ball and roller
bearings

Welded structural parts
and assemblies. Fuselage
tubing, engine mounts,
landing gears, and other
structural parts

Engineering components can fail due to a number of different mechanisms including
corrosion, fatigue, brittle fracture, overloading, creep and wear/abrasion/erosion (Findlay
& Harrison 2002). Since they are designed in a robust and conservative manner with an
adequate safety factor for all of the predicted working loads, it is near unheard of for an
aircraft component to fail due to yielding or brittle fracture during normal operation.
Furthermore, the likelihood of corrosion and wear can be reduced through appropriate
material selection and thus, the most dominant form of failure on aircraft components if
fatigue cracking (Bhaumik et al. 2008). Fatigue cracking is defined as the failure of a
structure under repeated loading at magnitudes which would not otherwise cause failure
after a single application. Aircraft have long life cycles over which they see continuous
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use and so it is understandable that they are prone to fatigue. It has also been observed
that due to the increasing costs of replacement, many aircraft are being operated longer
than their original designed life span (Findlay & Harrison 2002), which acts to increase

the likelihood of fatigue failure.

Fatigue cracking is a complex and intricate process, though its description is often
simplified to three main phases; crack initiation, crack propagation, and brittle fracture
(NDT Resource Centre 2013). The most widely accepted explanation of crack initiation
is that which was proposed by Wood (1958), who described how the movement of
dislocations can lead to microcrack formation (Suresh 2003). Wood stipulated that,
during cyclic loading, the repeatedly applied stresses cause dislocations to move along
slip bands, a phenomena explained by Tilley (2004), which are often at 45° to the loading
direction. The dislocation movement along slip bands accumulates at the surface of the
material, which causes microscopic extrusions and intrusions, Figure 2.2 (a). It should
be noted that intrusions, otherwise known as micronotches, are not exclusively caused
by the movement of dislocations; for instance, it is possible for manufacturing processes
to leave a material scared with micronotches. Micronotches act as stress risers,

promoting even greater levels of slip and eventually the formation of a microcrack.
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Figure 2.2(a) Schematic showing the gathering of dislocation®tmfa slip plane and the extrusions
and intrusions which subsequently appear at the surfacepdewed from NDT Resource CeriN®T

Resource Centre 2018)) Geometry of microcrack, reproduced from Hansson and (26ida)
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Further research, reviewed by Man et al (2009), identified the precise mechanism by
which microcracks initiate from intrusions in persistent slip bands (PSBs). PSBs are
bands of concentrated cyclic strain; theyare UHIHUUHG WR DV uSHUVLVWHQWY
extrusion and intrusion features were removed via etching and polishing, continued cyclic
loading would result in these surface features appearing again, in the same locations as
they were before removal (Polak 2013). The movement and complex interaction of
dislocations in a PSB leads to the continued growth of the intrusions. Eventually, an
intrusion will grow so sharp that irreversible shear deformation occurs at its tip, producing

a new surface, thus marking the initiation of a microcrack (Polak 2013).

Once a crack has initiated, crack propagation can begin. Fatigue crack propagation is
said to consist of three stages; stage |, microcrack growth; stage I, long crack growth;
and stage lll, brittle fracture (Totten 2008). Note that the final stage of crack propagation
listed here, brittle fracture, is also the final phase of the fatigue cracking process as
defined above. During stage |, the growth of microcracks occurs by single shear along
slip planes (Suresh 2003), Figure 2.2 (b). This is a slow process, which is highly
dependent on the size and orientation of grains in the material (Hansson & Melin 2004).
Thus cracks will exist in stage |, where their length is no more than several grain
diameters in size, for the majority of their existence. After continual growth, the stress
concentration at the tip of a microcrack will reach a magnitude which is sufficient enough
to allow the development of slip in different planes, close to the crack tip; thus marking
the initiation of stage Il propagation. During stage Il, localised yielding and work
hardening occurs around the crack tip as a result of the stress concentration caused by
the crack itself. The work hardened region surrounding the tip provides the growth
medium by extruding forwards as the crack closes, with growth occurring in a direction
perpendicular to the applied tensile stress (NDT Resource Centre 2013). Crack
propagation continues in this manner until the remaining, uncracked section of the

component can no longer support the load, and the material fails by brittle fracture. This
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short lived, overloaded, brittle fracture growth is referred to both as stage Il of crack

propagation, and the third and final phase of the fatigue cracking process.

Whilst the explanation of fatigue cracking provided above consists of rigid, staged
processes, in reality the transition from crack initiation to crack propagation is more of a
subjective matter. Rolfe and Barsom (1977) go as far as to describe the question of
3ZKHQ QGRd¢k\Vhitiation become crack propagation " “as a somewhat philosophical
one, with the answer ultimately depending on the level of observation. Suresh (2003)
mirrors this statement by suggesting that the definition of crack initiation is subjective,
and dependent on the context; for a materials scientist, the accumulation of dislocations
along persistent slip bands is likely to be considered as the initiation of cracking; whereas
a mechanical engineer might consider a crack to have initiated only once it has reached
a length/size which is measureable by a specific detection method. Whichever the
definition, fatigue cracking has been such a pervasive and consistent problem for
structures of all sizes, and in all walks of engineering, that a number of methods for

predicting fatigue crack growth have been developed.

The most direct approach to determining the fatigue life of a component involves
manufacturing a batch of samples and cyclically loading them, in the manner in which
they would be loaded when in service, until failure. The magnitude of the load should be
incrementally increased from one specimen to the next and the maximum number of
cycles to failure must be recorded. Once this have been completed for several
specimens, a graph of stress against the number of cycles until failure (known as an S-
N graph) can be produced and subsequently used to predict the fatigue life expectancy
of a component, resembling the specimens, for a given loading level. However, this
process involved manufacturing multiple components purely for the sake of damaging
them and some loading scenarios are difficult to replicate, and so it can be costly, time

consuming and impractical.
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In 1957, George R Irwin developed the stress intensity approach which can be used to
determine the stress required for a crack to grow. The technique relies on the principle
that all of the stress components near the crack tip are proportional to the applied stress
and the crack length (Irwin et al. 2000) via Equation 2-1.
- L ;éeve=
Equation 2-1

Where K is the stress intensity, Y is a shape factor introduced to deal with different
geometries, 1lis the applied stress and a is half the crack length. If the stress intensity
calculated is greater than the critical stress intensity for that specific geometry then it is
predicted that the crack will grow. This is an accessible method for predicting fracture
growth since the flaw shape factors for many geometries have already been calculated

and can be obtained from handbooks for use in design, saving time and money.

However, whilst offering a convenient means of determining whether or not a crack will
grow during a single loading, the stress intensity approach does not accommodate for
cyclic loading and hence fatigue cracking. In a bid to solve this issue, after numerous
trials, Paris et al (1961) discovered that a linear trend appeared when a plot of the stress
intensity range ( UK) against crack growth rate (da/dN) was plotted in a log-log graph,
which lead to the development of the Paris Law, Equation 2-2, where C and m are
material constants. The Paris Law states that the rate of crack growth is proportional to
the stress intensity factor range; thus, since the stress intensity factor is proportional to
the applied stress and crack length, for a constant cyclic stress range, the rate of crack

growth is proportional to the crack length.

da .«
dN
Equation 2-2
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2.1.2 Cabon Hbre Reinforced Hastic

Carbon fibre reinforced plastic is a composite material, and is commonly referred to as
H&)53Y HFDUERQ ILEUH FRP SR VLBEMRite hiaR@id topsisbdd E R Q
a combination of materials joined together, typically shards or fibres of a strong/stiff
material embedded in a softer binding material. Within a composite, the individual
constituent materials do not dissolve or merge, and can instead be physically identified
from one another (Jones 1999). The bond between the constituent materials must be
strong enough so that loads can be transferred from one to the other and they act

together as one.

There are many naturally occurring composite materials which existed long before
engineers developed the concept. Classic examples of these are wood, which is a
composite of cellulose fibres in a lignin matrix, and bone, which is a composite of collagen
fibres embedded in an hydroxyapatite mineral matrix (Cha 2013). Within composites the
properties of the two constituent materials are combined to form a new material which

has properties which are optimised for its purpose; this is the benefit of composites.

As one might expect, a carbon fibre reinforced polymer composite consists of carbon
fibores embedded in an epoxy resin matrix. In this instance the property combination is
thus; the carbon fibres are very stiff but also brittle and difficult to form, so are of little use
on their own; the epoxy resin is tough but has poor load bearing properties; when
combined the stiff fibres can withstand loading in both compression and tension, and the
matrix can support the fibres against buckling as they carry these loads and helps them

hold their form (Roeseler et al. 2007).

When referred to in relation the aerospace industry, the carbon fibre composites utilise
long fibres, Figure 2.3, though short fibre composites also exist. Within these advanced
aerospace composites, the orientation of the fibres are aligned which means that the
resulting composite has highly orthotropic properties, tending to be very stiff in the

direction of the fibre orientation. The fibres themselves are thin, so having just a single
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layer results in an impractically thin structure, thus composite materials are typically built
up in layers, or plies. The orientation of the fibres from one ply to the next can be varied

in order to give the composite formed bidirectional material properties.
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Figure 2.3: (a) Top down view of unidirectional woven cafiboes before being added to the matrix
reproduced from Carbon Fiber Austrg@®14)and (b) a longitudinal view scanning electron microscope

image of carbon fibres when embedded in a matrix, reproduced 8onivasa et 42010)

When loaded in the fibre orientation, carbon fibre composite has a superior strength-to-
weight ratio compared with conventionally used aerospace metals such as aluminium,
titanium and steel (Roeseler et al. 2007) which makes them ideal for use in aircraft.
Numerous sources state that weight savings of up to 20% are achievable through the
use of composite materials over conventional metals. However, as mentioned, carbon
fibre composite has highly orthotropic properties and so would not be appropriate for use
in every scenario; metal components could not simply be exchanged, like-for-like, with a
carbon fibre components without first seriously considering the loading scenario at hand.
Nevertheless, during the Second World War the first composites appeared in aviation,
to form aircraft cabins, propeller hubs, and insulation for electrical cabling (Brownlee et

al. 2014).

Since their introduction, composite material usage in aircraft has seen a steady increase.
Initially their use was limited due to S H R S OrfafnWiarity with them, and the limited
manufacturing expertise and lifecycle information available. However, the more they

were used, the more they proved their worth, and the industries understanding of their
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behaviour grew. Combined with the advancements made to the manufacturing methods,
these factors have brought about a boom in the use of composites on aircraft in recent
years, Figure 2.4. Airbus anG % R H LrQo3t] Yecent civil aeroplanes are now
manufactured using 50% or more composite materials as a percentage of their mass,

with the majority of that being carbon fibre composites.
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Figure 2.4: Quantity of composites used on popular aigdas a percentage of aircraft weight from
1975 to 2015, figure reproduced from Aboulg#2815)

With such large quantities of composites being used it is more important than ever before

to develop effective non-destructive evaluation techniques for them.

2.1.2.1 Failure Mechanisms of Carbon Fibre Composite

Due to their complex structure, carbon fibre composites exhibit a multitude of failure
mechanisms. Firstly, each of the constituent materials can fail independently; matrix
cracking and fibre fracture. Secondly, it can exhibit failure mechanisms related to the
debonding of various elements of the composite. As mentioned previously, a strong
adhesion between components in the composite is essential to allow the transfer of load

from one part to the next, so disbonds are detrimental to their performance. Disbonding
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occurs in two main ways; delamination between layers in the composite and debonding

between the fibres and matrix.

Matrix cracking occurs in the polymer matrix part of the composite and, on account of it
requiring such low levels of energy to induce, is one of the most common damage
mechanisms in composite materials such as CFRP and generally the first to occur
(Sadeghi et al. 2014). Matrix cracking occurs in a wide variety of ways, it can be internal,
i.e. occur in one of the inner plies in the composite, or external, i.e. occur on one of the
outer most layers. Matrix cracks can also be oriented in many different directions
LQFOXGLQJ ORQJLWXGLQDOO\ WR DVKWS OLIBWH VR W B BIKIH QR
orientation of the fibres. Matrix cracking can also occur in the plane of the composite, or
out of the plane of the composite. The type of matrix cracks which develop are a function

of the material layup, loading orientation and the quality of manufacture.

The effect of matrix cracking on the mechanical performance of the composite also
varies, depending on the severity of the cracking and loading conditions. Under tension,
it is generally agreed that small amounts of matrix cracking do not reduce the strength
of the composite by any noticeable degree, however they can eventually cause issues
as they nucleate other damage mechanisms (Nairn 2000). Alternatively, in compression
the matrix bears more of the load and has a larger bearing on the properties of the
composite, (Fleck 1997). Thus matrix cracking has been found to have a larger impact
on the mechanical properties of composites under compression and produce a

noticeable reduction in strength (Lee & Soutis 2007).

Fibre fracture is the failure of the fibres within a composite by fracture, typically either in
a brittle manner of via fatigue, Figure 2.5. Fibre fracture is considered to be a more
severe damage mechanism that matrix cracking as it is the fibres that bear the majority
of the loads applied to the composite. Carbon fibre composite laminates with artificially
fractured/cut fibres have been shown to have reduced tensile strength compared to
undamaged specimens (Yashiro & Ogi 2009).

29| Page

Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospatteestruc



| Dy

(b)

Figure 2.5: Example of the appearance of carbon fibre cosipecimens which have failed as a result of
(a) brittle fibre fracture under large single loading (b) fibre freetoy fatigue, figures reproduced from
Harris(2003)

Delamination is the term used to describe the disbonding of plies, or layers, in a
composite. Delaminations are a sign of severe damage in a composite and are usually
the damage mechanism that leads to catastrophic failure of the structure. Delaminations
are of particular concern for compressive loading regimes where their presence has been

reported to reduce compressive strength by up to 60% (de Moura et al. 2000).

Just as the constituent parts of composite materials are strongly interlinked, so are their
damage mechanisms, and it is rare for a composite component to fail by just a single
mechanism. Instead, failure in composites is a gradual sequence of escalating events
which lead up to structural collapse (Hintona & Soden 1998). For instance, if the build-
up of matrix cracking occurs in the region between layers of the composite then it can
lead to delamination (Federal Aviation Administration 2012); the reduction in stiffness
caused by the delamination could result in regions of the composite experiencing more

strain and hence cause additional matrix cracking, as well as fibre fracture.

As well as an individual damage mechanism leading to the introduction of another,
certain loading conditions can induce multiple damage mechanisms in a single instance.
For instance, impact loading of composites poses a great danger as they are reported to

frequently give rise to delamination, matrix cracking and fibre fracture, Figure 2.6.
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Figure 2.6: (a) Schematic of damage mechanisms causeghgtifb) photograph of impacted section
(c) metallographic photo of impacted area shows delaminatioatrix cracking and fibre failure in

practice, figures reproduced from Shyr & F2003)

Compressive loading is also of particular relevance to composites such as CFRP as
these materials can have compressive strengths as much as 60% less than their tensile
strength (Fleck 1997) owing to the fact that the load is distributed more evenly between

the fibres and the matrix.

213 GlARE

GLARE ZKLFK VW DQIgss Emimatd ajuminium reinforced epoxy fis a fibre metal
laminate (FML) consisting of layers of aluminium and glassfibre composite material. It is
typically formed from thin aluminium alloy sheets (Al-2024- T3 or Al-7475-T6) in the

range of 0.3-0.5 mm thick, layered with glassfibre composite in the range of 0.25-0.5mm
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thick (Sinke 2003). Each of the glassfibre composite layers within GLARE is comprised
of two to four unidirectional prepreg plies, which can be oriented in either one direction,
resulting in a unidirectional-laminate, or in two directions, resulting in a cross-ply laminate
(Sinke 2009). Once the desired layup is decided the layers are assembled and bonded

together, Figure 2.7.

Aluminium

Glassfibre

Figure 2.7: Exploded conceptual image of GLARE demonstathgf the layers, figure reproduced
from Composite Material@015) This particular layup incorporates glass-fibre pliestarrting

directions.

FMLs were developed in an attempt to provide a solution to the low impact resistance of
composites and the low fatigue resistance of aluminium. Two main types of FML are
available commercially, ARALL and GLARE, which were developed at Delft University in
conjunction with Fokker (Sinmazcelik et al. 2011). After extensive testing and research
was conducted on the new materials it transpired that the FMLs not only offered the
improved fatigue and impact resistance intended, but also offered improved corrosion
and fire resistance (Hagenbeek 2005), not to mention a 30% weight saving compared to

monolithic aluminium.

Despite the benefits offered by GLARE, it is currently unviable to manufacture aluminium
sheets of the desired thickness at the widths necessary to produce aircraft panels.

However, a work-around to this problem was developed called splicing, in which the
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aluminium sheets are staggered so that they can be overlaid to increase the size of the

panels without having a complete break in the aluminium, Figure 2.8 (a).

Aluminium

(a)

Pocket of epoxy resin

Glassfibre

¥‘

(b)

()

Figure 2.8: Schematic of (a) splice in GLARE where one alur@parmands and another begins, (b)
Z 3}y o [ ( SUE U ~ « SE ve]S$]}Miguieg teprodutediirons FFoRKér Aerostructures
(2015)

This modular approach of manufacturing GLARE allows other structural features to be
included as required. For instance, in the fuselage panels manufactured for Airbus,
JRNNHU LQFOXGH IHDWXUHV FOPH HE JLGRRYVERHWKH WRVHB DQ
the frame, Figure 2.8 (b), and can easily transition from one thickness of GLARE to

another if additional structural reinforcement is needed, Figure 2.8 (c).

2.2 Acoustic Emission (AE)

22.1 Bakground

Acoustic Emission is the transient elastic energy that is released by a material when it
experiences a rapid change in its structure, such as plastic deformation or crack growth,
and also the name given the technique of monitoring these transient elastic energy
signals (Miller and Findlay 2005). In its present form, the AE technique has been used

as a method of structural evaluation since the 1950s when it was brought into the public
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eye by J. Kaiser (Hellier 2001). AE differs from other forms of non-destructive testing in
that it detects the energy released by the structure under investigation, and no input
signal is required from the operator; hence AE is defined as a passive monitoring
technique. However, AE requires the structure under investigation to be carrying a load

in order for detection to take place, since an unstressed defect will not emit AE.

AE refers to the detection of signals in the ultrasonic range (20kHz to 1MHz) through the
use of piezoelectric transducers attached to the surface of the structure being monitored,
though the AE detected is commonly within the range of 100kHz to 300kHz. As defined
by Vallen (2002), and shown in Figure 2.9, the basic principles of AE testing are as

follows;

1. Application of load: to produce mechanical tension.

2. Source mechanism: releases elastic energy

3. Wave Propagation: elastic energy travels as a wave from the source to the sensor

4. Sensor(s): convert the mechanical wave into an electrical AE signal

5. Acquisition of measurement data: The electrical signal is converted into an electronic
data set

6. Display measurement data: The recorded data is plotted

7. Evaluation of the display: Operator makes a safety-relevant interpretation of the plots
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Figure 2.9: Principles of AE monitoring, figure reproduced A8MV(1982)

2.2.2 AESaurce Mechanisms

AE can originate from any mechanism which causes a rapid release of elastic energy.
Sources of AE in metallic structures which have been identified in the past (Hellier 2001)

are;

X plastic deformation X corrosion
X microcrack formation and growth x crack-face rubbing
X phase transformations X cavitation

x fatigue crack growth

AE sources can also originate from external stimuli such as the impact of an external

body on the structure under investigation or the rubbing of joints, bolts and frames.

Within the remit of AE testing, noise is considered to be any undesired signal (electrical
or acoustic) that interferes with the reception, interpretation, or processing of desired
signals (ASTM 1982). Generally speaking, the desired signals are those which are
released directly from the damage mechanisms in a tested structure or those which

contribute positively towards the detection of damage. Under this definition external
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sources of AE are considered to be noise. Interestingly, despite it not being released
directly from a damage mechanism, the release of AE from crack face rubbing can be
useful to the detection of the crack and so is often considered desirable (Davies & Holford

1997).

Due to the fact that their material compositions are so different from one another,
composite materials have AE sources which are not shared by metals, and vice versa.
Plastic deformation and phase transformation are two sources of AE on the list above
which do not occur in composites and the following list contains AE sources which are

experienced by composited and not metals (Miller et al. 2005);

x Fibre failure X Matrix cracking
X Fibre pullout x Delamination

x Fibre-matrix debonding

2.2.3 Wave Propagation

In infinite solid media there are only two types of wave which propagate; transverse and
longitudinal (Muravin 2009). The particle motion in a longitudinal wave is parallel to the
wave propagation direction and their motion is driven by compressive and dilational
forces. Alternatively, the particle motion of transverse waves is perpendicular to the wave
propagation direction and their motion relies on the stiffness of the propagation medium
to sustain itself, hence, in further contrast to longitudinal waves, transverse waves cannot
propagate in a gas or liquid. Figure 2.10 gives an example of the motion of these two

wave modes.

In semi-infinite media, i.e. if a surface is introduced, the interaction of the two wave
modes waves interact with the bounded surface to form Rayleigh waves where particle

motion is neither solely longitudinal or traverse, Figure 2.11.

36| Page

Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospatteestruc



Transverse wave

A
Propagation

Longitudinal wave

Propagation A

-

Figure 210: The two basic wave modes which exist in a solidrdiggproduced from Rindo(fL981)

Surface wave Propagation

IR

\
}
[
\

801023

Figure 211: Rayleigh surface wave, figure reproduced from Rindo81)

When a second surface is introduced and the waves become fully bound by two
surfaces, as in a plate, the motion of the longitudinal and transverse waves couple to
form two new waves modes known as the symmetrical, S,, mode and the asymmetrical,
Ao, mode. Together, these are known as Lamb waves, Figure 2.12. In plates with larger
thicknesses it is possible for higher order extensional and flexural Lamb wave modes to
develop, however they are of limited use to AE monitoring on account of their low
amplitude. Due to the nature of their movement, the S, and A, modes are often referred

to as the extensional and flexural Lamb wave modes respectively.
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Figure 212: (a) Symmetrical and (b) Asymmetrical Lamb wave modes

SincemXFK RI DQ DL U FforbédVreind thinbar@lsl.Namb wave mode propagation
is of particular relevance to the application of AE on aerospace structures and hence, of
particular relevance to this thesis. Lamb wave propagation can be explained via
dispersion curves. For context, consider the equation linking a wD Y HvMcity to its

frequency, Equation 2-3.

% LBa

Equation 2-3
Where C is the wave velocity, f is the frequency of the wave and is the wavelength. In
non-dispersive media the ZDYH{VY YHORFLW\ LV IL[HG D®G@XdHHFRH D
simply inversely effects the wavelength. However, in dispersive media this is not the
case, and instead a waves velocity is dependent on its frequency (Russell 2011). This
dispersive behaviour occurs when AE travels in flat plates as a result of the SODWH{V
boundaries acting as a waveguide. Under a dispersive regime each frequency has its
own phase velocity;

% LBa
Equation 2-4

Where C, is the phase velocity. Real AE events release a wave with a range of different,
but similar, frequencies, dictated by the speed of the event, i.e. its impulse. Initially all
these frequencies are superimposed on one another at the location of the event though
as the wave propagates outward, the components of the wave which are higher in
frequency travel slightly faster than the components of the wave at a lower frequency,
and hence the energy in the wavefront is spread out, resulting in a lower peak amplitude,
Figure 2.13.
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The individual frequency components, or phases, of the wave remain somewhat
superimposed throughout the distance of propagation and form what is known as a wave
HQYHORSH *HQHUDOO\ ZKHQ DQ@HQWDRG@HNEG YWOIRFILW\UWNIH
group velocity. Due to the nature of their motion within the structure, the S, Lamb wave
mode velocity is related to the in plane stiffness and the A, Lamb wave mode velocity is
related to the out of plane stiffness. The relationship between frequency and velocity of
the S, and A, Lamb wave modes can be described in a dispersion curve, an example of

which can be seen in Figure 2.14.
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Figure 214: Example of dispersion curve for the So and Ao Lamb wavesrrod composite material

reproduced from Eato(2007)
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The occurrence of dispersion and its effect on AE waves is important to bear in mind

when considering and understanding AE and the emissions perceived from a structure.

224 Attenuation

Attenuation is the name given to the phenomena by which the amplitude of waves
traveling in a medium diminish. Rindorf (1981) and Pollock (1986) identify the following

reasons for attenuation;

Geometric spreading: These effects are fundamental to wave propagation since the
wave is always acting to spread throughout the medium in which it is traveling. The act
of spreading itself out means that the energy in the wave front is spread more thinly and
hence, the amplitude of the wave is reduced. Due to the principles of conversion of
energy, geometric spreading causes the amplitude of an AE wave to decrease by 30%
each time its distance from the source is doubled (Miller et al. 2005), thus the rate of
signal attenuation is greatest in the initial period of wave propagation and diminishes

over distance.

Absorption: The elastic and kinetic energy from the wave is lost to its propagating
medium through absorption where it is converted into heat. Attenuation due to absorption
is frequency dependant, with higher frequencies experiencing greater attenuation than

lower frequencies.

Dissipation of energy into adjacent media: Wherever a wave meets a boundary or
discontinuity some of the energy is reflected and some of the energy is lost to the

adjacent media.

Wave dispersion: Wave dispersion, as described in Section 2.2.3 is the phenomena by
which the energy in a wave will spread out, causing the wavefront to become longer and

the peak amplitude to become smaller.
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2.25 SairceLocation

The ability of AE to locate damage over a wide inspection area in real-time is one of its
most inviting features as far as the aerospace industry is concerned. This is a stark
contrast to conventional inspection methods such as ultrasonic and audible sonic testing
which requires the user to manually inspect specific regions of a structure, which is time
consuming and thus costly. The following section presents the most popular AE source
location method in use today as well as a number of developing methods, including delta-

T mapping which was used extensively throughout this thesis.

2.2.5.1 Time of Arrival

The conventional and most established source location technique used within the field
of AE is Time of Arrival (TOA), which is explained in detail by Miller et al (2005) in the
NDT Handbook. TOA is the default location technique built into commercially available
AE software, DQG LQ OD\PDQYV WHUPV FD&foffHof WogaRoX Iy W R C
triangulation. TOA works on the principle that if the arrival time of an AE wave is known
at each of the recording sensors in an array, and the velocity of the AE wave is known,
then the location of the event which produced that AE wave can be identified by
comparing the differences in time of arrival of the AE wave between sensor pairs in the
array, hence the name TOA. It is perhaps explained best through the use of a diagram

and the supporting equations, as presented by Nivesrangsan et al (2007);

Consider the hypothetical two dimensional scenario pictured in Figure 2.15 where three
recording sensors (Si1, Sz and Ss) are attached to the surface of a plate in the positions
(x1, Y1), (X2, y2) and (xs, ys), respectively. S; and S; reside at a distance and angle of Dy,

1and Dy, srelative to S; respectively. An AE source at the position (xs, ys) releases a
wave which travels outward at a constant velocity, c, in all directions and arrives at Si,

S, and S; at the times ty, t, and ts, respectively.
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Figure 215: Hypothetical 2D AE event to demonstrate the TOA calcnldtgure adapted from
Nivesrangsan et a(2007)

By taking the relative positions of two sensors from one another and the difference in
time of arrival, O, between them, equations of motion can be used to calculate the
equation of a hyperbola which describes all the possible positions in which the source
could have been located to produce that specific G value for that specific sensor pair.
Equation2-5 LV WKH HTXDWLRQ RI WKH K\SHUHRULS BWYRWIED Q 5
using the data collected from S; and S», which corresponds to the orange line drawn in
Figure 215 7KHVH K\SHUERODH DUH VRPH®WHNHR/I FRIGNUWB QW &
account of them describing a line along which any position gives the same value of

for a particular sensor pair.

&8 F (§;
@L &5 ‘L.gi Nooe
t'tUE & ... F g;;
Equation 2-5
Where: UL @F @L 2RFRB; L ¢BA?
Equation 2-6

However, Equation 2-5 does not provide one definitive position, only a range of potential

positions, and information from a third sensor is needed in order to pinpoint the position
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of the source in two dimensions. Thus, using the difference in time of arrival between S;
and Ss, (O, and their relative positions from one another, a second hyperbola can be
defined, Equation 2-7, which gives another set of potential positions of the source. This

hyperbola is represented in Figure 2.15 as a green line.

.00 ‘P -
& F &,
QL W8 __
t.LéEgs....ﬁ7Fa”
Equation 2-7
Where: YL @F @L ?RF B, L ¢RA?
Equation 2-8

The intersection of these two hyperbolae gives the position of the source, and
theoretically, both equations could be solved simultaneously to give values for and ds.
However, in practice, due to imperfect wave propagation and slight errors in the
acquisition of the wave, these equations will not necessarily be resolvable
simultaneously. Instead, using the relative position of the source from Si, two more
equations are defined;

TeL TE @... ‘&
Equation 2-9

WL UE @<+ a
Equation 210

For a given set of input conditions; /1, /> and  Equation 2-5 and Equation 2-7 can be
used to give two values for di. Inputting these values into Equation 2-9 and Equation
2-10 will generate two set of coordinates for the location of the source (xs, ys) and the
error, or distance, between these two sets of coordinates can be calculated. By varying
WKH YDOXH RI WKLV SURFHWHBD @ HEW HUWPH.@ W R/ LAV M D DWW
results in the lowest error between the set of coordinates generated, and thus, the
location of the source is obtained. By introducing more sensors, and thus hyperbolae,

greater confidence can be obtained.
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TOA location has been used extensively in the past to monitor many structures including
wind turbine blades, bridges and piping, however it is not without its faults. A sensor
begins recording an AE hit if the signal amplitude crosses the threshold. If the signal has
travelled a considerable distance to reach the sensor then attenuation might reduce the
VLIQDOTV DP S éntywth4tehie begihhirigrotthe wave does not cross the threshold
and trigger a recording. Triggering errors can lead to erroneous Ut values between
sensor pairs and hence result in location errors. Triggering error such as this can also
occur in AE applications with low signal-to-noise ratio, as during these applications the
threshold must be sufficiently high to exclude the background noise from being recorded
though this can also result in a number of useful AE hits going undetected or detected at

the wrong moment in their arrival.

TOA also assumes uniform wavespeed in all directions which is not true for many of the
materials used widely the aerospace industry, such as composites. In thin panel
specimens, studies have shown the velocity of the faster moving S, Lamb wave mode,
i.e. the wave mode which triggers the threshold crossing, to vary by up to a factor of
three when traveling in composite materials depending on the direction of travel
(Lopresto 2009). This means that the equation for the hyperbola describing the line of
constant Ot between a sensor pair is no longer accurate and hence results in less

accurate locations.

Finally, TOA assumes that there is a direct wavepath between the source and recording
sensor which is not true for many real life structures. Geometric features such as
stiffeners, holes, rivets, thickness changes and shape changes will impede the stress
wave on its route from the source to the sensor and may lead to a later arrival time than
would otherwise be expected. Similar to the error caused by irregular wavespeeds, this
acts to invalidate the hyperbola describing the line of constant (t between a sensor pair

and hence results in location errors.
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2.2.5.2 Development of AE Location Techniques

The issue of triggering errors in AE was addressed by Kurz et al (2005) through the
application of the Akaike Information Criterion (AIC). The AIC is an entropy based
measure of the similarity between data sets which was originally developed for statistical
PRGHO VHOHFWLRQ E\ + $N D I(Akbikd T974Y. Kided4 [1985) saw tHeV
potential for the criterion to be used to determine the arrival time of seismic waves and
developed a form of AIC calculation that could be applied directly to a recorded transient

signal, Equation 2-11;

#+9B L P Z:MR=NSAPR E :6 F P F s ; kP& TP a7

Equation 211

To utilise this functon WKH VLJQDO LV VSOLW LQWR WWR JEfEW VL RQ
one fromtime WWR WLPH p79 WKH HQG RI WK B ED WDEKRORIT )RU D
2-11 gives a measure of the similarity in entropy between the two parts of the segmented
signal, and by using incrementally larger values of t the entire signal can be analysed.
When the value of t is aligned with the first arrival point of the transient stress wave the
AIC, i.e. the measure of similarity, will be at a minimum; this is because the region of
noise recorded before the arrival of the stress wave has very little structure and thus high
entropy, whereas the stress wave has a much higher structure and thus a lower entropy.
Figure 2.16 provides an example of the use of the AIC on two AE waveforms, one with
a high signal-to-noise ratio and another with a low signal-to-noise ratio, and
demonstrates how it can be used to identify a more accurate first arrival time when

compared with the conventional threshold crossing method.

However, for the AIC to correctly identify the arrival of the wave only a limited time
window from within the data set should be used since, if the entire waveform is used, the
arrival of secondary wave modes and/or reflections creates multiple troughs in the AIC
which could lead to erroneous first arrival time determination. This lead researchers to

go one step further and implement a two-step AIC picker; one which was used to define
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a more precise window about the start of first arrival and a second to determine the actual

first arrival time from that reduced window (Sedlak et al. 2008).
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Fgure 216: Example application of the AIC on AE waveforms for (ahaslggalto-noise ratio
waveform and (b) a low signa&b-noise ratio waveform, figure reproduced from Pear§&013) The AIC
value reaches a minimum at the intersect of the noise andrémsient AE signal, hence identifying the

first arrival time

Other approaches to identify more accurate first arrival times were presented by Ziola
and Gorman (1991), who highlighted individual frequencies from a recorded waveform
and used a crosscorrelation technique to calculated more accurate times of arrival for
that frequency, and Jeong (2001) who utilised a Gabor wavelet transform to the same

effect.

Among the most promising of the non-TOA location methods are mapping techniques,
one of which, the best-matched point method is described by Scholey et al. (2009).
During the best-matched point method a computational model of the structure under
inspection is created, complete with the relevant AE sensors. The geometry of the
structure and the sensors in this model are constructed from points, which are defined in
reference to a global coordinate system. Due to the nature of the coordinate system
used, the propagation direction and propagation distance from any given point in the
geometry to any of the sensors in the array can be determined using vector manipulation.
Hence, with a known wave speed, the time of flight from and point in the geometry to any

of the sensors in the array can be determined. Since the time of flight of a wave,

46| Page
Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospatteestruc



originating from geometric point, to each of the sensors is known, it is possible to
calculate the difference in time of arrival, (, between every sensor pair combination for
every geometric point in the model. These values are saved in an array and once live
test data is recorded, the experimentally determined {t values can be compared against

those in the array to find the best match and thus location of the experimental source.

However, in order to simulate the times of flight, accurate wave propagation speeds must
be determined for all propagation directions which can be time consuming. Furthermore,
structures with very complex geometry can be more difficult to model; some structures
can contain hidden features which will be left out of the model; and some structures might
contain damage or manufacturing imperfections which it is very difficult to account for

with a computational model.

2.2.5.3 Delta-T Mapping Location

Delta-T mapping is a novel source location technique developed by Baxter (2007) which
is not overly dissimilar to the best-matched point method described in Section 2.2.5.2
other than in that the values of (0t between each of the sensor pairs for different points
on the structure under investigation are obtained experimentally, from the specimen, as
opposed to via a computational simulation. A detailed description of delta-T mapping is

provided by Baxter (2007) though the main procedural steps are outlined below;

1. An area of interest on the structure under investigation should be defined. Whilst it is
possible for delta-T mapping to provide source location over an entire structure, the
technique requires the collection of data from the structure itself before testing takes
place and so this can be unnecessarily time consuming if the entire area is
considered. Instead, delta-T mapping should be thought of as a tool to improve
location accuracy around pre-determined, damage susceptible areas.

2. A training grid is drawn on to the surface of the structure under investigation at the
area(s) of interest defined. The spatial resolution of the training grid will have a

bearing on the accuracy of the location calculation, however, note that in principle, it

47| Page
Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospatteestruc



should only be possible to locate to within one transducer diameter of the source.
Since the training grid is used as the reference point during delta-T mapping, the AE
sensors do not need to be placed within it and, in fact, other than to assist the user
in understanding the data after testing, the positions of the AE sensors do not even
need to be known at all.

3. The collection of data from the training grid can now take place, namely the
determination of the arrival time of a wave, originating at any of the grid points, to
each of the sensors in the array. This is done via the generation of artificial AE
sources, in the form of Hsu-Nielson (H-N) pencil lead breaks, Section 3.1.4, at each
of the training grid points. Several H-N sources are generated at each training grid
point to remove erroneous data and provide an average value; generally five H-N
sources is considered adequate for this purpose.

4. Using the time of arrival information, 0t values between each sensor pair combination
can be obtained for every point in the training grid. For three sensors there will be
three combinations, 1-2, 1-3 and 2-3; for four sensors there will be six combinations,
1-2,1-3, 1-4, 2-3, 2-4, 3-4, and so on. The ( values for each sensor pair, for every
training grid point, are then saved in an array which acts as the (t map for that sensor
pair; one map is generated for each sensor pairing.

5. These U maps can then be used to locate real AE signals arising in the structure.
The time of arrival of the AE signal at each of the sensors is used to calculate
values for each sensor pair. The 0t maps for each sensor pair can be used to identify
a line of constant (t on that map which corresponds to the t value obtained from
the source, for that particular sensor pair. Theoretically, overlaying the lines of
constant Ut from each of the Ot maps on to one another will show the convergence
point and hence the location of the signal. However, due to slight errors at each stage
of the process, it is not so clear cut in practice and often many convergence points
are located instead. Thus a clustering technique is applied to the location of all the
convergence points to determine the most likely location of the source.
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The advantage of mapping the time of arrival data from the specimen itself is that any
complex geometric features, unknown hidden features, and potential pre-existing
regions of damage are accounted for. Research has shown that delta-T mapping can
provide up to a 50% reduction in error (in terms of distance of located AE to location of
known source) over conventional TOA location (Baxter 2007; Baxter et al. 2007; Eaton
et al. 2012). Furthermore, the use of delta-T mapping does not require detailed velocity
data of AE traveling in the specimen to be obtained. However, collecting the training grid
data can be very time consuming for certain geometries and nature of manual execution
of this task introduces the chances for human error; for instance, not generating the H-

N source exactly on top of the grid point.

Pearson (2013) made an iterative improvement to delta-T mapping through the
implementation of a two-stage AIC first arrival time picker at two steps of the process
outlined above. Firstly during step 4, before calculating the values of 0t between sensor
pairs, the AIC picker is used to determining more accurate first arrival times for the
waveforms collected from the training grid. Secondly during step 5, before the values of
Ut between sensor pairs are calculated from the waveforms captured from real AE data,
the AIC picker is used to determine more accurate first arrival times for the real AE
waveforms captured during the experimental testing/structural health monitoring.
SHDUVRQTYV DPHQ G BHelt® W malpng Wekhniqgue was shown to provide
improvements in accuracy when compared with its predecessor (Pearson 2013) and
TOA location (Pearson 2013; Eaton et al. 2015), and is the form of delta-T mapping used

within this thesis.

2.2.6 Characterisation

As well as detecting and locating signals arising in a structure, AE also has the potential
to use information about a detected signal to determine the nature of the event which
caused it; this is termed characterisation. An accurate and reliable characterisation
method would be a welcome addition to an SHM system as it would allow the user to

determine what kind of damage is developing in a structure and hence what kind of
49| Page

Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospatteestruc



maintenance or repairs are required. However, this goal has not yet been achieved and
since its origin in 1971, with the work of Mehan and Mullin (1971) and Stephens and

Pollock (1971), source characterisation has remained an active area of research.

As commented by Gutkin (2011), early and basic approaches have looked to classify
signals based on a single AE feature. Both Valentin et al (1983) and Kotsikos et al (1999)
have used the amplitude of recorded AE to distinguish between damage mechanisms;
including matrix cracking, delamination and fibre fracture; occurring in fibre reinforced
composites. However, as highlighted by Prosser et al (1995), due to signal attenuation,
a single source may result in recorded signals with several different amplitudes,
depending on the distance of the recording sensor from the source, and so signal

amplitude can only provide limited information about the nature of an AE source.

To overcome the limited resolution inherent when attempting to characterise AE using a
single feature, studies began to consider multiple AE features to see if a firmer correlation
between source mechanism and the AE characteristics could be obtained. Ono et al
(1989) used correlation plots of signal amplitude versus signal duration in an attempt to
distinguish between damage mechanisms occurring in carbon fibre-peek composite,
however many of the distributions overlapped and so clear discrimination between each
mechanism was not achieved. Pattern recognition techniques, such as those developed
by Sause et al (2012) and Crivelli et al (2014), go one step further by simultaneously
analysing numerous AE features to identify clusters, or groups, of AE signals which share
several similar AE feature values. The location and times of occurrence of the AE in each
of the clusters can then be investigated to determine whether they correspond to the
occurrence of damage in the specimen and hence certain damage mechanisms can be
said to be characterised by AE with a certain range of features. Whilst pattern recognition
techniques are far more robust then single feature characterisation, they still share a
similar weakness; signal propagation effects. The amplitude of an AE signal is not the
only feature affected by the attenuation and dispersion of that signal during its

propagation from the source to the recording sensor; other features typically used in
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pattern recognition techniques, such as duration, rise time and counts, also change.
Thus a single AE source can result in recorded signals with differences in several
features depending on the positons of the recording sensors. This effect is more severe
in real-life structures which typically contain many complex geometric features to disrupt
wave propagation; furthermore industrial applications of AE are more likely to adopt a
larger sensor spacing to save on cost or weight, thus leading to larger propagation

distances over which a signal can change more.

As the ability of AE acquisition systems to reliably capture waveforms at higher recording
frequencies improved, researchers gained the ability to investigate the frequency content
of the captured waves in more detail and subsequently frequency based characterisation
approaches gained momentum. In flat plates, where AE wave are bounded by the
surfaces and travel as Lamb waves, Gorman and Prosser (1991) noticed a connection
between the orientation of the source and the amplitude of the two Lamb wave modes.
They found that artificial signals produced at angles of 0 and 30 degrees with respect to
the plane of an aluminium plate resulted in signals with larger amplitude S, Lamb wave
mode whereas artificial signals produced at angles of 60 and 90 degrees with respect to
the plane of the plate produced signals with larger A, Lamb wave mode. Since then, the
relationship between source mechanism orientation and the relative amplitudes of the
two Lamb wave modes has been explored, with Prosser (1996), Surgeon and Wevers
(1999), Pullin et al (2005) and Eaton (2007; Eaton et al. 2011) all yielding successful
source characterisation results. An analysis which utilises information about the AE wave
modes traveling in a structure is reffered to as a modal analysis, and a modal analysis in
which the relative amplitudes of the two Lamb wave modes are compared is referred to

as Measured Amplitude Ratio (MAR).

Ultimately though, the feature altering issue of signal propagation is still present, even
for frequency based modal techniques. Since the higher frequency S, Lamb wave mode
has been shown to attenuate at a faster rate than the A, Lamb wave mode (Sause et al.

2012; Eaton 2007), a single source might be recorded as having one MAR value by a
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sensor in one position and another MAR value by a sensor in another position. The
matter of overcoming signal attenuation and other propagation effects is one of the
largest challenges facing the development of reliable and robust AE characterisation

techniques today.
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3 Experimental Instrumentation and Techniques

3.1 Acoustic Emission

3.1.1 Dataacquisition and timing parameters

The AE acquisition system used during this research was a PCI-2 system, which was
manufactured by Physical Acoustics Ltd, a trademark of MISTRAS. The PCI-2 system is
essentially a PC which incorporates four PCI-2 boards, each of which comprise of two
low-noise AE channels, Figure 3.1, and so has a total of 8 useable AE channels. Each
channel can perform 18bit A/D conversion at 40MHz and thus provide high resolution
data collection. PCI-2 boards have a wide bandwidth, 1kHz to 3MHz, which means that
it is possible for the boards to be used in conjunction with any of the currently available
MISTRAS AE sensors. They allow waveform acquisition and feature extraction through
the incorporation of a digital signal processing (DSP) system and incorporate
programmable frequency filters (Physical Acoustics Corporation 2003). The PCI-2
system is also capable of continuous data recording which allows the user to
continuously record waveforms directly to the hard drive at a combined maximum rate of
10MHz, e.g. 5MHz/channel on two channels, or 2.5MHz/channel on four channels, etc.
Finally, the PCI-2 system can record up to eight parametric channels at up to 10KHz,
thus during typical research testing conditions it is capable of logging the load and

displacement from the actuator.

The acquisition set up, i.e., selecting which AE features to record, recording rates and
WKUHVKROGY HWF LV FRQWUR QW HXEYW softvatd End3afl Mt FD O $F
selected for recording is saved to the PCs hard drive. An important consideration when
deciding on the acquisition setup for a particular AE application is the selection of timing
parameters; the Hit Definition Time (HDT), Hit Lockout Time (HLT) and Peak Definition

Time (PDT).
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Figure 3.1: PCI-2 AE System block diagram, figure reproducetMf®nRA&009)

The HDT defines the length of time that the acquisition system will wait for in order to
determine the end of a hit; this is perhaps explained best through the use of an example.

During hit based AE testing each sensor continuously monitors the surface vibrations of
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the structure under investigation; once the amplitude of the signal caused by those
surface vibrations crosses the user defined threshold on a particular sensor, the
acquisition system begins to record the signal received by that sensor. During the
process of recording the incoming signal (or hit), the acquisition system also performs
an analysis of that signal by tracking its amplitude. Each time the signal § ¥mplitude
drops below the user defined threshold, the HDT timer is started. If the signal fV DPSOLWXG'|
surpasses the threshold again before the duration of the HDT then the HDT timer is
reset. This process continues until the signal amplitude drops below the threshold for a
duration of time longer than the HDT, at which point the incoming signal ceases to be
recorded; the signal that was recorded up until that pointis saved WR WKH FRPSXWHUY
drive as a waveform; and any AE feature data selected to be recorded, such as the peak
amplitude, rise time and duration, is saved for that hit. If too small a HDT is used then
the entirety of a single wave may not be recorded as one hit, and instead might be
recorded as multiple hits, Figure 3.2. Conversely, if too large a HDT is used then multiple
waves which arrive within a short space of time of one another could be recorded

together as a single hit, instead of multiple hits.

Once a hit has been recorded, the recording sensor is temporarily deactivated; the HLT
defines the length of time that the acquisition system will wait for before re-arming a
sensor to record again. If too short a HLT is used then late arriving reflections might
retrigger the sensor to record again; this would lead the end user to think that there had
been two AE events generating stress waves when in fact there had been just one,
Figure 3.3. Conversely, if too large a HLT is defined then the system might fail to record
the stress wave released by a second AE event which occurs shortly after the first; this
would lead the end user to think that there had been just one AE event when in fact there

had been two.
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Figure 3.2: Example of different HDTs and their effect on #raar in which a hit is recorded for (a) a
HDT which is too short, (b) a HDT which allows the engéive\and reflections/alternate wavepaths to
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recorded, figure recreated from Physical Acoustics Corporg@in)
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Figure 3.3: Example of HLT which disarms the sensor fogth leittime which prohibits the two late
arriving reflections from being recorded as new hits, figure rared from Physical Acoustics

Corporation(2004)
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Finally, the PDT defines the length of time that the acquisition system will wait for in order
to determine the peak amplitude of a hit. Initially, in the instance that the signal first
crosses the threshold, the peak amplitude is simply the maximum amplitude that was
reached by the wave during the threshold crossing. The acquisition system will then wait
for the length of time designated by the PDT before logging and saving that peak
amplitude value as the peak amplitude for the hit. However, if during this waiting time the
signal reaches a greater amplitude than the previous peak amplitude then the PDT timer
will reset, and the acquisition system will begin to wait again. This process continues
until the recorded signal does not surpass the current peak amplitude within the PDT
waiting period, at which point the value of the peak amplitude is logged and saved for
the hit. If too small a PDT is used then the peak amplitude of the main wave will be
missed, Figure 3.4. Conversely, if too large a PDT is used then there is the potential that

the amplitude of superpositioned reflections is identified as the peak amplitude.

TOO SHORT POT  ~y

\ SIGNAL MAXIMA
PEAK DEFINED (E(
\\\ \

\\) s

CORRECT POT

Figure 3.4: Examples of different PDTs and their effect adémification of the peak amplitude of the

hit for (a) a short PDT which causes the main wave amplitoithe missed, and (b) a PDT which allows

the main wave amplitude to be logged as the peak ampdidigure recreated from Physical Acoustic
Corporation(2004)

57| Page
Advanced Acoustic Emission (AE) Monitoring Techniques for Aerospatteestruc



AEWIn also allows the user to apply additional controls to limit which hits are recorded,
through the use of Front End Filters $ JURQW (QG )LOWHU LV HIDQFEWH.YHO
applied to one, a number, or all of the recording sensors, which prohibit them from
recording a hit if one of the AE features of that hit is outside a user specified limit. For
example, a Front End Filter can be used to prohibit a hit from being recorded by a
particular sensor if the peak amplitude of that hit is larger, or smaller, than a user defined

limit.

Front End Filters are particularly useful when collecting the grid data required for the
delta-T mapping technique. Whilst collecting the grid data, it is necessary for each sensor
to record just a single hit from each artificially generated H-N source. However, it can
often be the case that generating a single H-N source results in a humber of sensor
observing reflections that are of sufficient amplitude to trigger the collection of multiple
hits on that sensor. Through experimentation, the largest peak amplitude of the
reflections can be determined; a Front End Filter can then be applied to sensors to
prohibit them from recording hits that have a peak amplitude lower than that value, and
thus prohibit them from recording hits from reflections. It should be noted that this is
different from simply changing the threshold (the threshold above which the acquisition
system will trigger a hit to be recorded), since changing the threshold would cause
sensors to be triggered from different parts of the propagating wave, and hence the
arrival times logged for each hit would not accurately represent of the first arrival of the

wave at the recording sensor.

312 Transducers

Piezoelectric transducers are the devices used in AE monitoring to convert the surface
displacements generated by elastic waves into an electrical signal for processing by the
measuring equipment. As their name suggests, piezoelectric transducers use the
piezoelectric effect in order to produce electricity from mechanical excitation; Figure 3.5
shows the typical architecture of an AE sensor with the piezoelectric crystal/element

inside. As shown in Figure 3.6, a piezoelectric crystal is one which does not have central
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symmetry in its charge, which means that when it undergoes deformation in a particular
direction it becomes polarised and hence generates and electrical field (Arnau 2004).
Typically, within an AE sensor this piezoelectric element has an electrode on each face,
one which is grounded and one which acts as the signal lead, and sits against the wear
plate. Above the piezoelectric element is a damping material which acts to minimise
reflections and also suppress some of tKH SLH]JRTV QDW X [EDn@n & MwaviQ D Q FH

2011).

Case\

Damping
Material
Electrode

Piezoelectrc

Wear Element

Flala Couplant

Sample

Figure 3.5: Typical AE sensor architecture, figure reproduced\fibimResource Cenfred.)

Since their purpose is to detect ultrasonic surface waves, AE sensors typically operate
over the range of 20kHz-1MHz, though the frequency response of any individual sensor
is a function of a number of things; notably the piezo- H O H P Hbly¥iEfIMdimensions and
the level of damping. $ SLH]JRHOHFWULF HOHPHQWYV UHWRHD®\Q W
proportional to its thickness (Ferrari & Lucklum 2008) whereas an element § diameter
dictates the area over which the surface motion is averaged. Damping acts to supress
the piezo-HOHPHQW TV UHYVR QDaHdss bigsed fiedurieXredpponse. There
are many types of piezoelectric sensor produced for use in a range of industries but they
can broadly be broken down into two main categories; sensors which are highly resonant

to particular frequencies or sensors which offer a more broadband response.
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Figure 3.6: Examples of 2D crystal structures; (a) non-pietoebeiare which exhibits no polarisation
change under the applied force and (b) piezoelectric hexagarhwelhibits polarisation under the

applied load, figures reproduced from Ramadan et al (2014)

Resonant sensors produce a greater amplitude electrical output signal for input signals
with frequencies whichare FORVH WR WKH VHQVRU 1 Vigurel3¥ Rgy&@WwW IUHT >
example of the calibration chart for an R30S sensor produced by MISTRAS. The sensor
has a resonant frequency of 360KHz and so input signals at this frequency will produce
disproportionately larger voltage than input signals of other frequencies; because of this,
resonant sensors should only be used if the frequency content of the AE signal itself is
of no interest. Analyses using AE features such as amplitude, arrival time or energy can
be performed using the data collected from resonant sensors, however ultimately, since
these features have a dependency on the frequency response of the recording sensor,
only data collected from similar sensors should be compared. Due to their nature,
resonant sensors also have frequency bands where their response is very low and thus
consideration should be paid to this when choosing which sensor to utilise in a given
situation. Despite these considerations, resonant sensors are typically more sensitive

than their broadband sensor counterparts and, since in most practical applications the
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frequency bands of interest are known, remain the most commonly used (Vallen Systems

2012).
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Figure 3.WW o] & S]}v Z &S (}@E&30D kMd EZE’Sersoi, figure reproduced from MISTRAS
(2011a)

Broadband sensors, also referred to as wideband sensors, offer a flatter frequency
response with fewer and less pronounced resonant frequency peaks. They are typically
produced by increasing the level of damping on the piezoelectric element which acts to
lower the amplitude of resonant frequencies. However, this also leads to a reduction in
their sensitivity and thus wideband sensors find less application outside the research
environment than resonant sensors. The merit of broadband sensors is that they give a
more accurate representation of the surface displacement caused by an AE source
which makes them useful tools for quantitative frequency or modal analysis. Figure 3.8
shows an example calibration chart for a wideband sensor and demonstrates the flat
frequency response which is in direct contrast to that of the resonant sensor in Figure
3.7. As well as resonant and wideband varieties, AE sensors also come in single ended
and differential variants. Single ended sensors have just one piezoelectric element and
operate as described above. Differential sensors contain two piezoelectric elements
which have opposite polarisation directions and so excitation signals cause them to
produce two equal magnitude yet opposite sign outputs, which if summed would cancel
each other out. These two signal outputs are fed to a differential preamplifier which
eliminates common-mode noise resulting in up to 2dB lower noise output (MISTRAS

2011b).
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Figure 3.8: Calibration Chart for MISTH & f# 200-800 kHz High-Sensitivity Flat Frequency Response
AE Sensor, figure reproduced from MISTRAE3)

Two types of sensor were used in this work, Nano30 and WD, both manufactured by
MISTRAS Group and the details of their characteristics, as rated by the manufacturer in
accordance with ASTM E1106 (ASTM 1986), are presented in Table 3.1. The
PDOQXIDFWXUHUYY GDWD VKHHWYV RKXKWQ Gl DROpSHEHQA’ BNd FDQ E
examples of each of their calibration certificates, produced by the manufacturer in
accordance with ASTM E976 (ASTM 1984), can be seen in Figure 3.9. The Nano30 is a
resonant, single ended sensor with a resonant frequency of approximately 300kHz
though it should be noted that, as far as resonant sensors are concerned, the Nano30
offers a relatively wideband response. The WD sensor is a wideband, differential sensor

which provides a flat frequency response whilst maintaining reasonable sensitivity.

Table3. W D vpu( SPE E[® *% J(] S1tv }( ]° 8Z}&He p- HE]VP §

Sensor Dimensions Operating Resonant Frequency Differential?
(mm) Frequency (kHz)

Diameter x Range (kHz)  (shear[compression])
Height

8x8 125 +750 140 [300] No
18 x 17 100 +1000 125[450] Yes
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3.1.3 Seasor Mounting

Achieving a good acoustic coupling between the AE sensor and the surface to which it
is attached is paramount to successfully detecting as much AE activity as possible, since
a poor coupling reduces the sensitivity of the recording sensor which might result in low
amplitude activity going undetected. Operating sensors with a poor coupling may also
result in unreproducible AE detection and D ORZ ILGHOLW\ UHFRUGLQJ RI
displacement, and hence lead to the determination of unrepresentative AE signal
features such as amplitude, rise time and duration. These consequences could mislead
the end user of an AE-centric SHM system to believe that the severity of damage in a
monitored structure is less than it actually is and therefore, having a means of
consistently adequately mounting AE sensors is vital to the success of AE as a
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technique. To mount an AE sensor effectively to the surface of a structure, two main

parameters must be satisfied;

1. The sensor must be physically restrained to the surface using a clamping method.

2. The sensor must be acoustically coupled to the surface.

3.1.3.1 Clamping Methods

The purpose of clamping is to bring the AE sensor into close contact with the surface
and maintain an adequate and constant acoustic coupling between the sensor and the
structure. The clamping method used should satisfy this requirement without creating
any AE of its own, due to friction or the movement of lose component parts, nor should
it disrupt any of the AE generated in the structure under investigation. According to ASTM
650 (ASTM 1998), for an AE sensor to be adequately physically restrained to a surface
there must be sufficient pressure that the surface and sensor do not move relative to one
another. This pressure should also be applied constantly to ensure that there is an
intimate contact between the sensor and the surface throughout the entirety of the testing
period in order for AE occurring at any time to be transferred directly to the sensor. There
are two main methods of mounting sensors; through the use of compression mounts or
through the use of adhesion. Compression mounts use force to hold the sensor against

the surface and typical, well-tested, clamping methods include;

Electrical tape +Adhering electrical tape to the surface of the structure and stretching it
over the top of a sensor can provide the appropriate mounting pressure, as shown in

Figure 3.10.

Sensor

Electrical tape Couplant

Figure 310: Electrical tape mounting schematic
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sensors on concrete structures. The mounting pressure comes from the screws which
can be tightened to increase the pressure accordingly, as shown in Figure 3.11, however,
this method requires the structure to be permanently modified in order to accommodate

the mounting screws.

Sensor .
Aluminium ‘top hat’

Rubber Couplant

backing

Figure 311W opu]v]pu Z8}% Z S[ u}uvsS]vP « Z u §]

Magnetic clamps *Two varieties of magnetic clamps are commonly used, small and
large, and depending on the material under inspection, must be used in different ways.
For the large magnetic clamp, which was designed by PAC, the magnets supply the
holding force to the surface and the spring loaded end-plate provides the mounting
pressure on the sensor. The smaller magnet clamps, which were proposed for use on
smaller, more difficult to handle AE sensors by Baxter (2007), use a foam tab to transfer
the holding magnetic force into a mounting pressure on the sensor, Figure 3.12. When
nonmagnetic materials, such as carbon fibre composites are used, the magnetic clamps
can still be used, albeit in a modified way. Steel tabs must be bonded to the surface of
the specimen or a second magnet must be positioned on the opposite side of the
specimen in order to offer the primary magnet with a means of providing a clamping force

to the surface, Figure 3.13.
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Figure 312: Magnetic clamp mounting schematic for ferromagnetic ctinoe (a) for large sensor and (b)
for small sensofEaton 2007)

Steel tab
(a) (b)
Composite

panel

Figure 313: Magnetic clamp schematic for nonmagnetic structure ugi)gsteel tabs and (b) two

magnets(Eaton 20Q)

Self-adhesive tabs with cable ties +Similar to the electrical tape method, adhesive tabs
can be bonded to the structures surface either side of a sensor and used to support a
cable tie. Looping the cable tie over the top of the sensor and tightening it provides the

mounting pressure.

Foam

Sensor
Cable tie

Adhesive tab Couplant

Figure 314: Self-adhesive tab and cable tie mounting schematic
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Finally, it is possible to bond a sensor to a structure using an adhesive such as
cyanoacrylate or silicone sealant. When a sensor is mounted in this way pressure must
be applied to the sensor whilst the adhesive is curing so that once it is set, the sensor
IDFH LV LQ FORVH FRQWDFW MéhdiNgsensér/it)aXgood Xdlutibh¥orv X U 1D F
structures with geometrical obstructions which make mounted methods impractical.
Bonding sensors also results in a more permanent fixation, so is a preferred method of
sensor mounting for longer duration testing. However, certain adhesives can cause
damage to the sensor and W KH V S H KBurRaeeQviéh they are removed and, due to
the curing time, bonding sensors results in a longer experimental setup time. It should
be noted that, whilst the use of an acoustic couplant is highly recommended for
compression mounted sensors, the adhesive itself acts as the couplant when sensors
are bonded to a surface and so additional acoustic couplant is not needed in this

instance.

3.1.3.2 Acoustic Couplants

Acoustic couplants are used in order to maximise the transmission of acoustic energy
from the structure to the sensor by removing the presence of air, which has a low acoustic
impedance, from between the sensor face and surface and replacing it with the couplant,
which has a higher acoustic impedance. Much like the clamping methods described in
Section 3.1.3.1, there is no one-size-fits-all acoustic couplant for every scenario and the
selection of a couplant is based on the AE monitoring application at hand. A number of
considerations when deciding the suitability of a couplant for a AE monitoring purposes

are highlighted by Theobald (2012);

x

How long will the measurement take?

X Is long-term stability important?

X How often is the sensor removed?

X Could the sensor be permanently bonded?

X Is there any source of movement or vibration which could displace the sensor?
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X What are the environmental conditions i.e. temperature, humidity?
x Could the couplant react with the measurement surface or cause corrosion?
X What type of wave is being measured? (Is good in-plane displacement

transmission required?)

The ASTM 650, Standard Guide for Mounting Piezoelectric Acoustic Emission Sensors,
(ASTM 1998) highlights several acoustic couplants which should be considered. Liquid
couplants, such as propylene glycol, have a lower acoustic impedance than other
commonly used couplants (Baxter 2007), however, they are very easy to clean from the
structure after use. Their low viscosity increases the ease with which they can force air
out from between the contact but also causes them to dip and/or dry out rapidly so they
are not suitable for use on tests which are intended to last longer than a couple of hours
or for coupling sensors to vertical faces. Liquid-based gels such as ultrasound gel and
glycerine offer a slightly higher viscosity than straight-liquid couplants which makes them
more appropriate for use on rougher and even vertical surfaces. They offer a higher
acoustic impedance that liquid couplants whilst retaining the ability to be easily removed
from the surface after testing, however, they are still prone to drying out after several
hours of use. Grease couplants offer a higher viscosity again and so are unlikely to dry
out and offer better long term stability than liquids and gels, making them the most
popular general purpose couplant for AE monitoring. The higher viscosity does mean
that a higher application force is needed to remove the air from between the contact.
Greases are also marginally more difficult to remove from the surface after testing. Dry
couplants, such as elastomers, were developed to overcome the aforementioned issues
associated to liquid based couplants and are available in a wide variety of acoustic
impedances, though since they generally offer a lower acoustic impedance than greases,

gels and liquids they are less popular for AE monitoring.

The majority of AE sensors have a dominant response in the direction normal to the
V W U X & stirdaceHMbwever, if a larger sensitivity to the in-plane motion of the surface

is desired then a more viscous couplant or rigid bond should be used.
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Once an appropriate couplant has been chosen the contacting surfaces should be
prepared and cleaned before its application. Again, and keeping in line with the common
theme of this section, this cleaning is done in order to enhance the capability of the
sensor to detect acoustic waves in the structure, by removing any grit or obstructions
which could act to separate the sensor and surface slightly and reduce their acoustic
impedance. A commonly used cleaning agent, and the one used in this study, is acetone
solvent (Theobald 2012). It may also be necessary to consider additional forms of
VXUIDFH SUHSDUDWLRQ /RRVH $BWYWVRKDW] W HEDLDH W H UWK
surface and the sensor and would act to severely limit the acoustic transmission.
Similarly, encapsulants, loose mill scale, weld spatter and oxides should be considered

and removed or avoided as appropriate.

There are some rare incidents where the use of a couplant is impractical, such as high
temperature conditions or surfaces which require extreme cleanliness. When this is the
case, the AE sensor can be pnGU\ FRXSOHGY WR WKH VXUIDRKE DSS
holding pressure. The magnitude of the pressure required cannot be known definitely in
advance and should be determined experimentally, however ASTM 650 recommends a

minimum of 0.7MPa (ASTM 1998).

Once mounted the sensor must be tested to determine whether or not the attachment
has a sufficient transfer of energy from the structure to the surface. This sensor

calibration test can be performed using an H-N source.

3.1.4 H-Nsource

As discussed in section 3.1.4, correct sensor mounting is paramount to the success of
AE as a technique, and so the determination of whether or not a sensor has been
adequately mounted to a surface is also of vital importance. Realising this, Hsu and
Breckenridge (1981) and Nielson (1980) investigated the applicability of various AE
sources for the purpose of AE sensor calibration; their work highlighted the practicality

of utilising a pencil lead break (PLB) for this purpose. A PLB source is generated by
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pressing a pencil lead tip on to a surface which causes that surface to displace. As the
force is increased the pencil lead breaks and the accumulated stress in the surface is
released causing a rapid displacement of the surface and hence the release of an
acoustic wave. The technique quickly gained popularity due to its repeatability and

accessibility, and was dubbed the Hsu-Neilson (H-N) technique.

The standard procedure for generating an H-N source as agreed to by the European
Working Group on Acoustic Emission (EWGAE) in October 1980 and later in ASTM E976

(ASTM 1984) consists of the following steps, Figure 3.15;

1. The lead feed button on the pencil is pressed repeatedly until the lead protrudes.

2. The end of the lead is levelled with the end of the guide tube by pressing the tip
of the pencil perpendicularly towards an even surface while the feed button is
pressed down.

3. The button is pressed six times causing the lead to protrude 3 mm.

4. The pencil is guided obliquely towards the structure until the guide ring rests on
the surface.

5. The pencil is pivoted about the point of contact towards a steeper position thus

causing the lead to break.

If carried out in this manner, an H-N source generated at a distance of 25mm from the
central axis of a correctly mounted and acoustically coupled resonant AE sensor will
produce AE with an amplitude of 97 to 100dB (a broadband sensor might typically record
a slightly reduced amplitude signal on account of its lower sensitivity). Hence, by
generating H-N sources adjacent to an AE sensor it can be determined whether or not
that sensor is mounted correctly. This was the method used throughout this study to
ensure correct sensor mounting; any sensor producing an unsatisfactory response (i.e.
hits with amplitudes below 97dB) to the H-N source was removed and re-mounted until

correct attachment was achieved.
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Figure 315: Generation of an H-N source, figure reproduced from ASI&4)

3.15 Velocity Measurement

There are numerous occasions where knowledge of the velocity of AE traveling in a
particular medium might be needed, for instance during the calculation of the location of
AE signals using the TOA or SSMAL techniques. It is also desirable to obtain the AE
velocity purely from the perspective of curiosity or interest, as it assists in developing an
overall understanding of the manner in which AE waves propagate in the medium in
question, especially if the velocity of multiple wave modes are investigated. In order to
experimentally determine the velocity of AE waves when traveling in a flat plate, i.e. for

both the S, and A, Lamb wave mode, the following procedure can be followed;

1. Position two AE sensors at a set distance apart on the surface of the specimen.
Each sensor should be adequately attached and coupled to the surface, and
connected to the appropriate acquisition hardware.

2. Whilst recording AE hits, an H-N source should be generated adjacent to one of
the sensors, in line with both channels, as shown in Figure 3.16. The H-N source
should be generated at a distance from the first recording sensor which is greater
than ten times the thickness of the plate specimen, in order to ensure that Lamb
waves have enough distance over which to develop.

3. The hits recorded by each of the sensors will have acquisition times associated

with them by the acquisition system. By investigating the waveform of each of the
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hits in closer detail, Figure 3.17, the time of arrival of each of the wave modes
within each hit can be determined. By adding the time of arrival of one of the
wave modes within the waveform to the acquisition time of that hit, the absolute
arrival time of that wave mode can be calculated.

4. The velocity of either of the wave modes can then be calculated using Equation
3-1;

6.6 1 °F 6,510
@

%o L

Equation 3-1

Where; Csia = the velocity of the S, or A, wave mode

Tchi sa = the absolute arrival time of the Sy or A, wave mode at channel 1

Tch2 sia = the absolute arrival time of the S, or A, wave mode at channel 2

d, = the distance between CH1 and CH2

It is important to note that this process gives you solely the velocity of each of the wave
modes for the particular material tested and in the orientation tested. In orthotropic
materials such as composites, where AE velocity has been demonstrated to exhibit
directional variability (Lopresto 2009), this measurement should be performed for
multiple propagation directions in order to build up a more comprehensive understanding

of the propagation behaviour.

Figure 316: AE velocity test sensor positioning
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Figure 317: & and A AEwave mode velocity determination from typical AE hits méed from

subsequent sensors. Notice that there is a larger time delaydegtthe arrival of thesSand A wave

modes for the second channel, on account of thee&e mode travelling at a higher velocity.

3.1.6 Wavelet Transform

A wavelet transform is the name given to the time-frequency representation of a signal.

Whilst it is based on the same mathematical principles as the Fourier transform, a

wavelet transform differs from a Fourier transform in that it displays the time varying

frequency components of a signal; as opposed to a Fourier transform which gives the

spectral details of an entire signal without any time information (Nesvijski & Marasteanu

2007). Figure 3.18 gives a pictorial example of the difference between a wavelet

transform and Fourier transform. The Fourier transform displays an average of the

VLIQDOTV IUHTXHQF\ VSHFWU IV L JROW & KIHQ QWK XV W L YRH VW& R

WKH FKDQJLQJ QDWXUH RI

WKH ¥DYGBDETW WUBDTRHREP GKHK

frequency spectra of the signal with respect to time, and thus can clearly highlight the

FKDQJLQJ QDWXUH RI WKH VLIJQDOTV IUHTXHQF\
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Figure 318: Pictorial example of the difference between a wavelet transfancha Fourier transform
(a) displays the original signal, which has a chan@ieguency with time; (b) displays a wavelet
transform of the signal in (a), where the colour of the repres@d$requency power amplitude; (c)

displays a Fourier transform of the signal in (a). Figure repeatifitom Malegori and Ferrii2010)

The wavelet transform is a powerful tool for the interpretation of AE data as it allows for
the frequency content of particular sections of a signal to be determined; for example,
Hamstad et al (2002) used a wavelet transform to determine the frequencies across
which the majority of the energy of the S, and A, wave modes existed in a particular

waveform.

The software used to create wavelet transforms LQ WKLV WKHVYLDY ZDH/QUID 8 HOH \
a freeware program developed by Vallen Systeme GmbH, in collaboration with Aoyama
Gakuin University and the University of Denver, which is available for download from

Vallen Systeme GmbHYV ZHEVLWH KWWS 7ZZZ YDOOHQ GH GRZQOR
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3.2 Digital Image Correlation

For a long time, strain measurements have been an important aspect of mechanical

science due to their involvement defining material properties and performance

parameters such as the <RXQJTV ORGXOXV 3RLVVRQ$airbOwWdésR DQG

(Cintron & Saouma 2008). Over the years however, there has been a growing desire to
be able to obtain the full strain field over an area of a test specimen in order to gain a
greater understanding of the mechanical performance of that structure and also to be
able to better compare empirical results with simulated results. Applying an array of strain
gauges to a surface in order to gain a multitude of point measurements and thus build
up an image of the strain field is both impractical and costly and so other methods were
developed. Initially, photoelastic coatings were adhered to test specimens. Using this
method, the surface strains of a loaded specimen are transmitted to the photoelastic
coating and, through the use of a reflective cement to bond the coating, the strain field
in the coating can be seen using a white light reflection polariscope (Vishay Precision
Group 2015). However the technique is inherently invasive and time consuming, and 3D
measurements are difficult to perform, hence more accessible optical techniques were
developed such as digital image correlation (DIC). DIC is a full field strain measurement
technigue which uses static images of a structure § surface and digitally automated
pattern recognition to determine W KH V X Widpladdrfigénht and subsequently strain.
Thanks to improvements in image processing with microcromputers throughout the

TV  @&Bnfact techniques such as DIC began to gain momentum and Grediac
(2004) presents an overview the use of these measurement methods for composite

material characterisation.

8QOLNH SKRWRHODVWLF FRDW L'Q& YVDQ@madtrahdnadr-ihiaEite
nature means that it lends itself well to being used alongside AE monitoring, since
measurements from both techniques can be taken simultaneously without detrimentally

affecting one another. Because of this, DIC has already seen much use as a means of
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validating AE testing and methodologies (Carmi et al. 2015; Bhavikatti et al. 2011; Pullin

et al. 2010; Alam et al. 2014).

Explained in detail by Schreier et al (2009), DIC works by directly detecting the surface
displacements of the structure under investigation from digital images using a process
of pattern recognition and tracking. The inspected surface must first be prepared via the
addition of a speckle pattern as in Figure 3.19. The method of best practice for the
application of a speckle pattern is still a frequent topic of discussion at conferences where
DIC users gather, though it is generally agreed that the speckling technigue used in each
VFHQDULR LV GHSHQGHQW RQ D QWXPWKH RS H BEBNEQUIW
composition, the size of the inspected area and the resolution of the cameras (Kwon et
al. 2013). Popular speckling methods include spray paint, airbrush guns, marker pens
and screen printing (Chen et al. 2015) and good results have been obtained at Cardiff
University in the past using spray painted speckles for specimens between

approximately 100x100mm to 500x500mm (Eaton et al. 2008).

Figure 319: Example of DIC speckle pattern from a study on a car bpfiguete reproduced from Wang
et al(2012)
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When using DIC, typically an image is first taken of the surface at rest. After load has
been applied to the structure a second image is taken; these two images can then be
compared using image correlation software to determine the deflection of the surface
due to the applied loading. The image correlation process involves splitting the inspected
area into a number of subsets, typically between 13x13 and 31x31 pixels in size. Due to
the random speckle pattern applied to the surface, each subset has a unique light
intensity (grey level) distribution and, by assuming that this light distribution does not
change under deformation, the position of each subset can be tracked from one image
to the next (Yoneyama & Murasawa 2008), Figure 3.20. The surface displacement can
then be obtained by comparing the known positions of each of the subsets from

subsequent images.

The DIC system used during the studies contained in this thesis was a Dantec Dynamics
Q-400 (Dantec Dynamics 2013) which consisted of two 2 Megapixel digital cameras, a
HiLis (cold, homogeneous, monochromatic) light source and a data logging system
capable of receiving up to eight analogue inputs. The cameras were used in conjunction
with Schneider Kreuznach lenses, the information for which can be found in Table 3.2.
The software used to perform the image correlation process was Istra4D, also supplied
by Dantec Dynamics, which uses the procedure outlined by Herbst and Splitthof (2013)

to make the calculation.

Figure 30: DIC Image correlation process example, figure reproduced frowla@ed Solution$2013)
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Table 3.2: DIC camera and lens information

Cameras

Number of Cameras Manufacturer Resolution
2 Limess 1600x1200 (2 Megapixel)
Manufacturer Name Magnification Working Distance (mm)
Schneider XNP 2.0/28 1:5.9 >179
Kreuznach Compact

3.3 C-scanning

C-scanning is a method of using ultrasound to inspect the through thickness structure of
a specimen. The mechanism by which information is obtained during C-scanning is not
dissimilar in nature to the ultrasound scanning technigues used in medical practice to
image the inside of the human body and the name f-scanning fefers to the way in which
the scanning probe is moved in two dimensions in order to take measurements over an
area (British Standards Institution 2010). During C-scanning the specimen under
inspection sits in a tank which is filled with a coupling medium, typically water. The
ultrasonic probe is then passed over the specimen in a straight path along one axis,
returned to its original position, moved slightly (typically by the width of the scanning

SUREHYVY KHDG VL]H LQ WKH WIEDQ/MHBNR D B UD YW.K/HDWQSEH RLKPHHL

shown in Figure 3.21. In this way, an image over the entire area is obtained.

_____________ - — Scanning

< — Repositioning

Specimen

Figure 31: Typical C-scanning inspection path
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A C-scan can be thought of as a series of individual measurements, with each
measurement occurring in a similar fashion to those shown in Figure 3.22. The ultrasonic
probe acts as both the transmitter and the receiver and, from it, an ultrasonic signal is
transmitted through the coupling medium to the specimen. Upon reaching a surface, a

portion of the ultrasonic energy will be reflected and a portion will be transmitted.

Logging gate Recorded signal Logging gate
A A i
Ultrasonic 3 t g
probe 2| ts 2|t
o o
£ £ to t
w w
‘© ‘©
= =
iy iy
< Time < Time
(a) <+—— Specimen —» (b) Defect
< Glass base >

Figure 22: Example of ultrasonic point measurement in a C-scan fa lf@gplthy specimen and (b) a

damaged specimen

The distance that the energy has travelled before being reflected will dictate its time of
arrival back at the probe as indicated by the spikes of energy at t;, t» and t; in Figure
3.22(a). During each individual measurement of the C-scanning process only a single
value is logged by the acquisition system; this value is the maximum signal amplitude
which occurs in the logging gate. The amplitude of the signal reflected from the glass
base is chosen to be the amplitude which is logged during a scan by positioning the
logging gate at the appropriate time, Figure 3.22. Where there is damage present in the
structure, such as a delamination in a composite ply-material, additional surfaces and
obstructions are present to reflect and scatter the ultrasonic energy. This results in less
energy reaching and reflecting from the glass base, and so a lower signal amplitude is
logged, hence damaged regions can be distinguished from healthy regions, Figure
3.22(b). When a large number of these measurements have been taken over the surface

of a specimen the areas of damage will be appear as regions of lower signal amplitude.
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It should be noted that thickness changes in the specimen under investigation will also
result in either more or less or the signal being absorbed/scattered, for thicker or thinner
regions respectively. Once a scan has been completed an image as shown in Figure
3.23 is obtained and grants the user an understanding of the through thickness structure

of the specimen.

Figure 33: Example of C-scan results taken from a wing shapedseeaiith stiffeners, AE sensors

adhered to the surface and an impact damage, figure reprodérosd Pearsorf2013)

C-VFDQQLQJTV DEthe usen awiRagkLof the through thickness state of a
specimen is useful for research and validation purposes and has been used in numerous
studies in the past to detect damage in composites (Hasiotis et al. 2011; Hocheng &
Tsao 2007; Marat-Mendes & Freitas 2011) and also as a validation tool for AE testing

(Pullin et al. 2013; Pearson 2013; McCrory et al. 2015).

However, its use is limited as it does not have the spatial resolution to determine the
presence of smaller damage mechanisms such as matrix cracking (Seyed Yaghoubi et

al. 2012), or any damage which is aligned parallel to the ultrasonic signal (Kapadia 2007).

Previous studies on composite materials have shown good response when using probes
with frequencies between 2.5MHz and 5MHz and thus a 5MHz probe was used for the

scans on composite materials performed during the studies contained in this thesis.
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3.4 Graphical Representation
For clarity and ease of understanding, many of the results in this thesis are presented in
a graphical format. This is customary for techniques such as AE, DIC and C-scanning,

and the common graphical displays which have been used are outlined below;

Waveforms: are the packets of raw AE data recorded by the sensors and are presented
in the time domain as a plot of signal amplitude vs time, Figure 3.24. The signal amplitude
is typically given in Volts (V) or decibels (dB), and time is typical given in microseconds
(us). Decibels are a logarithmic unit calculated, from the ratio of the AE signal voltage

with a 1V reference voltage at the transducer, using Equation 3-2.

#ILHEPQ@RI@,Q&G
& o0
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Figure 34: Typical representation of an AE waveform

Historical Plots: are used to describe the amount of AE activity occurring over the
duration of a test and give an indication of the progression of AE activity. Historical plots
regularly include activity level indicators such as cumulative hits or cumulative energy vs

time, Figure 3.25, or AE features such as signal amplitude vs time, Figure 3.26.
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Figure 325: Typical historical plot of cumulative hits and cuative energy vs time
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Figure 326: Typical historical plot of an AE feature (amplitude)met

Historical plots can also be made to show the level AE activity relative to the applied

load in order to show how the specimen reacted to the load. This is the manner in which

results are plotted when investigating the Felicity and Kaiser Effect (Grosse 2002), Figure

3.27.
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Figure 327: Example of load based historical plot, showing thedfand Felicity effects

Location Plots: are used to indicate the whereabouts of AE activity occurring in a
specimen. Linear location plots display the source location of AE between a sensor pair
and are often used to locate cracks along the length of a thin specimen. The locations
are generally binned spatially so are thus a plot of cumulative events vs distance, Figure

3.28.
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Figure 328: Example of linear location plot

Two-dimensional AE location plots show the location of AE sources over the monitored

area of a specimen. Typically, each AE event located is plotted as a separate point on a
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graph of y-position vs x-position, Figure 3.29 (a), and occasionally the energy of the
events are binned spatially to show the amount of energy released as AE from regions

of the specimen, Figure 3.29 (b).

Figure R9: Typical AE location plot for (a) y-position vs xtmwsiocation of each event detectedan

(b) spatially binned energy of located events, figure reprodtroed Pearsor{2013)

DIC contour plots: The information gathered from a DIC analysis includes the full field
displacement of the subsets on the surface of the specimen and the full field strain
experienced by the subsets on the surface of the specimen and is typically displayed

overlaid onto a photograph of the specimen in question, Figure 3.30.
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Figure 330: Example of a DIC contour plot showing the total disgghent of a buckling test specimen

calculate by the correlation software
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C-scanned images: show a 2D plot of the attenuation of the ultrasonic signal over the
surface of the specimen to give the user an indication of the through thickness structure
of the scanned specimen, Figure 3.31. In C-scanned images, the darker the colour the
higher the level of attenuation of the ultrasonic signal, hence why the lightning struck

area appears darker, as it caused more of the signal to scatter or be absorbed.

Figure 331: Example of C-scanned image of (a) undamaged carborchionposite panel and (b)

lightning struck carbon fibre composite panel
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4 Delta-T Mapping Optimisation and AE Monitoring of GLARE

4.1 Introduction

As described in Section 2.1.3, GLARE is an aerospace specific FML material
manufactured from thin sheets of aluminium and glass fibre which offers weight saving
compared to aluminium as well as providing better impact, fatigue, fire and corrosion
resistance. These benefits have seen the use of GLARE increase and it is now used as
a major constituent of the fuselage in the Airbus A380, the world largest passenger
aircraft. However, due to the increased complexity brought about by the interaction of
the different material layers and their anisotropic properties GLARE presents additional
challenges in terms of structural health monitoring and AE compared with monolithic
DOXPLQLXP VWUXFWXUHV */$5(71VRYDWHRKG PO Rtidhidid @ QAR E
geometric irregularities in the form of splines and doublers, means that the conventional
AE TOA location technique might struggle to achieve satisfactory accuracy. Extensive
work has been conducted at Cardiff University in the past to improve the accuracy of
$(TV HYHQW ORFDWLRQ FDSDFLWMHORXS®PIQUD R L @IteET)V B/KMH
mapping location technique, explained in Section 2.2.5.3. Previous studies have shown
delta-T mapping to provide improved accuracy over conventional TOA location however
it has not yet seen use on FMLs such as GLARE, for which it might also be able to

provide an improved performance.

Despite its proven advantages, delta-T mapping is still in its infancy and more can be
done to optimise the technique. For instance, since the mapping process of the delta-T
mapping technique consists of interpolating the difference in time of arrival, U, values
between points on the training grid in order to obtain a detailed 0t maps for each sensor
pair, it stands to reason that the spatial resolution of the training grid used will influence
the accuracy of the location result. A coarse training grid would require interpolation over
a larger spatial distance in order to calculate the 0t maps and hence might allow the

disruptive effects of abnormal geometrical features to be discounted. Somewhat
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surprisingly, a previous experiment investigating the effect of training grid resolution
concluded that no significant improvement could be made using a finer grid (Eaton et al.
2012), however this study was conducted using a relatively simple specimen with no
geometrical abnormalities. Thus the opportunity presents itself to perform a study into
both the use of delta-T mapping on GLARE for the first time as well as to examine the
impact of the training grid resolution on the accuracy of the delta-T mapping location
results when used in this complex material and in a specimen with many geometric

abnormalities.

This chapter contains the details of an experimental study into the effect of the training
grid resolution on the delta-T mapping location results for AE events collected in a
complex, GLARE specimen. The delta-T mapping location results were also compared

with those obtained using the TOA approach to determine

4.2 GLARE Panel Specimen

The GLARE panel used for this study was supplied by Airbus and measures
approximately 1200mmx700mm, has an average thickness of 3.1mm and once formed
part of the fuselage of an A380 freighter aircraft, Figure 4.1. The panel is made from
GLARE 4B, meaning that is comprised of five layers of aluminium and four layers of
GFRP, with each GFRP layer containing two prepreg GFRP sheets orientated at 90° to
one another, as displayed in the schematic in Figure 4.2. Due to the location from which
the panel was cut, it happens that the panel incorporates splice and doubler features.
As well as these, it can be seen that the panel encompasses many other features that
give it a complex geometry such as aluminium stiffeners, GLARE stringers, rivets and

holes, Figure 4.1.

6LQFH LW ZDV GHVLUDEOH WR BVYR @& X W MWRQdeWe-I BDEMIEGYIRIQ L G
accuracy when faced with a more challenging geometry, the area of interest highlighted

in Figure 4.1 was selected for the location test to take place as it appeared to be the
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most irregular. Present in that region are 17.7mm diameter holes, 9mm diameter rivets,

8.25 mm diameter rivets and 4.5mm diameter holes.

Figure 4.1: GLARE fuselage panel used for the study (a) fronithajhevareas used for the delfa-
mapping and preliminary velocity study highlighted (b)vging underside with stringers and stiffeners

Figure 4.2: schematic representation of GLARE layup
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4.3 Preliminary Investigation into GLARE Specimen S o mode AE

Velocity

In order to calculate locations using TOA the average velocity of the S, wave mode
travelling through the specimen must first be known and thus a velocity test was
conducted on the GLARE panel. The velocity study region highlighted in Figure 4.1 was
selected for this test as it contained the least number of irregular features which might
otherwise disrupt the wavefront and interfere with the velocity calculation. In order to
obtain the average velocity for the material, the velocity in the 0° 45° and 90°
orientations, relative to the longitudinal axis of the specimen, was determined and
averaged. The velocity study consisted of acoustically coupling two Nano30 AE sensors
(125-750kHz) with multipurpose brown grease onto the specimen in line with each of the
three orientations tested. In order to reduce the error associated with first arrival time
detection, it was desirable to position the sensors at a large distance from one another,
however the stringers on the underside of the specimen created spatial constraints and
so the furthest the sensors could be positioned from one another was 275mm, 160mm
and 160 mm for the 0°, 45°, and 90° orientations respectively. Once in place the sensors
were connected to PAC pre-amplifiers, each with a built in frequency filter of 20-1200kHz,
set to a gain of 40dB. Data was captured using a MISTRAS PCI2 system with the AE

acquisition settings shown in Table 4.1.

Table 4.1: AE Acquisition settings

Threshold Filter Sample Length Pre-trigger PDT HDT HLT

(db) (kHz)  rate (kHz) (ms) (ms) (ms) (ms) (ms)
40 [20- 4000 15 0.5 0.4 0.8 1
2000]

Ten H-N sources were excited 30 mm behind sensor 2 at each orientation configuration
in order to allow enough distance for plate waves to be established in the panel before
the wavefront reached sensor 2, Figure 4.3.
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Figure 4.3: GLARE velocity test configuration

The average time of flight of the Sp wave mode between the sensors at each orientation
was calculated from the ten recorded events. The distance between the sensors was
then divided by the average time of flight for each orientation to obtain the velocity and
those velocities were in turn used to calculate the average S, mode velocity for the

specimen to be 4836 + 65 m/s, Table 4.2.

Table 4.2: Velocity of H-N source wave in GLARE panel

Sowave mode velocity
m/s

4918 + 66

Orientation (degrees)

4719 + 80
4870 + 48

Average 4836 £ 65

4.4 Delta-T Mapping and TOA Location Test Procedure

A 1x1lcm resolution training grid spanning an area of 15x35cm was drawn onto the upper
surface of the specimen in the area of interest selected. Six Nano30 AE sensors (125-
750kHz) were then clamped in pseudo-regular positions surrounding the grid using a
pair of magnets on the top and bottom surfaces and acoustically coupled to the surface
using multipurpose brown grease, Figure 4.4. Pseudo-regular positioning was used as
previous studies using delta-T mapping have found that location inaccuracies can arise
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due to symmetrical sensor placements causing similar 0t values to have multiple
crossing points (Eaton 2007). The AE hardware and acquisition setup matched that used

in the preliminary velocity study.

Figure 4.4: 1x1cm resolution training grid and AE sensaastat to GLARE specimen with geometric

features and selected test locations highlighted

To collect the data necessary to generate the (t maps for each sensor pair, AE was
recorded whilst a H-N source was generated five times at each grid point. In order to
ensure that each event was only registering one hit on each channel during the collection
of this data, the AE acquisition setup was adjusted via the addition of front end filters as
required. The @t maps, containing the information of the contours of constant (t between

sensor pairs, were then created from the training grid data collected from the 1xlcm
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resolution grid by processing that data using the algorithms designed by Baxter (2007).
Rather than collect entirely new sets of training grid data for lower resolution training
grids, the raw data collected for the 1x1cm grid was manipulated to remove the events
necessary to mimic the data that would have been collected for 2x2cm, 3x3cm, 4x4cm,

5x5cm and 7x7cm resolution grids and G maps for these resolutions were created.

Fourteen locations inside the delta-T grid were then selected based on their surrounding
geometrical features for use in the location test, Figure 4.4, and AE was recorded whilst
ten H-N sources were generated at each of them. The AE data recorded from each of
these chosen locations was then processed using the delta-T mapping technique in
conjunction with each of the six different 0t map sets that were created from the six
different resolution training grids in order to calculate the estimated locations of each

event for each grid resolution.

As well as investigating the effect of the delta-T grid density on the accuracy of its location
calculation, this study also aims to provide a comparison of delta-T mapping IV DFFXUDF\
against conventional TOA Location for the GLARE geometry. To this end, the AE
recorded from the H-N sources at the fourteen chosen locations were also processed

usLQJ WKH FRQYHQWLRQDO 72$% OFHDPWBRQ WWEKDATXH LQ W

4.5 Results and Discussion

Examples of the (it maps created from each of the training grid resolutions can be seen
in Figure 4.5. Note first that due to the total size of the grid, 15x35cm, it was not possible
to obtain  maps up to the edge of the grid area for each of the resolutions, hence why
some of the grids display zero values around the perimeter. It can be seen that there is
a large disparity in the level of detail between the { maps created from the 1x1cm and
7x7cm resolutions training grids. The 1x1cm grid produced the 0t map with the most
amount of detail and the level of detail then diminishes for lower resolution grids, as

expected.
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Figure 4.5 4 maps between CH2 and CH3 generated from (a) 1x1 (b) 2x2 (d) 33 (e) 5x5 and (f)

7x7 cm resolution training grids with contours of cam$t4 and a photo of the grid area overlaid

3D\LQJ DWWHQWLRQ WR WKH SKRWH RdLWK H VG HFFHHP® RIMH V
50% transparency onto the figures; it is interesting that the impact of the holes on the
values is not more pronounced. It might be expected that when the a source is generated
in a position that has a direct line of sight to one sensor but has its line of sight obscured
by a hole to another sensor that a pronounced effect would be seen in the Ut values
EHWZHHQ WKRVH WZR VHQVRUV G2CHY MR/ GIDWUKK S B \R QW KD

appear to be the case.

The locations of the fourteen selected test points, as well as the results of the TOA and
1x1cm resolution delta-T mapping location techniques can be seen in Figure 4.6. It is
apparent that both techniques have calculated locations which are in reasonable
agreement with the actual source locations, but with the TOA results visually appearing
more erroneous than those calculated by delta-T mapping. To obtain a quantitative
measure of the accuracies of the two techniques, the distance from each calculated
location to the actual locaton ZDV GHWHUPLQHG WR JLYH D |ORFADWDLREKH
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The distance error for each location was then averaged to obtain the average error for
each technique. This was carried out for the TOA locations and the delta-T mapping

locations for each resolution training grid, Figure 4.7.

Figure 4.6 Comparison of locations calculated using TOA and deftexpping against actual source

location
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Figure 4.7Average error from actual locations for TOA and different delggid sizes

It is observed that both TOA accurately locates the artificial sources in the geometry to
within 0.603cm of their true position and that the delta-T mapping technique always
achieves a lower error. The error for the delta-T mapping results produced by the 1x1cm
resolution training grid was the lowest of any technique offering a 45% reduction in error
over TOA and a 25% reduction in error compared to the average error of the other
resolution delta-T mapping results. Somewhat surprisingly, the error in the delta-T
mapping results produced from the 2x2, 3x3, 4x4, 5x5 and 7x7 cm was reasonably

consistent with no reduction in accuracy observed for lower resolution grids.

Intuitively, it might have been expected that the error of the TOA results would be much

higher for this complex, composite specimen, however several reasons for this become
DSSDUHQW 72%$9V DFFXUDF\ KDV BHHRhBRiSed ld@iposite WR GF
materials with highly orthotropic properties, such as unidirectional GFRE in which

velocities have been recorded to vary from 4682 m/s along the fibre orientation to 2594

m/s orthogonal to the fibre orientation (Toyama et al. 2002). This is because the
conventional TOA calculation assumes a constant wave speed in all directions. The

results in Table 4.2 show thatthe S ZDYH PRGHYfV YHORFLW\ H[KLELWV O
propagation direction in the GLARE specimen and so the assumption made by the TOA

calculation method holds approximately true and its accuracy is not diminished.
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Further to this it should be noted that the H-N sources used during this location study
produce AE signals with much larger amplitudes than those that would be expected in
most real-world applications. The TOA technique utilises a threshold crossing method to
determine the first arrival time of AE and thus can suffer inaccuracies when detecting
low amplitude AE since the first arrival is less pronounced and hence missed. Therefore,
the use of a H-N source means that the TOA accuracy calculated in this study is larger
than could be expected to occur in practice. In order to overcome low amplitude signals,
the delta-T mapping technique incorporates an AIC calculation to more accurately
determine the first arrival time of AE signals. Acknowledging this, it is suggested that the
improvement in accuracy seen by delta-T mapping over TOA would be more pronounced

in a practical application where lower amplitude AE is expected to be released.

Finally, the six sensor array used in this study has as average sensor spacing of 19.4cm,
from one sensor to the next adjacent sensor. This is a lower sensor spacing than would
be expected to occur in practice and would contribute to greater accuracies in both
techniques, especially TOA which would benefit more from the decreased levels of signal
attenuation brought about by this closer sensor spacing due to the reasons highlighted

in the previous points about first arrival time calculation.

It was predicted that the large number of rivets in the specimen would disrupt the wave
propagation, altering the wave velocity and hence first arrival time. This would result in
a reduction in the accuracy of the TOA locations as TOA assumes the wave velocity to
be constant in all directions and the effects of these geometrical abnormalities would not
be accounted for. However, the accuracy of the TOA results was acceptable and the
detrimental effect of the rivets and irregular geometry does not appear to have been
observed to any significant degree, likely due to the size of these features being too small

to make a disruptive enough impact on wave propagation.

There is a large jump in error between the 1x1 cm resolution delta-T mapping results

and the other grid resolution delta-T mapping results. The largest geometrical features
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on the surface of the GLARE specimen are the 1.77 cm diameter holes. Thus the
observation can be made that it is when the training grid size is larger than the largest

defect size that the largest increase in error is observed in the delta-T mapping results.

Looking at the results of the velocity study; the directionally uniform velocity observed in
the GLARE specimen suggests that GLARE has a fairly consistent in-plane stiffness in
all directions, since the So mode velocity is related to the in-plane stiffness of the material,
despite the fact that the material layup contains orthotropic GFRP layers. The uniformity
of the velocity suggests that the signals generated were travelling in an isotropic material
which leads to the hypothesis that the majority of the AE wave energy may be travelling
in the upper most, isotropic, aluminium layer of the GLARE material and not in fact
traveling as a plate wave through the entire thickness of the GLARE. To investigate
further, PAC Dispersion Curves software was used to calculate the So mode wave speed
in a 0.4 mm thick aluminium plate to be 5400 m/s. Furthermore, as previously stated, S,
mode AE velocity in GFRP has been recorded to vary from 4682 m/s along the fibre
orientation to 2594 m/s orthogonal to the fibre orientation and measure at 3205 m/s for
a mixed layup. The average velocity measured in this study, 4836 m/s, is somewhere
between the velocities expected for the constituent materials and thus it is unlikely that
the majority of the AE wave energy is merely travelling in the upper most aluminium layer

of the GLARE as theorised.

4.6 Conclusions

H-N sources were generated on the surface of a complex GLARE panel specimen and
located using both TOA and delta-T mapping. The data recorded from the H-N sources
was processed with delta-T mapping several times, each time with using 0 maps
generated from training grids of different resolutions; 1x1, 2x2, 3x3, 4x4, 5x5 and 7x7
cm. The location results showed that delta-T mapping produced more accurate results
than TOA for all grid resolutions tested. The most accurate locations were obtained from
the delta-T mapping results processed using the @ maps generated from a 1xlcm

resolution training grid which could locate signals to within 0.332cm of their actual
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position. After an initial reduction in delta-T mapping location accuracy from the 1xlcm
to 2x2cm resolution training grid, from 0.332cm to 0.441cm, there was no further
decrease in the accuracy of the delta-T mapping results for diminishing grid resolutions.
The observation was made that once the training grid resolution exceeded the largest
defect in the GLARE panel, which in this case was 1.77cm, that the accuracy of the delta-
T mapping results decreased and after this point it remained more-or-less constant.
Whilst true that delta-T mapping offered a 45% reduction in error when compared to the
TOA results, it should be noted that all techniques produced results that would be
satisfactory in practice. This said, due to a number of contributing factors discussed, it is
expected that the accuracy of the TOA results would be significantly lower than delta-T
mapping in practice where signal amplitudes would be much lower and sensor

positioning would be scarcer.

A velocity study was also carried out on the GLARE panel specimen with the results
showing that the S, Lamb wave mode velocity varied only slightly with propagation

direction, and had an average velocity of 4836 m/s.

The work from this chapter formed the basis for the following conference publication:

J. McCrory, R. Pullin, M. R. Pearson, M. J. Eaton, C. A. Featherston and K. M. Holford.
H(ITTHFW RN Grid QRééblution on Acoustic Emission Source Location in
*1$5(1 WK (XURSHDQ &RQIHUHQFR QR @HMWWRXYWLFWRLWWHU

Conference on Acoustic Emission, University of Granada, Spain; 09/2012.
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5 Additive Hi ts Analysis

5.1 Introduction

One of the large challenges for the development of a fully realised SHM system is
satisfying the power requirements. Because of this, the damage detecting component of
an SHM system should require minimal power to operate and even then careful power
management is required in order to achieve full functionality without the need for large
power reserves, such as batteries, which would increase the mass of the system.
Wavestreaming, described in Chapter 2, is an AE technique that records packets of AE
information periodically and thus requires less power than an AE technique that collects
information continuously. The use of wavestream collection to track the progression of
damage in a structure has been demonstrated in the past. By comparing the RMS values
of the wavestreams collected in a tensile fatigue test, Pullin et al (2013) were able to
identify the presence of impact damage in a carbon fibre composite panel. Furthermore,
a more detailed investigation of the frequency spectra of the wavestreams recorded
suggested that wavestreaming could not only detect but also track the progression of
different AE source mechanisms in the structure. Following on from a similar study by
Mascaro et al (2005), Eaton et al (2014) used wavestreaming to monitor the drilling
process in a carbon fibre composite panel; the RMS of the wavestreams was used as an
indicator to track the progression of wear in the tool and also the condition of the hole
being drilled. Subsequently a more detailed, windowed RMS and frequency analysis was
used on a wavestream by wavestream basis to investigate the exact cutting, wearing
and damage mechanism as the drill bit became more worn. Holford et al (2013) looked
at the potential of wavestreaming techniques in rotating machinery applications by
monitoring AE in a cyclically loaded gear tooth. A rolling cross-correlation approach,
whereby each recorded wavestream was compared to the previous one, enabled the
detection of the increase in regularity which occurred in the wavestreams due to damage

emitting AE at regular intervals during loading. A more detailed banded frequency
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analysis was able to more thoroughly visualise the presence and progression of damage

in the tooth.

Despite its merits, analysing wavestreaming information has a number of drawbacks.
Since AE data is typically captured at around 2 to 5 MHz, recording data continuously
for an entire second results in data files with millions of data points meaning that
manipulation of this data is slow and computationally intensive. Furthermore, there is no
guarantee of capturing high-amplitude/relevant AE data during the time that the
wavestream is being recorded and frequently the majority of what is recorded is
background noise which complicates attempts to withdraw information from the useful
parts of the recording, i.e. the transient AE hits, as in Figure 5.1. Additionally, if the noise
happens to occur at a consistent frequency then there is the chance that a frequency
analysis might be skewed and interpretation of that data would become problematic,

especially if the analysis involved investigating the peak frequency.

To maintain the advantages that wavestreaming offers, such as the ease of data analysis
by means of comparison of successive wavestreams and the inherent power saving due
to its periodic activation, whilst overcoming the issues involved with the size of the data
files recorded and the effect of noise on the frequency power spectrum; a novel method

of analysing hit driven data, called an Additive Hits Analysis (AHA), is presented.

An Additive Hits Analysis consists of consecutively conjoining all of the AE hits which are
recorded within a user specified time window to produce one, longer signal, which closely
resembles a wavestream recording but without the vast periods of low amplitude noise.
This can be repeated for a number of time windows throughout the duration of a test, in
order to obtain several AHA data sets. A similar analysis methodology to that which is
employed on conventional wavestream data can then be performed on this additive hits

data but with fewer of the aforementioned issues regarding data size and noise.
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Figure 5.1: (a) Signal 1: 1000 point long, 3 Volt 201diz5 Volt 30Hz sine waves added together with
noise of the same length (b) Frequency spectrum of signal fife) 3i 1000 point long 3 Volt 20Hz and
5 Volt 30Hz sine waves added together with 1,000,000 pariig noise signal (d) Frequency spectrum of

signal 2.

The procedure for generating the AHA data files, by sequentially summing waveforms in
user specified time windows, would take a considerable length of time to do manually;
thus a Matlab script was created which automated the process. This chapter describes
a fatigue experiment that was carried out on a cantilever steel beam specimen, and the
AHA of the data recorded from that experiment, in order to demonstrate the AHA
technique and determine its effectiveness at tracking crack propagation when compared

with conventional wavestreaming.
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5.2 Experimental Procedure

52.1 Specimen preparation

In order to investigate whether the AHA approach provides the aforementioned benefits
over conventional wavestreaming, the two techniques were compared, side-by-side,
using the same test data. To this end a fatigue test experiment was designed for a
1000x70x20mm aerospace grade 300M steel bar specimen. The specimen was notched
prior to testing in order to accelerate the development of a crack and also allow the
location of that crack to be known; this provided confidence that the AE and DIC
monitoring were being carried out in the correct region of the specimen. The notch had
the dimensions shown in Figure 5.2. A cylindrical cut was also made toward one end of
the specimen as a seat for a steel roller which would later serve to transfer load to the
specimen. The surface of the specimen in the region around the notch was polished with
acetone before the 10x10mm delta-T mapping training grid seen in Figure 5.3 was drawn
onto the surface. Four MGL Nano 30 AE sensors (125-750kHz) were then adhered to
the surface using Loctite 595 silicone sealant, which also served as the acoustic couplant
between the sensors and the specimen, in the positions shown in Figure 5.3. Pressure
was applied to the sensors during the adhesive curing process and, once cured, an H-N

sensitivity test was conducted on each of the sensors with satisfactory results.

Figure 5.2: Dimensions of the notch
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Figure 5.3: Position of sensors and déltaapping training grid

The sensors were connected to PAC pre-amplifiers, each with a built in frequency filter
of 20-1200kHz, set to a gain of 40dB. These were in turn connected to a PAL PCI-2
acquisition system which was used throughout the entirety of this testing to record AE

data. The acquisition settings within the AEWin software were set as shown in Table 5.1.

Table 5.1: AE Acquisition settings

Threshold Filter Sa:;rtlgle Length Pre-trigger PDT HDT HLT
(s]9)) (kHZz) (kHz) (ms) (ms) (ms) (ms) (ms)
[20-
40 2000] 2000 15 0.5 0.2 0.4 1

The delta-T training data was collected, by generating five H-N sources at each of the
grid points, and subsequently used to calculate the delta-T maps for this specimen. In
order to assess the accuracy of the Ut maps generated a number of trial H-N sources
were generated at the positions outlined in Table 5.2 and Figure 5.4 and recorded by

the AE loading test.

AE was not the only monitoring method used during this test. In order to verify the
changes in the rate of crack growth that were to be detected by AE, and gain a more
thorough understanding of the crack progression, DIC monitoring was also used. In

preparation for this, a speckle pattern was applied to the specimen, in the region
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surrounding the notch on reverse side to which the training grid was drawn, using black
and white spray paints, Figure 5.5.

Table 5.2: Map accuracy test break locations

Figure 5.4: Trial delta-T mapping locations

Figure 5.5: DIC Speckle pattern on surface of specimen
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52.2 Fatiguetest

The unmodified end of the specimen was placed on a metal block and clamped firmly in
place so that the modified, free end was suspended above the bed of the load machine,
causing the specimen to act as a cantilever beam. When clamped, the specimen was
positioned in such a way that the suspended end was situated underneath the actuator
so that the actuator head could be lowered to make contact with the steel roller shown
in Figure 5.3. Once the specimen was in place, the DIC cameras were positioned so that

they captured the region of interest around the notch and were calibrated accordingly.

In order to develop a fatigue crack, the specimen was loaded cyclically from 0.5 to 11kN
at a rate of 1Hz; the force was applied vertically downwards to the steel roller.
Conventional AE hit activity was recorded for the entire duration of the experiment. As
well as this, once every 200 cycles the AE acquisition system would trigger the collection
of wavestream data for 1.5 seconds; wavestreams of this length were recorded in order
that each wavestream record 1.5 loading cycles and hence would be guaranteed to
record the peak load. It was desirable for the wavestreams to capture activity occurring
during the peak load as it is at this point in the loading cycle that cracking and crack
growth is expected to occur and hence it is the point of the loading cycle in which AE
related to the damage process is most likely to be released. Once at the beginning of the
test and subsequently every 200 cycles the cyclic loading regime was paused and the
specimen was loaded to 11kN and held at that load whilst a DIC image was taken. The
specimen was loaded for 67,099 cycles until a crack, visible to the naked eye, was
present at the notch tip; at this point it was assumed that there would be sufficient data
to conduct an analysis. For added clarity a photograph of the experimental setup is

shown in Figure 5.6.

It should be noted that, due to slight eccentricity in the test set up, the roller travelled
gradually during the loading cycles and so at several points during the experiment the
loading regime was paused in order to allow for the roller to be repositioned. This

happened at 10,561 s, 15,810 s, 20,381 s, 40,725 s and 61,044 s. Furthermore, at
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approximately 16,000 s, the capture rate of the wavestreams and DIC images was
reduced, from once every 200 cycles to once every 500 cycles, in order to reduce the

quantity of data collected.

Figure 5.6: DIC and specimen setup for loading

5.3 Results and Discussion

53.1 DICResults

The images taken using the DIC system were processed on the Istra4D software. An
area of interest around the notch was selected and the images were correlated. Ten

marker points were created around the notch area, Figure 5.7.

By tracking the positions of the points it was possible to calculate the distance between
them and hence determine how this distance changed over the course of the experiment.
The change in the distance between marker points (DBMP) either side of the notch is
related to the opening of the crack, and hence crack growth rate. Figure 5.8 shows the

change in the distance between the points 1 and 2.
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Figure 5.7: Location of points investigated from DIC

Figure 5.8: Change in distance between marker points 1 amdraiee course of the experiment

As expected, the distance between the points increases as the test progresses, as a
result of crack growth and deformation of the specimen. Furthermore, the rate at which
the points move apart increases as the test goes on, which suggests that the rate of
crack growth also increases as the test goes on. This agrees with the Paris Law,
Equation 2-2, which states that crack growth is proportional to the stress intensity factor,

which increases with crack length and applied stress.
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In order to investigate the point at which the DIC results are capable of detecting the
presence of cracking, the distance between marker points 1 and 2 was plotted for the

initial portion of the test only, Figure 5.9.

Figure 5.9: Change in distance between marker points 1 ahth2 aeginning of the test

The first thing apparent from this plot is the level of noise in the DIC data. Since each
image is taken whilst the specimen is held at maximum load, 200 loading cycles after
the last, it is expected that the two markers either side of the notch should either remain
at the same distance (i.e. no crack growth) or move apart (crack growth); it is
counterintuitive to assume that they would move closer together. The fact a number of
data points in the plot shown in Figure 5.9 do indicate that the points get closer from one
image to the next shows that there is noise in the DIC data. This noise is thought to result
from a number of factors such as the electronic noise from the digital cameras and also
slight variations in both the lighting and the load applied to the specimen when the
images were taken. For this reason the data was smoothed using an exponential
smoothing function in MS Excel to give the solid line seen in Figure 5.9. From the
smoothed data it can be seen that there is a relatively steady distance between the two
points either side of the notch until approximately 7385 seconds, at which time the
gradient changes significantly, which suggests that there was an increase in crack
growth rate at this time. In order to obtain an impression of the precision of the DIC
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results, the mean and standard deviation of the increase in the distance between the two
points were calculated using the data from 0 to 7000 seconds, i.e. before crack growth
is conceivably detectible with the DIC system. These were found to be 0.0012mm and
0.00082mm respectively and thus the noise in the data in this region of the test is 70%
of the mean value. For this reason it is expected that small variations in the crack growth
rate will not be able to be identified using the DIC data as they will be drowned out by

the noise, however the larger overall trends are still relevant and informative.

In order to investigate the effect of realigning the roller, the increase in the distance
between two points either side of the notch around the times at which the roller was
realigned were plotted, Figure 5.10. It is difficult to determine whether the DIC results
show any correlation with the times at which the roller was realigned because of the
noise in the data. Furthermore, the infrequency with which images were taken has
resulted in the DIC results having a low time resolution and so it is possible that any
effects caused by roller realignment have ceased to exist by the time at which the next

image was taken.

Figure 510: Change in distance between marker points 1 and 2 after redignment
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5.3.2 Traditional AEResults

The traditional AE features; hits, energy and amplitude, were investigated, as shown in

Figure 5.11, Figure 5.12 and Figure 5.13 respectively.

Figure 511: Cumulative AE hits recorded by Channel 1 over the duratibie tdést

Figure 512: Energy of each hit and cumulative energy of each hit recblog Channel 1 over the

duration of the test

Figure 5.11 shows that the rate of AE activity, the rate at which hits are detected,
increases at various points of the test and slows at others. It is expected that the regions
of high release rate correlate to regions of high crack growth rate (Pullin et al. 2010).

Figure 5.12 and Figure 5.13 show that there are more high energy, high amplitude hits
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later on into the test, suggesting that there was a greater amount of crack growth rate as

the test went on.

Figure 513: Amplitude of each of the hits recorded by channel 1

,Q RUGHU WR LQYHVWLJDWH $FNLEDS WKIHV Y UNDRS K RWHREK X P
Figure 5.11 was scrutinised in closer detail, Figure 5.14, between 5,000 and 10,000

seconds.

Figure 514: The cumulative AE hits recorded by channel 1 around tleeviimen cracking is thought to

have begun according to DIC

It can be seen that the gradient of the slope in Figure 5.14 changes at 7412 seconds.
Something in the structure must have changed at that time to cause the increase in the
rate of AE released, and based on the results of the DIC analysis it is apparent that this

change in AE release rate can be attributed to increased crack growth activity.
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In order to investigate the effects of stopping the test to reposition the roller, the rate of
hits being recorded by channel 1 around the times at which the roller was repositioned

was examined, Figure 5.15.
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Figure 515: Cumulative AE hits recorded by Channel 1 at the momerite ¢ést when the roller was

repositioned (a) 10,561 sec (b) 15,810 sec (c) 20,381 sec &%) gfk7and (e) 61044 sec

Figure 5.15 shows that the repositioning of the roller did appear to have an effect on the
rate of AE release. At 10,561, 15,810, 20,381 and 40725 seconds the rate of AE release
can be seen to decrease momentarily before rising again suggesting that the crack
growth rate decreased at these moments also. This is understandable since as the roller
travelled it would exacerbate the amount of eccentric loading on the specimen, causing
one side of the notch to experience a greater stress, and thus increasing crack growth
UDWH $IWHU WKH UROOHUTY HOhR hdphnRe@ic HEdhgWwdWaHhEVe
decreased and hence the side with the specimen with the longest crack would
experience a smaller stress that it had done before the realignment, and the crack growth
rate would decelerate, resulting in less AE. It is also worth noting again that the crack
growth mechanism itself is a delicate process, dependant on the movement of slip planes

in the grains that lie in the region of high plastic deformation around the crack tip (Ritchie
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1999). Each time that the roller was repositioned, this process was disrupted and the

load orientation changed slightly which would reduce the crack growth rate.

5.3.3 AEDelta-TLacation and Frequency Analysis

The AE data was processed using the bespoke delta-T mapping location program
developed at Cardiff University in order to accurately calculate their location. For ease of
comparison with the wavestream and AHA to follow, the data of the located waves was
binned temporally using time steps the same magnitude as the time steps between the
wavestream capture (every 210 seconds from 0 to 15,814 seconds and every 510
seconds thereafter). The number of located events in each time bin as well as the

cumulative number of located events was then plotted, Figure 5.16.

Figure 516: Number of located events in each time step and cumulativeber of located waves over

the duration of the test

The rate of occurrence of located events began to increase at approximately 7300
seconds indicating that this was the point at which the rate of crack growth first began to
increase. Furthermore, Figure 5.17 shows that as well as the total number of events
increasing after 7300 seconds, those events also started to originate from more specific
regions, in the vicinity of the notch tip; whereas before that point in the test they had been
evenly distributed all over the monitored region. This suggests further that there was an

increase in crack growth rate at this time. From the combined information in the above
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analysis techniques it can be said, beyond reasonable doubt, that the crack growth rate

in the specimen first began to increase significantly at approximately 7300 seconds.

Figure 517: Locations of events calculated using delta-T mappétgden (a) 0 and 7000 seconds and
(b) 7300 to 8350 seconds

Several large amplitude events recorded by channel 1 over the course of the test in the
vicinity of the notch tip were selected for further analysis, Table 5.3. Large amplitude
events were chosen because crack growth related mechanisms are more likely to
release large amplitude AE; and events located as originating from the notch region were
selected in order to further increase the likelihood that the hits analysed were associated
to the cracking process. The waveforms of these hits were imported to Matlab and
analysed using a Fast Fourier Transform to inspect the frequency spectrum, Figure 5.18,
Figure 5.19, Figure 5.21 and Figure 5.22. Since the first arrival of the wave is the portion
of the waveform which is most representative of the source mechanism which released
that AE (the tail end of a waveform often contains reflections and sensor ring-down); the

first arrival of each of the five selected hits was analysed in more detail.
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Table 5.3: High amplitude events selected for frequency asditgsn CH1

X,y Location
(cm)

Index Time (S) Amplitude (dB)

8,071 59 3.02,4.84

8,345 62 3.40, 5.00
10,031 88 2.81,4.99
60,439 67 2.65,4.91
65,440 67 3.00, 4.70

Figure 518: Wave index 1 at 8071 seconds, amplitude of 59dB
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Figure 519: Wave index 2 at 85 seconds, amplitude of 62dB
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Figure 520: Wave index 3 at 10,031 seconds with an amplitude3dB8

Figure 521: Wave index 4 at 60,439 seconds with an amplitude’dB6
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Figure 522: Wave index 5 at 65,440 seconds with an amplitude/dBo

From the figures it can be seen that the most dominant frequency for any of the entire
signals is approximately 130kHz, however when only the first arrival of the recorded
wave is examined, frequencies around the 350kHz region are more prominent. Owing to
the fact that these hits were all located as originating from the notched region, and they
all had substantial amplitudes, it can be hypothesised that these hits were released by a
crack growth related mechanism, and thus the frequency band of highest relevance to

detecting cracking process is the band with a peak frequency at approximately 350kHz.

534 Camventional Wavestreaming

The wavestreaming data collected throughout the test was analysed using conventional
wavestream analysis techniques, such as those presented by Pullin et at (2013). The

root mean square (RMS) value of each wavestream was calculated and plotted, Figure
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5.23. It is evident that the RMS of the wavestreams was larger at the tail end of the test
indicating that there were more and/or higher amplitude transient signals contained
within these waveforms and thus suggesting greater rates of crack growth as the test
goes on. There is also an indication within the data that the RMS of the wavestreams
was affected by the roller realignment; the RMS can be seen to noticeably drop just after
the roller realignment at 10,561, 15,810 and 20,381 seconds. The RMS amplitude did
not begin to increase substantially until 8764 seconds into the test, suggesting that this
is the point at which crack growth rate began to increase, which is significantly later than

the times predicted with previous analysis methods.

Figure 523: RMS of each wavestream recorded on Channel 1

The frequency spectrum of two of the wavestreams was calculated; one from the
beginning of the test at 458 seconds, when there is believed to be relatively little crack
growth, and one from further on in the test during the region of largest RMSs calculated,

at 47,800 seconds, Figure 5.24.
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Figure 524: Frequency spectra of wavestreams recorded at 458 and 47,800dsec

Since it has been theorised that there was relatively little crack growth occurring at 458
seconds into the test, the wavestream recorded at this time is likely to contain signals
which are predominantly due to noise sources, such as friction and electrical noise. If
this is the case then the frequency spectra of this wavestream would be the frequency
spectra of those noise sources, reflections as well as the resonant frequency of the
recording sensor. The wavestream recorded at 458 seconds was found to contain
dominant frequencies at 30 and 130 kHz. Due to the cyclic loading regime it is likely that
the noise sources present will be fairly constant throughout the test. Since crack growth
rates are thought to be much larger by 47,800 seconds into the test, the frequency
spectra of the wavestream recorded at this time should contain more frequency content
related to the cracking process. Figure 5.24 shows that the dominant frequencies of the
wavestream recorded at 47,800 seconds match those of the wavestream recorded at
458 seconds. The magnitude of 30 kHz spike is of the same order in both wavestreams
and so is likely solely due to noise. The frequency spike at 130kHz is significantly larger
in the wavestream recorded at 47,800 seconds, however it is believed that this 130kHz
frequency spike is the resonant frequency of this the CH1 sensor and hence the reason
that the amplitude of this frequency is larger in the wavestream recorded at 47,800
seconds is because there is more AE released during this time, due to the cracking
process, and any excitation to the sensor will inevitably cause it to vibrate at its resonant

frequency.
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Other than the difference in the relative magnitudes of the 30 and 130 kHz frequency
peaks, there is little difference in the shape of the spectra of the two wavestreams shown
in Figure 5.25. There is no pronounced peak in frequency at 350kHz, i.e. the frequency
suggested to be attributed to the cracking process, however this may be due to the fact
that the signals from cracking are so brief that their impact on the frequency spectrum is
drowned out by the noise, as demonstrated in Figure 5.1. In order to investigate further,
the activity 350kHz frequency band over the duration of the experiment it was plotted,
Figure 5.25. Also shown in Figure 5.25 is the RMS of each wavestream in order to
discern weather the 350kHz frequency band displays any specific trends above and

beyond that of the overall activity.

Figure 525: Percentage of total energy contained in the 350kHz frequband and RMS for each

wavestream recorded

It is apparent that, for the most part, the activity of the 350kHz frequency band matches
the overall trends in the RMS of each wavestream. However, less of the overall energy
of the 350kHz band occurs during the initial 6000 seconds of the test, before cracking is
expected to have begun, and more of the overall energy occurs during the final 13,000
seconds of the test, when the crack growth rate would have been at its largest, and thus
it is possible to say that the 350kHz band may be linked to crack growth and that tracking
its progress may provide additional indication of the progression of cracking in the
specimen.
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5.3.5 Additive Hits Analysis

An Additive Hits Analysis, as described in Section 5.1, was conducted on the data. The
proposal for the AHA technique is that it can be implemented in real-time, as the AE data
is being recorded. However, as this facility was not available, it was conducted via post
processing to provide a proof of concept. Unlike conventional wavestream recording, it
is possible to know the number of hits contained within each additive hits data set during
capture and so this can be plotted, Figure 5.26. The number of hits in each additive hits
data set can be seen to increase as the test progresses, as would be expected to happen
as damage develops in the specimen since crack growth acceleration has been
previously linked with increasing rates of AE release. An advantage of viewing the data
in this way is the ability to detect more clearly changes in the AE release rate. After an
LQLWLDO MEHGGLQJ LQY SHULRKIGN L § X [EFK WHKHR MUMBEE®DUF RVIX
of hits in each additive hits data set stabilises. At 7310 seconds, the number of hits begins
to rise sharply and consistently, suggesting that a dramatic increase in crack growth rate

occurred at this time.

Figure 526: Number of hits recorded in each AHD package

The Also clearly visible in the graph at 10,561, 15,810 and 20,381 seconds are the
periods of crack growth arrest due to the realignment of the roller. Figure 5.27 shows the
RMS of each additive hits data set and indicates that larger RMS value additive hits data
sets are observed towards the end of the test. Similar to the number of hit in each set,
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the RMS also highlights a change in behaviour at 10,561, 15,810 and 20,381 seconds

correlating to the points at which the roller was realigned.

Figure 527: RMS value of AHA data at each time step

In order to allow for a coherent comparison between the results of the wavestream data
and additive hits data the frequency spectra of two additive hits data sets were calculated

from 458 and 47,800 seconds, Figure 5.28.

Figure 528: Frequency spectra of additive hits data sets recorded asd&8nds and 47,800 seconds

Figure 5.28 shows that, unlike when the comparison was made between the
wavestreams recorded a these times in Figure 5.24, the amplitude of the noise peak
frequency at 30kHz is substantially lower in the additive hits data set recorded at 458
seconds than it is in the additive hits data set recorded at 47,800 seconds. This is
because, unlike in conventional wavestreaming which records for the same length of
time at each measurement regardless of whether or not there is any AE activity, the
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additive hits data only consists of AE activity of sufficient amplitude and so the vast

periods of noise between transient AE events are ignored and less noise is captured.

However, as with the conventional wavestraming results, Figure 5.29 shows that the
350Hz frequency band does not show any discernible trends when compared to the level
of the RMS of each additive hits data set. The only noticeable difference between the
activity of the 350kHz band and the RMS is during the final 13,000 seconds of the
experiment where the 350 kHz band can be seen to exhibit a larger percentage of its

total energy relative to the RMS.

Figure 529: Percentage of total energy contained in the 350kHz frequieang and RMS for each

additive hits data set

5.3.6 Canparison of Wavestream and Additive Hits Analysis Results

For ease of comparison of the frequency content recorded by each technique, a 3D plot
of the binned frequency spectra of each can be seen in Figure 5.30. It can be seen that
the two recording techniques produce very similar frequency spectra across the entire
duration of the test. One notable difference is that the wavestream data consistently
contains a lot more energy in the 30kHz frequency band than found in the AHA; a band
previously identified as being noise. In some instances the peak amplitude of this 30kHz
frequency band is actually larger than any other would skew analysis techniques which
relied on monitoring or investigating the peak amplitude frequency band. The 350kHz
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frequency band, which is believed to be associated with the cracking process, does not
appear to be particularly prominent in the plots of either technique, at any stage of the
test. However, this is understandable since, as observed in Figure 5.18 to Figure 5.22,
when the frequency of an entire hit was examined, the frequencies due to the first arrival
of the way were all but drowned out by the resonant frequency of the sensor and so it
would be difficult to track subtle changes in its level of activity in comparison to the entire

activity in a plot such as this.

Figure 530: Development of frequency spectrum with time for (a) convealipnecorded wavestream

data (b) additive hits analysis
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The trends in the RMS vales of the additive hits data and conventional wavestreaming
data are also very similar, as observed in Figure 5.31. The additive hits data has a
consistently higher amplitude RMS due to the fact that there is less noise in each data

set to dilute the amplitude.
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Figure 531: Comparison of RMS values of conventional wavestreams anda&lA

Finally, the average additive hits data set is 525,857 data points long, whereas each and
every conventional wavestream is 3,000,306 data points long meaning that, on average,
the additive hits data is just 17.5% of the length of the conventional wavestream. This
reduction in data size would provide a saving on the amount of data storage needed and

power required to transfer that data.

5.4 Conclusions

A pre-notched, rectangular cross-sectioned, aerospace grade steel bar was cantilevered
and subjected to a 1Hz cyclic loading regime between 0.5 and 11 kN. The test lasted for
67,099 seconds during which time the specimen was monitored for damage by DIC and
AE techniques. The DIC results predicted that the first significant increase in the crack
growth rate occurred at approximately 7385 seconds, however the data has low time
resolution and a significant degree of noise. Conventional AE analysis techniques,
consisting of tracking the hit release rate, energy and amplitude, indicated the first large

increase in crack growth rate at 7412 seconds. The rise in the rate of located AE events
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around the notch region suggested that the first substantial increase in crack growth rate
occurred at 7300 seconds, though this was also performed with a low time resolution. It
was more difficult to discern changes to the crack growth rate during the beginning of
the test from the wavestream results, however a plot of the RMS displayed a sharp rise
at 8764 seconds which could be used as an indicator. Conversely, the ability to plot the
number of hits in each additive hits data set allowed the increase in crack growth rate to
be determined more easily for the Additive Hits Analysis, which identified the first
significant increase in crack growth rate at a time of 7310 seconds, which matches more

closely the results of the other techniques/monitoring methods.

Closer investigation of the times corresponding to when the roller was repositioned
showed that the crack growth rate reduced after repositioning took place, at 10,561,
15,810 and 20,381 seconds. All AE analyses were able to distinguish these points of the
test though the low time resolution and level of noise in the DIC recording meant that the

period of reduced crack growth was indistinguishable.

A number of high amplitude hits located as originating from the notch tip region were
analysed to identify the frequency components which could be associated to the cracking
process; the 350kHz band was acknowledged. Subsequently, the cumulative energy of
this frequency band was plotted for the duration of the test for both the wavestream and
additive hits data in an attempt to track crack growth though the trends seen in these
plots did not differ drastically from the simple RMS plots of each of the analysis

techniques respectively.

For the most part, the results of the Additive Hits Analysis matched those of the
wavestream analysis with regards to tracking the progression of damage in the
specimen. However, the additive hits data sets were, on average, just 17.5% of the size
of the wavestream data sets and recorded less noise recorded which resulted in less
ambiguity and disruption in the frequency content plot. Furthermore, it was simpler to
identify the onset of changes to the crack growth rate from the additive hits data than
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from the wavestream data. Thus the AHA offers a number of improvements over
conventional wavestreaming approaches whilst not compromising the effectiveness of

the analysis.
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6 Automated Corrected Measured Amplitude Ratio

Measured Amplitude Ratio (MAR) is a characterisation method which uses the relative
amplitudes of the two Lamb wave modes (extensional, S, and flexural, Ao) in order to
classify AE signals and is thus referred to as a modal analysis technique. Since it makes
use of the Lamb wave modes, MAR is only applicable to structures that can support
Lamb waves. Many aircraft are comprised, to a large degree, of plate-like structures
which are capable of supporting Lamb waves, and thus MAR could prove to be a useful

tool for monitoring damage occurring in aircraft.

An MAR analysis works on the basis that damage which causes an out-of-plane
movement of the structure, for instance delamination, excites more energy in the flexural,
A, mode and, conversely, damage producing an in-plane movement of the structure,
such as matrix cracking, excites more energy in the extensional, S, mode (Gorman &
Ziola 1991; Dzenis & Qian 2001; Zohari et al. 2013). Thus, calculating the amplitude ratio
between the S, and A, modes using Equation 6-1 will reveal whether the signals are S,
mode dominant (MAR>1) or A, mode dominant (MAR<1) and hence suggests the nature
of the damage present, i.e. in-plane or out-of-plane respectively.

5 #ILHEPQ@A

[#4 L#é #ILHEPQ@A

Equation 6-1

Using this approach previous studies have used the MAR to successfully classify signals
by the orientation of their source mechanism in small composite specimens (Eaton et al.
2011; Eaton 2007; Gallego et al. 2014). However, it is understood that the attenuation of
the S, and A, wave modes are dissimilar in carbon fibre composite (Sause et al. 2012;
Eaton 2007) which is detrimental to the classification of damage using MAR on large-
scale structures since the MAR of a single event will vary depending on the source to
sensor propagation path. Furthermore, in the past, researchers characterising AE events
using a modal analysis techniques such as MAR have had to manually determine the S,

and A, mode amplitudes by inspecting the recorded waveforms (Gorman & Prosser
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1991; Gorman & Ziola 1991; Prosser 1996; Surgeon & Wevers 1999; Pullin et al. 2005;
Eaton 2007; Jong 2006). This is a time consuming process, even for short duration tests
on small scale laboratory specimens, and so would be very impractical for an SHM
system which is continuously monitoring large scale structures. Not to mention that the

ideal SHM system would be autonomous, requiring minimal human input.

In this chapter a novel form of MAR analysis is proposed which not only corrects for the
attenuation of both wave modes before making the MAR calculation, but also does so in

an automated process.

6.1 Automated Corrected MAR

To overcome the issues that arise due to signal attenuation when attempting to
characterise damage using MAR, Eaton (2007) developed a correction process which
used the recorded amplitudes of each of the Lamb wave modes, and information about
the propagation behaviour of AE in the specimen under question to estimate the
amplitudes of the Lamb wave modes at their predicted point of origin. However, the
approach required manual inspection of the waveforms collected to identify the amplitude
of each Lamb wave mode and subsequently manual correction of those amplitudes.
Furthermore, the correction process itself was performed in a manner which involved
converting the units of amplitude from volts to decibels in order to perform the correction
and then making the conversion back to volts to perform the MAR calculation. The
Automated Corrected MAR technique presented in this chapter differs from the approach
taken by Eaton (2007) in both the fact that it is automated, and also in the manner in

which the correction process is performed.

6.1.1 Automated calculation of S and A, mode amplitude

The amplitude calculation process of the Automated Corrected MAR technique requires
the velocities and frequencies of each of the wave modes, within the material under
inspection, to be known; thus, it is necessary to complete a propagation study if this

information is not already known for the specimen under consideration. Assuming that
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the propagation data is known, the automated calculation of the S, and A, mode

amplitudes is carried out as followed;

1. The propagation path is calculated; or more specifically, the distance and angle
that a recorded signal is predicted to have travelled before reaching the recording
sensor is calculated. This is done by considering the problem in two dimensions
and comparing the known location of the recording sensor with the calculated
location of the AE and then using trigonometry, Equation 6-2 and Equation 6-3,

to determine the distance and angle, Figure 6.1.

Figure 6.1: Schematic showing the calculation of the myapan path
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Equation 6-2
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Equation 6-3

2. The recorded waveform is then windowed to produce two wave segments, with
each segment isolating either the S, or A, mode; an example of the windowing
process is shown in

3. Figure 6.2 (b) and (d). The windowing process assumes that the threshold
crossing method used by the AE acquisition set up is able to accurately identify
the first arrival of the signal, and thus the S, mode is assumed to arrive at t=0 s.

In order to account for triggering errors, and ensure that the entirety of the S,
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wave mode is isolated in the windowed segment, the S, mode window is set to
begin 100us before t=0 s. Using the known velocities of the two wave modes for
the calculated propagation angle and distance, the difference in time of arrival

between the S, and A, modes is calculated using Equation 6-4.

— @ @
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Equation 6-4

The windowed segment that is to contain the S, mode is set to end at the time of
the A, arrival (plus a number of sample points equal to the filter order since these
will be lost during the filtering process). The windowed segment that is to contain
the A, mode starts at the time calculated by Equation 6-4 and finishes 100us later
(plus the number of sample points that will be lost during the subsequent filtering
process). The A, mode window is just 100us long so that the effect of reflections

is reduced.

4. The two windowed wave segments are then filtered using appropriate bandpass
filters, to further isolate the S, and A, modes, as shown in

5. Figure 6.2 (c) and (e). The filters used to isolate each wave mode will be unique
for each test specimen; wavelet transforms of the AE recorded during the
propagation study can be used to determine the dominant frequencies over which
each of the wave modes travel, and thus appropriate bandpass filters can be
designed.

6. Once each of the wave modes has been isolated via filtering, the maximum
amplitude of each is determined,

7. Figure 6.2 (c) and (e).
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Figure 6.2: (a) Original signal (k)rBode windowed segment, extracted from original signal usmg
of flight information (c) Smode obtained from windowed segment using filter (giryde windowed
segment, extracted from original signal using time ofhfli¢) A mode calculated from windowed

segment using filter

6.1.2 Carection of S, and A, mode amplitudes and calculation of MAR

Once the amplitudes of each of the wave modes have been determined, they can be
corrected for their attenuation over the propagation distance. The correction process
requires knowledge of the attenuation behaviour of the wave modes and so this must

also be calculated using an attenuation study if it is not already known.

The amplitude correction process comprises of comparing the maximum amplitude of a
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propagation distance. The ratio of the two values is used to modify the equation for the
attenuation curve for that wave mode. The modified equation for the attenuation curve is
then assumed to be able to predict the amplitude of that wave mode at any propagation
distance, for the particular event which caused the recorded AE, and thus the amplitude

of that wave mode at the source can be calculated from the modified equation.

Figure 6.3 gives a pictorial example of this process for the correction of the S, wave
mode. Figure 6.3 (a) shows the attenuation curve for the S, wave mode for a propagation
angle of 10 degrees; Figure 6.3 (b) shows the amplitude of the S, wave mode of a single
recorded AE hit, plotted alongside the original attenuation curve (the distance of the
source to the sensor was calculated in Equation 6-2), and highlights the amplitude of the
original attenuation curve at the same distance. The ratio of these two amplitude values
can be used as a coefficient to modify the original attenuation curve and obtain a modified
attenuation curve which is specific to the AE hit under investigation; this is shown as the
red line in Figure 6.3 (c). The modified attenuation curve can then be used to calculate
the amplitude of the S, mode at any propagation distance, i.e. the amplitude of the S,
mode at the source can be calculated. This process can be carried out for both the S,
and A, wave modes, in order to calculate the amplitude of each mode at the source of
the AE event, and subsequently, these values can be used to calculate the MAR of that

AE event using Equation 6-1.

Figure 6.3: (a) Attenuation curve afr8ode along 9(b) Amplitude of signal and attenuation curve, at

the same distance, are compared (c) Corrected attenuation curveisosignal calculated
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6.2 Carbon Fibre Composite Buckling Test

In order to verify the effectiveness of this newly proposed Automated Corrected MAR
technique in practice, it was applied to the results obtained from a buckling test
conducted on a carbon fibre composite panel. The details of that experiment are provided

in the following section.

The composite panel used for this investigation was an eight ply layup of Umeco
MTM®44 & unidirectional carbon fibre composite with the configuration (0,90)4s. The
SDQHOYV GLPHQVLRQV ZHUH [ PRI ZLWR O KWKEBNOIDV YL
ultrasonically C-scanned in order to assess the manufacturing quality prior to testing; no

signs of damage were observed.

6.2.1 Propagation study

As mentioned previously, the Automated Corrected MAR technique requires knowledge
of the propagation behaviour of both Lamb wave modes prior to conducting the
experiment and thus a propagation study was carried out on the carbon fibre composite
panel. To evaluate the attenuation behaviour of the Sp and Ao propagation modes four
wideband, MISTRAS Group Limited (MGL) WD sensors (100-1000kHz) were placed
70mm apart, in a line along the 0° material direction. They were held in place between
magnets positioned on both surfaces of the panel and multipurpose, brown grease was
used as the acoustic couplant. The sensors were connected to MGL pre-amplifiers, set
to a gain of 40dB and with a frequency range of 20-1200kHz, and AE data was recorded
using a MGL PCI2 acquisition system. Ten Hsu-Nielsen (H-N) sources were generated
at a distance of 10mm behind the first sensor and the resultant signals were recorded
for all four sensors. This process was repeated at 10° intervals up to 90 degrees, Figure

6.4.
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Figure 6.4 Sensor positioning during propagation study

Once this AE data was recorded it was manually inspected in order to calculate the
velocity and attenuation of each mode with respect to angle. Figure 6.5 shows the results
of the velocity study for all propagation angles and an example of the results of the

attenuation study for one propagation angle.

As recommended by Vallen Systeme GmbH (2012), the dominant frequencies of S, and
A, wave modes in the specimen were determined by examining the frequency content
of AE data collected from the pencil lead breaks. As demonstrated by Hamstad et al
(2002), this was done via the use of wavelet transforms, created using AGU-Vallen
Wavelet. Figure 6.6 shows an example of one such wavelet transform, and how the
frequencies of both Lamb wave modes were determined. Wavelet transforms were
calculated for several waves, recorded at different distances and angles, until the range
of dominant frequencies of each mode was determined. It was found that the dominant
frequencies of the S, mode were between 150 and 500 kHz, and the dominant
frequencies of the A, mode were between 10 and 150 kH,z which is in good agreement
with other researchers in the field (Martinez-Jequier et al. 2015; Surgeon & Wevers

1999).
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Figure 6.5: (a) Velocity of both wave modes for each projp@gangle tested (b) attenuation behaviour

of both modes for 50angle of propagation

Figure 6.6 Wavelet transform of wave recorded at 8cm distance from the@s®along 9 angle

6.2.2 Buklingtest procedure

The buckling test rig used for this experiment can be seen in Figure 6.7. The base and
the left and right edges are prevented from moving in-plane whereas the top edge is free
to move vertically downwards, thus allowing the plate to be compressed by applying a
force to the top edge. Roller supports along the horizontal edges and sprung knife edges

along the vertical sides provide simply supported boundary conditions on all four edges.
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Figure 6.7 (a) Buckling test rig (b) Horizontal roller supports/@yical knife edge supports

A speckle pattern was applied to one side of the specimen, using spray paint, to allow
digital imaging correlation (DIC) monitoring to be implemented, Figure 6.8 (a). Three
MGL WD sensors (100-1000kHz) and five MGL Nano-30 sensors (125-750kHz) were
chosen to be used in the experiment; the wideband WDs were intended to extract
information about the characteristics of the waveforms for the characterisation process,
though due to their limited availability it was necessary to also use five Nano- fV WR
provide more time of arrival information and increase the accuracy of the location
calculation. The eight sensors were adhered to the surface in the positions shown in
Figure 6.8 (b) using Loctite® 595, a multi-purpose clear silicone sealer, which also acted
as the acoustic couplant between the panel and the sensors. The same acquisition setup

as that was used in the propagation study was adopted.

Figure 6.8: Carbon fibre composite panel used for study Capiepared, speckled surface (b) delta-T

mapping training grid and location of sensors
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The specimen was mounted into the rig and loaded in compression at a constant rate of
0.24 mm/min until failure occurred. AE data was recorded during this time and DIC

images were captured manually approximately once every 1kN of increased loading.

6.2.3 Buklingtest results

After failure, the specimen was removed from the test rig and inspected for damage;
delamination was visible by eye in the upper left corner of the panel. The test specimen
was C-scanned, using a 5MHz ultrasonic probe, to further assess the induced damage,
as shown in Figure 6.9. A large area of high attenuation was observed in the top left
corner; the four additional spots of high attenuation observed near the panel centre are

FDXVHG E\ WKH SDQH O f¥canXxaBIiSdRd)sSd/ sanlb® ignokeH. &

Figure 6.9: C-scanned image after buckling

The results of the DIC analysis revealed that the onset of buckling occurred at
approximately 5kN. During post-buckling, the panel deformed with a constant stiffness
XQWLO DSSUR[LPDWHDO\ N1 DW UMV KE HRRLDYQMWMR XWK HK D QY UEKG
stiffness dropped, likely due to the onset of damage within the panel, Figure 6.10. Final

material failure occurred at 44.61kN.
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Figure 610: DIC results showing stiffness change at approximately 26kN

6.24 Characterisation of AEsignals

To assist the characterisation process, only located signals were analysed. Signals were
located using delta-T mapping since, as discovered in Chapter 4 and other studies
(Eaton et al. 2012; Baxter et al. 2007), it provides increased accuracy over the
conventional time-of-arrival (TOA) technique. For ease of interpretation, the Automated
Corrected MAR analysis was conducted using only the data recorded by the WD sensor
in position 6, Figure 6.8, because it was a wideband sensor equidistant from the two

corners where the majority of the AE data was recorded.

The MAR values calculated for the recorded waves were analysed in terms of two
groups, MAR>1 and MAR<1, to distinguish between in-plane and out-of-plane sources
respectively. Once the data was categorised in this way the cumulative energy of each
group was plotted, to show the evolution of their activity over the course of the test,
alongside the load trace, Figure 6.11 . To demonstrate their relative levels of activity
further, the cumulative number of events of each group was also plotted against time,

alongside the load trace, Figure 6.12.
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Figure 611: Cumulate AE energy with load for both MAR classes

Figure 612: Cumulate AE events with load for both MAR classes

The drop in the load near the beginning of the test is due to the specimen settling into
the test rig supports. MAR>1 signals have an earlier onset and higher overall level of
activity compared with MAR<1 signals. There are two main periods during which MAR>1
signals are most active; firstly at approximately 580s, corresponding to the point at which
WKH ',& DQDO\VLV LGHQWLILHGFWE 8 J$D @O T VNI W DIKQ G HWH/F R/(
period shortly before and during final failure. MAR<1 signals only begin to appear to a
significant degree in the later stages of loading, shortly before and during the final failure
of the material. Although there is a very small number of MAR<1 signals before this the
vast majority of MAR<1 signals occur in the later stages of loading. Despite the total

number of MAR<1 signals being less than half the total number of MAR>1 signals, the
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total energy of each class is comparable, thus the average energy of MAR<1 signals is

higher than that of MAR>1 signals.

Based on the data from these plots, the test was divided into 4 time segments as follows:

X Segment 1 from 0s to 590s (from the beginning, to the appearance of the first
located events);

X Segment 2 from 580 s to 700 s (up to the end of the first high-activity phase);

x Segment 3 from 1000 s to 1070 s (the onset of the second high activity phase
and peak load);

X Segment 4 from 1060 s to the end of the test and final material failure;

Combining the classification of signals with the delta-T mapping location results allows
the hits belonging to each class to be plotted spatially; this was done for each time
segment in order to show the evolution of classified signals spatially over time, Figure
6.13. It can be seen that the first located signals originated from the bottom-left corner of
the panel and have MAR>1. As the test progresses the number of MAR>1 signals
remains very low and more MAR>1 signals arise in the bottom-left corner. At the onset
of the second high activity phase the level of activity of both groups increases and
MARK1 signals begin to appear in larger quantities all along the left-hand-side of the
panel; MAR>1 signals begin to originate from the top-left corner or the panel. After 1070
s most of the activity is observed in the top-left corner with both MAR>1 and MAR<1
signals occurring in large quantities until final failure. By the end of the test, large clusters
of MAR>1 signals can be seen to have originated from the bottom-left, centre and top-
left of the panel whereas the majority of MAR<1 signals originate from the top-left corner

of the panel though a significant number can also be seen to originate from the centre.
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Figure 613: Historical distribution of MAR>1 AND MAR<L1 signals durstg te

Unfortunately the delta-T mapping location method is not without fault and it is believed
that a number of signals originating from the corners were mis-located as originating
from the centre of the panel. This is believed to be the case since the highest curvature
in the panel is observed in the corners, where it is restrained, and so the centre of the
panel, which is the least strained region, is least likely to be damaged. This mis-location
effect was also witnessed on a similar, previous study (Eaton 2007) and so signals

located as originating from the centre of the panel will no longer be discussed.

6.2.5 Discussion

The existence of significant numbers of both MAR>1 and MAR<1 signals suggests that

there are at least two different damage mechanisms occurring in the panel during the
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experiment. MAR>1 signals are active from approximately 530s onwards and originate
from both the top-left and bottom-left corners of the panel whereas MAR<1 signals are
active from approximately 970s and originate predominantly from the top-left corner of

the panel. MAR<1 signals are also more energetic than MAR>1 signals.

The C-scan inspection revealed an area of delamination at the top left corner of the
panel, a common failure mode for CFRP subject to bending loads. This agrees with the
result of the Automated Corrected MAR analysis since MAR<1 signals, indicative of
delamination (Gorman & Ziola 1991; Dzenis & Qian 2001; Eaton 2007; Eaton et al.
2011), are predominantly located at the top-left corner of the panel. Delamination is often
dominant in the final failure of composite materials and hence is only likely to be present
in the final stages of testing, which also corresponds to the activity of MAR<1 signals
observed. Thusitis believed that the Automated Corrected MAR analysis is successfully

identifying delamination damage.

Given the allocation of MAR<1 signals to delamination it is likely that MAR>1 signals are
originating from in-plane matrix damage. Matrix cracking is commonly the first damage
mechanisms to occur in CFRPs under quasistatic loading conditions (M G R Sause et
al. 2012; de Oliveira & Marques 2008; Dzenis & Qian 2001) and the MAR>1 signals are
the first to appear in this test. They have a large amount of activity around 600s (26kN)
where the stiffness of the specimen was observed to change. This reduction in stiffness
could be attributed to the onset of matrix damage in the material, because the matrix
stiffness has a large bearing on the compressive strength of composite materials (Soutis
1995; Fleck 1997). The second large jump in activity of MAR>1 signals is around 1060s,
shortly before and during final material failure and during the onset of MAR<1 signals. In
this instance it is likely that the curvature of the top-left of the panel, as a result of buckling
and the specific restraints of the test rig, caused large enough strains for matrix cracking
to take place. The build-up of this damage reduced the structural integrity of the corner
until delamination occurred. This in turn caused the matrix structure to bear more of the

load and crack further leading to more delamination; hence the large increase in activity
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of both classes of signal during final material failure. The MAR>1 signals detected during
final failure could also be connected to fibre failure as this typically occurs closer to the
final failure of the composite, as the fibres begin to exceed their ultimate strain. However
it is believed that fibre failure did not occur in this test to any distinguishable degree and
that instead the large bending in the corners caused a tearing motion leading

delamination to occur before the fibres could fail.

6.3 Conclusions

Automated Corrected MAR is a novel AE analysis technique which uses a combination
of windowing and frequency filtering to isolate the S, and A, wave modes of collected
AE waveforms before using the relative locations of the recording sensor and AE source,
and an understanding of the propagation behaviour of each mode, to automatically
predict their amplitudes at the source location. Due to the nature of Lamb waves which
propagate in flat, plate like structures, a comparison of the S, and A, mode amplitudes
is then used to give an indication as to the orientation of the source relative to the

recording sensor and hence, and indication as to the type of damage present.

This chapter describes a buckling test which was carried out on a carbon fibre composite
panel in order to investigate the ability of Automated Corrected MAR to characterise
signals arising in the specimen. Under the applied loading the carbon fibre composite
panel experienced a buckling failure, causing delamination to occur in the top-left corner
of the specimen and matrix cracking to occur in both the top-left and bottom-left corners
of the specimen. The presence of delamination was verified via the use of an ultrasonic
C-scanner and the presence of matrix cracking was inferred from analysis of the relevant
literature. The AE data collected was processed using delta-T mapping to obtain
accurate locations for events occurring during the test. The waveforms collected were
subsequently processed using the novel Automated Corrected MAR technique which
identified a portion of the signals originating from the top-left corner of the specimen as
having a low MAR, i.e. below one, with all other signals having a larger MAR. Due to the

test set up, this result suggested that a number of the signals coming from the top-left
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hand corner of the specimen, the corner which experienced delamination, were due to
AE sources with energy in a predominantly out-of-plane direction, such as delamination.
Thus the Automated Corrected MAR technique can be said to have been able to
successful in distinguishing between in and out-of-plane signals arising in the

experiment.

The work from this chapter has formed the basis of the following journal and conference

publications;

J. McCrory, S. Kh. Al-Jumaili, D. Crivelli, M. R. Pearson, M. J. Eaton, C. A. Featherston,
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Composites: Part B. Vol 68, pp 424 #430.

S. Kh. Al-Jumaili, K. M. Holford, M. J. Eaton, J. McCrory, M. R. Pearson and R Pullin.
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241-251.
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7 Conclusions and Recommended Future Work

7.1 Conclusions

This thesis has explored the use of a number newly developed, advanced AE techniques
for aerospace structures, with the intention of determining their applicability for use in an
SHM system. The work has consisted of three main experimental studies which, between
WKHP KDYH GHPRQVWUDWHG $(WWH DEL® EWD WIRF @/HHW H¥ M VOR
in the tested specimens. Each of the experimental studies was conducted on a different

aerospace material and so the use of AE has been tested across a range of mediums.

7KH LQIOXHQFH RI WKH WUDLQULLRIQJR DRGW\K B/ DIFEKDD FU HRM R
mapping technigue was investigated. This was carried out by generating artificial, H-N
sources on the surface of a large GLARE panel with complex geometric features, and
locating these signals using both the TOA and delta-T mapping techniques. The key

findings were:-

x Delta-T mapping was found to produce more accurate location results than the
TOA technique across all of the training grid resolutions tested.
X TOA calculated the artificial signals to within 0.603cm of their true positions.

X Using training grids with resolutions of 1x1, 2x2, 3x3, 4x4, 5x5 and 7x7cm, delta-
T mapping was capable of calculating the location of the artificial sources to within
0.331, 0.441, 0.421, 0.430, 0.489 and 0.430cm of their true positions
respectively.

x The training grid with the finest spatial resolutions, 1x1cm, was found to produce
the most accurate locations.

X There was a noticeable decrease in accuracy between the delta-T mapping
results obtained using the 1x1cm and 2x2cm resolution training grids however
there was very little difference between the accuracy of the delta-T mapping

results obtained using the 2x2, 3x3, 4x4, 5x5 and 7x7cm resolution training grids.
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X A velocity study was also carried out on the GLARE panel specimen which
revealed that the S, Lamb wave mode velocity varied very little with propagation

direction, and had an average velocity of 4836 m/s.

A novel form of data acquisition and analysis called an Additive Hits Analysis (AHA) was
developed. The AHA was tested alongside conventional AE wavestreaming for
comparison using the data collected from an aerospace grade 300M steel beam which
was cyclically loaded until it failed under fatigue. The specimen was also monitored for

crack growth using DIC. It was concluded that:-

x Each of the analysis techniques used; DIC, conventional AE feature analysis,
Additive Hits Analysis and AE Wavestreaming, identified cracking to begin at
7,385, 7,412, 7,310 and 8,764 seconds respectively.

X By examining the frequency content of a number of high amplitude hits located
with delta-T mapping as coming from the crack region, the 350kHz band was
identified as being related to crack growth signals.

x Despite this, it was infeasible to track the progression of cracking by plotting the
cumulative energy of the 350kHz frequency band with either AHA or conventional
wavestreaming data due to the short duration of the 350kHz section of the signal
being very small in duration compared with the rest of the signal.

x AHA and wavestreaming returned results which were consistent with one
another, though the frequency spectra of the AHA data sets were less skewed by
noise that those of the conventional wavestreaming data sets.

X On average the size of the AHA data sets was just 17.5% of the size of a
conventional wavestream data set and thus AHA provided all the same data as
conventional wavestreaming but at a fraction of the file size and with less
ambiguity in the frequency spectra.

x DIC was found to be a useful tool for validating the AE testing.
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A novel form of characterisation technique called Automated Corrected MAR was
developed. Its effectiveness was examined using the results obtained from a
compression test on a carbon fibre composite panel, which was also monitored using

DIC during the test.

x Under the applied loading, the carbon fibre composite panel experience buckling
failure and developed a sizable delamination in one of the corners.

x Ultrasonic C-scanning and DIC were found to be useful tools for validation of AE.

X A propagation study on the carbon fibre composite specimen revealed the S,
Lamb wave mode velocity to have strong directional dependency, ranging from
5892 to 3965 m/s, and the A, Lamb wave mode to have a relatively consistent
velocity in all directions, with an average of 1061 m/s.

X The attenuation behaviour of each Lamb wave mode was found to follow a power
law approximation, with the S, mode attenuating faster that the A, mode.

x The travelling frequencies of the S, and A, Lamb wave modes were found to be
150->500 kHz and 20->150 kHz respectively.

x Automated Corrected MAR was able to successfully distinguish between in and

out-of-plane signals

7.2 Recommendations for Future Work

This thesis has explored several advanced AE techniques and there is scope for

additional work to improve and develop each of them further.

Delta-T mapping has proved its usefulness time and again throughout the studies
contained in this thesis, however it is time consuming and laborious to implement in
practice, especially on large scale specimens or structures. For it to be considered as a
serious option outside small scale research environments, optimisation of the method in
which the training grid data is collected should be considered. This might be achievable

by reducing the number of grid points necessary and implementing a more versatile
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interpolation calculation, or by utilising the AE sensors themselves to pulse and receive

in order to gather the data.

The Additive Hits Analysis and Automated Corrected MAR techniques developed in this
thesis would benefit from being implemented in real-time rather than being post-

processed. This would be possible using software such as Vallen Group { XEVisual.

Automated Corrected MAR performed well in determining whether a signal originated
from an in or out-of-plane source, however it is currently unable to distinguish between
two difference source mechanisms which are both in or out-of-plane, such as matrix
cracking and fibre fracture which are both considered to be in-plane sources. However,
if the Automated Corrected MAR technique was expanded to simultaneously investigate
other features of the AE wave, in a combined modal-feature based technique, then there
is potential for it to have this capacity also. Furthermore, the automated windowing
process was implemented in a sub optimum manner. If the code was developed to
incorporate an AIC picker then a more accurate start point of the transient AE wave could

be found.

Feature correction, such as the amplitude correction process incorporated in the
Automated Corrected MAR technique, is likely going to form the cornerstone of AE
characterisation techniques in the future. The vast majority of characterisation studies
performed to date have been conducted on small scale laboratory specimens and many
of the techniques would face difficulties in obtaining consistent characterisation of source
mechanisms in large scale specimens, due to signal attenuation and propagation effects.
Correcting AE features to account for propagation paths, attenuation and geometric
effects is going to be a large area of research in the future and could be tackled in a
number of ways, including computational modelling, collecting data using manually
generated artificial sources or by collecting data via pulsing and receiving with AE
sensors. The data collected could then be used to perform feature correction and feed
into the AE characterisation process.
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Looking further afield, many more tests should be conducted to compare AE with
conventional NDT techniques so that more confidence in AE can be instilled in the wider
engineering community. Eventually AE should be given the opportunity to operate in
preliminary trials on working aircraft to gather real field data and determine its

effectiveness.
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9 Appendices

9.1 Appendix A AE Sensor Mf e—"f ...——"%"7Te
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