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Abstract

This thesis describes research on the use of eddyent techniques for non-
destructive testing of carbon fibre reinforced pagCFRP). The research has
involved bulk conductivity testing, fibre directiooharacterization and 3D FEM
modeling of the CFPR and eddy current probes gagniatthe conductivity testing,
how the sample thickness, fibre volume content e conductivity affects the
signal from the eddy current has been evaluatedy Edirrent testing shows good
directionality as CFRP is an anisotropic matetialis is very suitable to characterize
the fibre orientation. Direction sensitive probes/é been developed and tested to
reveal information about the fibre direction angiela Computer FEM software has
been used to analyze the magnetic field insideséimeple and probes. Specific probe
geometries have been designed depending on theriedecproperties of the
composites and testing requirement. The experinggmiillation and analysis results
show very good agreement. However, when the meggtnequency increases, noises
and parasitic capacitance inevitably become siganii and have a negative influence
on the results. Improvements and further researelp@posed which are believed to
make eddy-current techniques a more feasible diwieet measurement method, will

contribute to the development and maintenancegbt iveight CFRP composites.
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Chapter 1. Introduction

1.1 Motivation for the PhD Research

How to improve the performance of carbon fibre f@iced plastic (CFRP) material
which is now widely used in aircraft and automoliiidustry is a big issue for current
scientists and entrepreneurs. To make sure componede by CFRP material are
working in proper conditions, it is necessary torgaut non-destructive inspection
and monitoring of the components during certairiqos:. However, the limitation of
non-destructive methods for the inspection of CEBRposites is a major problem for

many practical applications of the material, esalcin the aircraft industry.

CFRP is a composite made with carbon fibres emlgkdda polymer, commonly an
epoxy matrix. The fibres, which are usually 7 to {dh in diameter, are bundled
together to form a tow, which can then be wovero iat fabric or laid down
unidirectionally to form a lamina. A single lamihas a thickness of about 0.05-0.2
mm, and so in order to obtain usable mechanicalneegng components, many
laminae are stacked in same or different directimngorm a laminate. This fibre
directionality contributes to the electrical anspy in CFRP, which means the
composite electrical conductivity is typically mubigher in the fibre direction and
lower perpendicular to fibre direction, with thee@kical conductivity ratio being

several orders of magnitude.

To non-destructively characterize CFRP structurd aptimize its manufacturing,
various inspection techniques have been studieddamdloped such as ultrasonics,
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scanning acoustic microscopy, embedded opticas filmicrowave technique scanning
and DC or AC conductivity measurement. Eddy curtesting has gained interest for
in-service inspection and rapid quality control dese it is fast, simple, portable and
non-contacting [1,2]. Some recent work has beerdighéd [3-6], which introduces
the application of eddy current testing on varidields including aerospace,

manufacture, and quality monitoring.

Compared with other developed and well used notrutds/e testing methods, eddy
current testing is proved to be a very useful toolinspection as it possesses
advantages over other technique on cost, develgungd and efficiency. Also, eddy
current testing instruments are able to achieveemice inspection and non-contact
testing. In addition, by virtue of electromagnepiénciples, eddy current testing is
more suitable for electrical conductive materiaclsuas CFRP which possesses
conductivity resulting from the carbon fibres. Ciolesing all of above factors, eddy
current testing is thought of as a very promisingthod for non-destructive

characterization of CFRP material.

1.2 Aims

The limitation of non-destructive methods for thespection of CFRP is a major
problem involving many practical applications ofetimaterial, especially in the
aircraft industry. The study of this project is etited towards non-destructive
characterization of CFRP using eddy current methdtie relationship between the
signal from different types of inductive probes atie microstructure of CFRP
samples has been studied. The measurement of a dmuikvalent electrical

conductivity of the material is based on the Desut$ Dodd’s analytic solution, which
provides the fundamentals for prediction and deirodf fibre fracture and material
defects. Fibre direction characterization will als® performed on unidirectional and

multidirectional CFRPs using a highly directionabipe. Based on these, detection of
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CFRP defects can be realized. In addition, 3Ddieiement method (FEM) computer
simulations have been developed to demonstratecolpling of the probes and
samples, and to support the experimental methoid. @roject is aimed to build up a
methodology of eddy current testing for charactron of CFRP and look forward to

developing a set of testing systems.

1.3 Achievement of The Project

The main achievement of this project was succdgsfigiveloping and applying eddy
current method to non-destructive characterizatio@FRP material. The method was
based on Dodd and Deeds theory of determining atgnt bulk conductivity using
eddy current coils, as well as by virtue of CFRReanal’s electrical conductivity and
anisotropy. An eddy current testing system consistof all the devices and
equipments, eddy current probes, and controllimgpder was designed and put into
use in the project. All operation including measueat configuration, probe setup,
scanning control, signal processing and resultyarsatould be executed through the
interface which was programmed in MatLab environin&his system in cooperation
with various probe designs was able to carry ouk lmonductivity testing, fibre
direction characterization and lift-off measureme3id FEM models of the CFRP
samples, eddy current probes and measurement emerd have been developed.
The modeling results had a good agreement with uneamnt ones, which proved the
theory and the performance of measurement systdm. 3D models were also
beneficial to simulate and predict the performaotenore complicated samples and
measurement conditions. What is more, this eddyeatirmethod has also been
applied to the non-destructive characterizatiorhybrid aluminium/CFRP material
and the material’s properties could be obtainedth&soutcomes of this project, three
papers have been published on international camdeseand scientific journals which

have been listed in previous Publications part.
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1.4 Organization of the Thesis

The research work and results are discussed ifolliog/ing chapters.

Chapter 2 gives fundamental introduction to the-destructive testing techniques and
the requirement from the industries and researaheblofor non-destructive testing.
Following, the background knowledge of CFRP maleinaluding its formation,

performance, application in industry, and strudtumad electrical properties are
presented. The last part of this chapter is focusedliscuss the non-destructive
characterization of CFRP and the current popularthads with results and

comparisons.

Chapter 3 describes in details the theory and iplm®f eddy current testing. The
change of the impedance of eddy current coil inditdhe information of the sample
under inspection. At the same time, the side effeath as the skin effect and phase
lag need to be taken into consideration. In theystf coil’s impedance, the coil can
be indicated as an equivalent parallel RLC cireuith a resistor in series with an
inductance. To carry out eddy current testing,lthgic system consists of excitement

generating devices, probe, and measurement insttsme

Chapter 4 presents the details of eddy currentesysincluding the system
configuration, probe design, measurement operatimh result analysis. A practical
solution for measuring conductive plate with ciexudir-cored coil is proposed based
on Dodd and Deeds’ formulas, by which the electrgmesic property of the material
can be calculated considering most of the measuremparameters and a set of
fundamental equations can be achieved. Accordinthéomeasurement aims, two
types of probes are designed and used to makefuke electrical conductivity and
anisotropy of CFRP material. This chapter alsoornhices the development of an

advanced measurement system for more accuraciitgtatomation and flexibility.
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Chapter 5 discusses the 3D FEM modeling and siioaldbr characterization of
CFRP. The geometry of probes and tested sampleaaieled and the parameters are
set up in the simulation software. To achieve thenmunication between simulation
software and computers, an interface using the aVif®asic Script program is
developed. In term of resource cost and resultracguit needs to find out an optimal
simulation configuration. The modeling techniquen qgaovide the characterization
with high flexibility and accuracy with access tewetproperties of probe, sample and

simulation, which in turn supports the analytic axgerimental results.

Chapter 6 introduces the application of the eddyecu method on the non-destructive
characterization of hybrid aluminium/CFRP materild. order to inspect various
properties of the material, two specific types dflg current probes are designed for
different purposes. Both the measurement and stronlaesults can support the
outcome of the analysis. To link the bulk condutfiwith the conductivity tensor, a
formula is proposed and verified. Also, the liff-effect is studied and eliminated by a

balance formula.
Chapter 7 concludes the results and achievemeriteeoffhole PhD research project.

The future work including probe design, improvememtsystem development and

damage inspection are also proposed.
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Chapter 2. Background of NDT and CFRP

Non-destructive testing involves extensive knowkedgf techniques in various
subjects and it is impossible to present full deta a single PhD thesis. However, a
brief review is provided in this chapter to helpgent the relevant background and
give a better understanding of this research w@kRP (carbon fibre reinforced
plastic) is a composite material which is widelyedisor engineering applications.
This chapter also presents information on CFRP liscexpected to make readers

more familiar with this material.
2.1 Overview of Non-Destructive Testing (NDT)

2.1.1 Requirement for Testing

During the process of manufacturing, it is possibiat defects and flaws of various
natures and sizes can be introduced into the matgesind components which may
result in the malfunction or failure of the finatgauct. On the other hand, during
service, the industrial component may suffer qualécrease and risk of failure due to
the presence of other imperfections such as fateguaeimpact cracks. These defects
and flaws may even result in further accidentsiadd/idual injury. Therefore, for the

purpose of high product quality and less costhatrhanufacturing stage, it becomes
necessary to find proper and reliable examinationdetect mis-assembled or

malfunctioned components, missing or displacedsptwstmeasure spacings and so on;
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and regular health monitoring and flaw/defect d@decduring the components or
products’ service are required to prolong their kirg time and avoid breaking down
or bigger loss. Table 2.1 summarizes some posanes and defects occurring in the

components and products during their differentetdd].

Manufacture stage |[machining faults, heat treatment defects, weldiefgds, stress cracks

Assembly stage  |missing part, wrongly assembled parts, additioreltimg and stress cracks

Service stage fatigue, corrosion, stress corrosion, wear, créerymal instability

Table 2.1 Possible flaws and defects in the compsrend products during their different stages

To be stricter, the terms ‘defect’ and ‘flaw’ shddde defined from a technical view. It
is difficult to say which one is more suitable tgarticular occasion than another, as
in many dictionaries, a flaw is even defined ated. A defect, explained by EEC
(European Economic Community) [8], indicates theugr of imperfections which can
make the component defective or unserviceable enth# word ‘flaw’ represents any
imperfection which is classified to be non-rejet¢albience, according the definitions,
it is incorrect to call an imperfection as an ad¢abfe defect. Although there is no
uniform standard by which to distinguish both, coomsense and the evaluation
method can be helpful [9]. In applications relatitogquality-control or fithess-for-
purpose in which the evaluation is carried out &xide rejectable component or

product, these two terms make a considerable diffs¥ and can not be interchanged.

Testing can be found in many places in everyday dhd industry, and examples
include:
» Aircraft skins are subject to corrosion and sti@ssosion cracking.
 Food and medical products require high standarpgectson before they are
bought by the consumers.
« Underground pipelines need regular checking toatieracks.
» Drink machines check the inserted coins for thal @tount.

« Airports use security gate to detect threat objeatsed by passengers.
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* Pipes in industrial plants may be subject to erosiod corrosion from the
products they carry.

» Concrete structures may be weakened if the inmeforeing steel is corroded.

« Doctors use medical devices to image patients’rarga

» The wire ropes in suspension bridges are subjegetdher, vibration, and

high loads, so testing for broken wires and otlanage is important.

2.1.2 Destructive and Non-destructive

To carry on testing work, there are a wide rangehaiice of testing methods, some of

which are destructive and some non-destructive [10]

By definition, destructive testing is describedaamethod in which the specimen is
destroyed or mechanically changed in order tolgettaximum information about the
specimen’s structure or performance under diffeleatls. Sometimes, the testing is
carried out under the simulated service conditiangl environments to obtain a
precise result which is only specific to the spemimunder examination. Moreover,
this method can provide direct access to the smatsninner structure and the

response to outer changes, therefore the mostatktaformation can be obtained.

A natural consequence of destructive testing i e specimen cannot be used any
more in service due to the damage from the tegimgess. According to its nature,
destructive testing is most suitable and econoroic specimens which are mass
produced in an identical form, as the cost of dantpg small amount of specimens

can be ignored.

Non-destructive testing, in principle, is a formtekting, examination or evaluation
made on an object to study the absence or pres¢romditions or imperfections that
possibly make an impact on the function of senhdég of the objects in the way that
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will not cause any kind of change or alterationtlo® performance of the object [11].
The science of non-destructive testing incorporaléshe technology for detection
and measurement of significant properties and ifepgons, in items ranging from

research specimens to finished hardware and pregilict

Where the tested object needs to remain its ofliginadition or the inspection is
made in-service, non-destructive testing has thearsdge of producing desirable
information at lower cost than destructive teststlae testing cost incurred is very
often negligible compared to the possible finaneiatl human loss caused by the
product failure and malfunction. As a very broadterdisciplinary field, non-
destructive testing involves subjects like chemgjstelectronic and electrical
engineering, mathematics, material science, phySocs for a specific application,
choosing a suitable method or a combination of regvaethods makes a big impact
on the final results. Also, for particular objettte testing method may be variable at
different stages of the product life cycle, oftenthwnotable difference between

manufacturing and service stages.

In fact, non-destructive testing is being perfornbgdevery person in the daily life and
human body can be looked as the most unique arghtier nondestructive testing
device so far [11]. Even in such a simple processapking at home consists of a
series of non-destructive tests taken by a humeorsplicated sensing system. By
smelling the odour, observing the color and feetlmegytemperature, the cook is able to
determine if the food is ready to serve. As an msiten to the human senses, non-
destructive testing is well developed though thee udf advanced electronic

instrumentation and other specific equipment.

For the non-destructive testing to be well congland optimized, some factors need
to be considered. These include: 1. the inspedbgetbmust be testable. Every NDT
method has its own requirements and limitationsy@éas specification for the tested
object. Before beginning a test, the object shoudet the certain needs of the specific
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method and be accessible to the testing tool. 8.t&$ting process must be carried out
following secured procedures. To make the non-deswe testing successful and
effective, it is necessary to perform the testinfofving the approved procedure
which has been developed according to the spae@joirement and specification. 3.
The equipment works without problem. It is veryesgl to make sure that all the
equipment is in good conditions and can operatpgrtp What is more, periodical
check is required that all the equipments are umdatrol. 4. Documentation is
adequate. The entire testing documentation whicludles a primary part such as
calibration data, equipment and component descripprocedure followed and flaw
or defect detected, etc should be produced. Intiaddithe documentation should be
easy to read and interpret. 5. Operator is propquglified. Most of the non-
destructive testing is hands-on work, so the skilpwledge and experiment of the
operator are very important. The individuals neebéd trained well before starting the

testing so that the testing can be performed ircteect way and the result is reliable.

In general, non-destructive testing is regardedaasiore advanced method than
destructive testing and has been used more widelypany fields. But destructive

testing also can find its application in some sfpedases where destructive shows
advantages over its peers. The table 2.2 predamtsomparison between destructive

and non-destructive testing.
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Non-destru

ctive testing

Advantages

Limitations

The tested object is not altered so could

used after testing.

Bde result may depend on the capability of

operator.

Many non-destructive testing systems

portable so that it is easy to get close to

afevaluation of some result is subjective.
the

the

object.
In general, non-destructive testing costs less.  réyma procedure is essential.
It is able to inspect material’s internal
structure and the surface.
Component can be tested in service.
Destructive testing

Advantages

Limitations

Destructive testing is able to be applied fo

various service conditions.

r Most destructive testing specimen can not b

service after examination.

ein

The destructive testing data is quantitative

usually.

D

The result is only for the tested object.

The result is very useful for the purpose 0

design.

f Destructive costs are more as it needs large
expensive equipments in a laboratory

environment.

and

The testing data from the specimen is relia

and accurate.

Dle

The result can help make predictions4.

Table 2.2 List of advantages and limitations of testing techniques

By use of NDT methods and techniques, it is possibl decrease the factor of

ignorance about a material without decreasing #wtof of safety in the finished

product [2]. In general, the purpose of NDT willlfanto one of the following

categories:

Determination of material prope

Determining quality of manufact

rties.

Detection, characterization, location and sizinglistontinuities/defects.

ure or fabricatidnraccomponent/structure.
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The origin of defects in a material can take pldaeng the manufacturing stage, or
during assembly, installation, commissioning orimlyiin-service [3]. These defects,
in turn, result in deterioration of mechanical pedpes, crack initiation and
propagation, leaks in pressurized components atastcaphic failures [4]. The types
of defects that NDT is applied to, can be clasgifi¢o three major groups:

* Inherent defects - introduced during the initiabguction of the base or raw

material.

* Processing defects - introduced during procesditigeomaterial or part.

» Service defects - introduced during the operatiyaecof the material or part.
The kind of defects or structural variations whinhy exist in these three groups are,
cracks, surface and subsurface, arising from a latgnber of cases; porosity; tears;
machining, rolling and plating defects; laminatipnack of bond; inclusions;
segregation; lack of penetration in welds; fatigledects; seams; blow holes, gross

shrinkage etc.

2.1.3 Benefits of NDT

The benefits derived from NDT to industry are nuowsr[5]. Increased serviceability
of equipment and materials will result through #pplication of NDT techniques by
finding and locating defects which may cause malfioming or breakdown of

equipment [6]. Provided a reliable relationshigdand between the measured NDT
parameter and process variables, the techniquébeamsed to improve the product

quality and process efficiency [12].

Non-destructive testing can also be beneficial educing the frequency of
unscheduled maintenance which usually is more estperthan regularly scheduled
maintenance. Often, NDT can be used to inspectigneble parts whilst they are still

in site on the equipment, thereby preventing anclheduled and unnecessary
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shutdown if the part is in fact defect free. Witksarance that there is no defect

present, the equipment may continue operating witfear of failure.

Additionally, scheduled maintenance periods mayengthened with the proper use
of NDT in the maintenance cycle. Knowing from asgaction that crucial parts are
not approaching failure may allow the machine terafe safely for a longer period of
time. Less frequent maintenance may be more césttefe provided that the cost of

operation is not increased due to an unexpectkddai

During manufacturing stages, NDT can be used tectletefects at various stages
during production, by means of off-line measurermeWlthile there are clear benefits
in this approach, it has the drawback that off-imeasurements interrupt the process
stream and reduce the productivity [13]. A bettay would be monitor for incipient
defect formation on-line. For example, on-line fibarmng and control of the welding
process has the potential to improve weld qualitgl ancrease productivity in

automated welding.

In summary, modern non-destructive testing techesgqean be used by manufacturers
to

* Ensure the integrity and reliability of a product.

* Prevent accidents and saving lives.

» Ensure customer satisfaction.

* Aid in product design.

» Control manufacturing processes.

* Lower manufacturing costs.

* Maintain uniform quality level.
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2.1.4 Growth of NDT Techniques

One key event in the development history of NDT was boiler explosion that
happened in Hartford, Connecticut, US in March 854, in which 21 persons were
killed and more than 50 people were seriously gguiThis catastrophic accident, as
well as other dramatic failures drew awareness appkal for safety. This was a
significant turning point in the importance and ¢ge#ss of inspection and non-
destructive testing. As following, inspection lawler industry and relevant
organization have emerged [11]. Initially progresss slow due to the lack of suitable
inspection technique and as technology advancedmigority of the NDT methods
which are used at present made significant progrege late 1930s/early 1940s, and
the growth accelerated during the Second World Weae, tremendous need for
inspection and testing greatly boosted the devedmpnand application of non-

destructive testing both in industry and the milita

One of the earliest applications of NDT was theedigbn of surface cracks in railcar
wheels and axles. The parts were soaked in thioietthen cleaned and dusted with a
fine white powder. When a crack was present, thevould seep out from the crack
and turn the white powder brown providing visualigating that the component was

flawed. This was the forerunner of modern liquidigteant testing.

X-rays were discovered in 1895 by Wilhelm ConrackiRgen(1845-1923) who was a
Professor at Wuerzburg University in Germany [1$pon after his discovery,
Roentgen produced the first industrial radiograpienvhe imaged a set of weights in a
box to show his colleagues. In 1920, Dr. H. H. eedtom Watertown Arsenal in
Boston started his research in developing X-rajnepies to inspect the castings,
welds and armour plate in purpose of enhancinggthaity of material used in the
army. His work and research outcome made the fdiomeaof the industrial

radiography for metal inspection.
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In 1929, the Magnaflux Corporation was establisbeaded on the use of magnetic
particle testing principles which exploited theulésf electromagnetic conduction
and induction experiments performed by ProfessoM.ADeforest and F. B. Doane
[11]. The devices designed from this company predidn advanced method to detect
surface discontinuities in ferromagnetic materigspecially applied in the railway

track inspection, which is still in use today.

The uses of radium for gamma radiography foun@pslication in the industry from

the 1930s. Dr. Robert F. Mehl was developing a oeethy which the detection of
discontinuities in materials could be performedusg of radium [11]. At that time,
this task could not be achieved by low energy X-Bgrly X-ray devices can only
generate low energy X-rays which make the exposare on structures very long.
However, in the 1940s, as a big breakthrough, itisé rillion volt X-ray machines

were designed for industry which could generaténédrigenergy to perform inspection

for thicker material.

When a material gets stressed, it will generatsen@nd when the noise density
increases, there is an indication that the obgegetting close to failure. Based on this
phenomenon, the first research study of acoustissom testing was carried out by
Dr. Joseph Kaiser as his PhD thesis in Germanynduiie 1950s [11]. His study

showed the fact that the acoustic emission evapipdned as result of small failures
in a material which was subject to the stress. @leasly experiments were done in the
audible frequency range, however, as electronicesys advanced the frequency
increased and present day acoustic emission testingade at very high audio or
ultrasonic frequencies to provide a valuable methimd inspect in-service

characteristics of many materials and structures.

Eddy current testing for non-destructive charaztdion had its origin in 1831, when
Michael Faraday discovered the principles of etentaignetic induction [11]. The first
documented eddy current test was taken by E. Ehékig 1879, in which he could
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find the difference between various metals by apgly multi-frequency

electromagnetic induction. In 1926, the first edtyrent instrument showed was
designed to measure metal thickness. During therfse®Vorld War and the early
1940s, there was a large development on eddy d¢uesiing due to military demand.
More advanced instruments with impedance planeatigave been introduced by

Forster in 1950s, which can distinguish betweenralyer of parameters.

Since the 1920s, NDT has developed from a laborattemonstration to an
indispensable tool of production [14]. The realaletion in NDT took place during
World War Il. The progress in materials engineetimgdentifying new and improved
materials subsequent to a number of catastropliiwda during this period, such as
the brittle fracture of Liberty ships, necessitathd requirement to test and improve
material properties. This requirement resulted invider application of the then
existing NDT methods and techniques and also pthedvay for development of new
methods and techniques. Electronic inspection igaes such as ultrasonic and eddy
current testing started with the initial rapid dieyegnents in instrumentation spurred
by technological advances following World War llig&ficant improvements have
also been made both in the NDT equipment and irspleeific techniques used [15].
As NDT techniques improve the performance religpilbf components through
periodic in-service inspections, which is able tevent premature and catastrophic
failures [16, 17], the method has become a vitgtadient of modern engineering
practice contributing significantly to overall sife reliability and confidence at

economic cosfl8].

2.1.5 NDT Methods

Although, there has no clearly defined boundary fion-destructive testing [8],
traditionally, it is considered that there are frmajor and established methods: liquid

penetrant testing, magnetic particle testing, @@iphic testing, ultrasonic testing and
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eddy current testing. They have their effectivenass efficiency enhanced by
conversion to electronic, computerized, or roboferation. Further, a large number
of even new and more specialized methods have imeestigated, developed and

found to have applications in particular fieldsglsas for example thermography.

2.1.5.1 Liquid Penetrant Testing (PT) [8]

PT is thought of as one of the most widely used-destructive testing method in the
detection of surface discontinuities in nonporoolgdsmaterials. Today, it is still very

popular in surface NDT testing as it is effectiee both magnetic and nonmagnetic
materials. In industry, PT is applied to detectae-breaking discontinuities like laps,
folds and cracks in almost any materials with a-absorbent surface. In engineering
materials, many cracks look very small on surfapening width even though they
could be very deep inside. So, although they gige ljttle information on the surface,

the potential consequence may be very seriousesudtin big failure on the strength
of the components. In the case where it is diffi¢al detect the cracks by normal

visual inspection, PT is an effective alternative.

In manual operation, the penetrants are usuallytisols with color or fluorescent
dyes in oil-based liquids. Another option is watexrshable penetrants without oil.
The penetrant wetting the surface can seep intogiba cracks. Then the excess liquid
is removed from the surface and a white develapeut on. The developer draws out
the liquid in the cracks which carries a dye ofumifescent substance. Therefore, the

characteristics of the penetrant are related trinétion of the inspected cracks.

2.1.5.2 Magnetic Particle Testing (MT) [8]

MT usually requires electrical equipment to gerer@atmagnetic field. Only metals
which can be magnetized are tested by MT. The fldavsot have to be open to the
surface but must be close to it. MT works bestflaws which are elongated rather
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than round. An internal magnetic field is generatethe tested specimen. In locations
where flaws (non-magnetic voids) exist, some of tiedd will leak out of the

specimen and bridge the voids through the air. M#gr{iron) particles, dusted over
the magnetized area, are attracted by the leakageternal fields, and the build-up of

the particles gives an indication of the presericeftaw.

2.1.5.3 Radiographic Testing (RT) [8]

The safety hazard inherent in RT dictates a spausahllation in which the material
density and thickness set the limits of usefulng@é® strength of RT is its ability to
detect internal, non-linear flaws whereas the tvimeshsional views sometimes a
drawback of the technique. RT uses penetratingatiadi and works on the principle
that denser or thicker materials will absorb maadiation of it. The specimen is
placed between a source of radiation and a sheatlafgraphic film or detector array.
A flaw present anywhere within the specimen willsailb less radiation than the
specimen itself. The flaw's presence and locatidhbe indicated on the film by an

area of higher or darker exposure.

2.1.5.4 Ultrasonic Testing (UT) [8]

Any material which transmits mechanical vibraticemcbe tested. UT detects both
linear and non-linear flaws and permits three dism@mal interpretation. The UT
instrument converts electrical pulses into mechtanigbrations or pulses. These
pulses travel across the tested specimen and trdflem flaws because of their
different acoustic nature. The returning reflegpedses are re-converted to electrical
energy and displayed as signals or images. Theigosand size of these signals

correspond to the position and size of the flaws.
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2.1.5.5 Eddy Current Testing (ET) [8]

ET instruments are usually small and portable. le¢hod is used only on electrically
conductive materials, and only a small area cam$gected at a time. An energized
electromagnetic coil induces an AC magnetic fieitbithe tested specimen. The
fluctuating magnetic field generates a circulatelgctric eddy current. The presence
of a flaw increases the resistance to the flowdafyecurrents. This is indicated by a

deflection on the measuring instruments.

2.1.6 Summary of NDT Techniques

Each method can be completely characterized inst@ifrfive principal factors:

 Energy source or medium used to probe the testcblfgruch as X-rays,
ultrasonic waves or thermal radiation).

* Nature of the signals, image or signature resulfiogh interaction with the
test object (attenuation of X-rays or reflectiorutifasound, for example).

* Means of detecting or sensing resulting signal®tgemulsion, piezoelectric
crystal or inductance coll).

« Method of indicating or recording signals (metefl@tion, oscilloscope trace,
radiograph or image).

* Basis for interpreting the results (direct or iedir indication, qualitative or

quantitative, and pertinent dependencies).

The objective of each test method is to providermation about the following
material parameters:
» Discontinuities (such as cracks, voids, inclusiatgaminations).
» Structure or mal-structure (including crystallineusture, grain size,
segregation, misalignment).

« Dimensions and metrology (thickness, diameter, S, discontinuity size).
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* Physical and mechanical properties (reflectivinductivity, elastic modulus,
sonic velocity).

« Composition and chemical analysis (alloy identtii@a, impurities, elemental
distributions).

» Stress and dynamic response (residual stress, graskh, wear, vibration).

» Signature analysis (image content, frequency spexctfield configuration).

These methods are among the major tools of qualtytrol and can find wide
application in quality programs in industries swshaerospace, automotive, defense,
pipe line, power generation, preventative mainteeapulp and paper, refinery, and
shipbuilding. Another classification system usedtly National Materials Advisory
Board (NMAB), Ad Hoc Committee on Non-destructivealuation divided methods
into six major categories: visual, penetrating aidn, magnetic-electrical, mechanical
vibration, thermal and chemical-electrochemical, [20]. A summary for the major

methods are shown in the Table 2.3.

NDT method Applications Advantages Limitations
Penetrant Solid nonabsorbent material Easy and inexpensive| The discontinuities
Testing having uncoated surfaces  Very sensitive and must be open to the
that are not contaminated,  versatile. Minimal surface. Surface mus
training required. be relatively smooth
and free of

contaminants.

Magnetic Be used for surface and| Easy to operate and the The inspection area ig
Particle Testing slightly subsurface equipment is limited to surface and
discontinuities in inexpensive. Highly subsurface.
ferromagnetic materials. | sensitive and very fast Ferromagnetic

materials only.

Radiography Be used for almost any | Offer permanent recorc The inspection
Testing materials, shapes and and high sensitivity. thickness is relied on
structures manufactured gr ~ Widely used and the material density.
in-service. accepted. The orientation of

discontinuities is
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important. And

radiation is sometimes

n

harmful.
Ultrasonic If the condition of sound The precise and In many cases, there
Testing transmission and surface| sensitive results can be  has no permanent
finish are good and the | achieved very quickly. | record. Testing require
object shape is not Material information couplant.
complex, it can be used far such as thickness, depth
most materials. and flaw can be got only
from one side of the
object.
Eddy Current | All conductive materials Absolutely Measured signal is har
Testing can be inspected. noncontacting, easy to to interpret. Penetratio

operate. The testing is

fast and versatile.

depth, lift-off effect
and surface condition

need to be considered.

o

Table 2.3 Comparison of major NDT methods

When deciding on an NDT technique for an inspectask, the first thing needing to

consider is whether it is suitable for detecting tlxisting discontinuities with

sufficiently high probability. For many tasks, aaglie NDT method is sufficient to

solve an inspection problem, however some timegentibkan one method is also

employed to provide additional information and emteathe inspection reliability [21].

In addition, the choice of inspection equipmentaisprocess including a few

considerations [22].

* The equipment must have sufficient capability antha same time be easy to

calibrate, maintain and operate.

* The equipment also needs to be able to work inht@rmyironment conditions

of the inspection.

* The equipment should provide ease of signal ingegtion and recording.

e The equipment should be portable if necessary.
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2.2 Carbon Fibre Reinforced Plastic

2.2.1 Introduction to CFRP

CFRP, short for Carbon Fibre Reinforced Plasticaikind of composite material
made up of carbon fibre and another or more mageaiethe macroscopic level, which
is able to combine the best of the properties femoh and as a result, CFRP shows
better performance than its components [23]. Gnprpose of developing a new
advanced material for aircraft which should bd sight and strong, the researchers at
the Royal Aircraft Establishment, Farnborough, Uldduced carbon fibre in 1963-64
[24]. Taking full advantage of the anisotropy, CF&dnbines a low specific weight
with excellent mechanical properties and durabilapd has been serving in the
aerospace, automotive and shipbuilding industries &lmost four decades.
Furthermore, in last two decades, more and moentadh and effort from research
institutes and industries has been paid to CFRPposites as load-bearing
components, particularly in aerospace and automamplications [25]. On the other
hand, the intensive increase in the availabilityimmproved matrix materials which
work as the supporting material in CFRP e.g., Ipghformance thermoplastics and
the progress in the development of fast and reigbbcessing techniques are boosting

CFRP’s development and application widely.

As other materials, defects in CFRP occurring duimservice use may significantly
affect the mechanical properties of composites ttemult in malfunction [26]. So,
such defects as impact, matrix cracking and delatiein must be detected at an early
stage in order to prevent accident and reduce castsed by failure of a component.
To make sure the material systems working prodesth initially and in-service, non-
destructive material characterisation needs to rhiggter demands [27, 28], such as

airworthiness requirements for civil aircraft mettuctures are well defined by
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certification authorities [29]. The developmentin$pection techniques and a proper
understanding of the meaning of the results forftimetional properties of composite

components will be a prerequisite for their appiama

2.2.2 Structure and Electrical Properties of CFRP

Carbon fibres are made in the form of bundles,edalitrands or tows containing,
usually, 18 discrete filaments, which are typically 7 to i in diameter [30].

Carbon fibre composites are made with carbon fikeetedded in a polymer,
commonly epoxy. These stiff and strong fibres c#éneyloads to which the component
or structure is submitted. The matrix has low s&ffs and low strength and it
contributes to the shape of the component. Theaiplamtrix is used to transfer loads

to the fibres and between them as it’'s another mapotask [23].

In a CFRP composite, a single layer has a thickoéssbout 0.05 to 0.2 mm, and
consequently, in order to obtain usable engineenreghanics components, some
layers are stacked one by one to form a laminaha/n in Figure 2.1. A lamina with

fibres in only one direction is called a unidirectal lamina. Alternatively, a few

laminae with fibres in different directions are d<e form a laminate. The directions
of the fibre in each part of the mechanical componeeed to be chosen by the
designer to offer the component required propegresminimum cost.

Fibre Lamina alminate

rrrrrrrrrrrrr

/////////////

Figure 2.1 Stacking of single lamina to form a laate
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One basic and common method to fabricate a lamisatie spread fibres which are
normally distributed in rolls of layers. Then, asfided in the design process, layers
are stacked in a mould and the liquid epoxy mixéth & curing agent is poured into
mould. The step of pouring the epoxy on the fibzesld be carried out by several
methods: by hand (manually spreading epoxy thrdigle layers) or automatically
spreading the epoxy using a vacuum process caksthRransfer Moulding or RTM.
Finally, under controlled temperature and pressaritions the liquid epoxy cures
after some time. Although all the constituentssame, the final composites may have
different mechanical properties when applying défé manufacturing. Somewhat,
these differences are related to the fibre voluraetion, and the presence of micro-
bubbles or voids. For example, the void or air mHoubbles generated during non-
uniform epoxy spreading could be reduced or evenimhted by combing a RTM
process and pressure controlled epoxy curing cyetenpared with metals, CFRP
composites present strong anisotropy in electdoatuctivity which is relatively high
in the fibre direction and low perpendicular toréldirection [31]. A comparison of

conductivity between various materials is showiiable 2.4.

Material Conductivity(10* s/m) Direction of measurement
Copper 5900 n/a
Aluminum 3500 n/a
Iron 1000 n/a
Graphite 13 n/a
Carbon 3
Carbon fibre 4-17
Unidirectional CFRP 0.9-1.5 Parallel
0.01-0.2 Perpendicular

Table 2.4 Conductivity of metal and CFRP

From the above table, it can be seen that the @bindy of unidirectional CFRP

composites is lower than that of metals by a faabrabout 1000, while the
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conductivity in cross fibre direction is furtherwer by up to more than 100 times.
Under ideal condition, if do not take coupling caipence between fibres into account,
in CFRP, the current can only flow through indivadlcarbon fibers, as the fibers are
surrounded by insulating polymer. However, becaniséhe presence of inter-fiber
contact points, the current may flow from fibrefilare (Figure 2.2 (a)). So, the total
electrical impedance of a piece of CFRP materi@nisassemblage of the impedance
of all fibers and their structure (Figure 2.2 (bue to its internal structure, for
unidirectional CFRP laminates, the electrical prtpe are anisotropic, which means
that along fiber direction fdirection), the conductivity of the composite &aulated
by total single-fiber conductivity and fiber-volumé&action [32], while the
conductivity is relatively small perpendicular tibers (99 direction). The current
switch between fibres depends on the existencenamdber of inter-fiber contact
points. Some resistance values of CFRP materialsamvn in Table 2.932].

According to various manufacturing and processimg@dures, they may be different.

(@)
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Fibre direction One section of

L . = -
4 He=d By HEed el
1 L L L

Y

Perpendicular direction

Rf: Segmented ibre resistance; Rc: Inter-fibre contact resistance; Cc: Inter-fibre contact capacitance

(b)
Figure 2.2 (a) Schematic representation of a usitivnal CFRP with contact points between two

parallel fibres; (b) Electrical model of contacticgrbon fibres [33]

Material Fiber content 0o’ o’ ad’/a°
(vol. %) (Q-cm) (Q-cm) (Q-cm)
Carbon/epoxy 55 0.08 0.4 50
Carbon/epoxy 65 0.0025 1 400
Carbon/epoxy * 0.0021 0.95 450

Table 2.5 Resistivity of CFRPs [32]

*Average value for commonly used samples with fibentent from 60% to 65%

As can be seen, there is a very high anisotropjenelectrical resistance of CFRP.
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The 90/0° electrical resistance ratio ranges from 50 to 50Bas also been proved by
experiments that the resistance of CFRP increasistihe appearance of internal
damage, such as fiber breakage and delaminatignR&$earch results show that the
change of electrical resistance can indicate tlkeegmce of damage in CFRP. Further,
the damage could be better defined and classegtbgsron of the measurements such

as fiber breakage or delamination, damage sizepasition.

2.2.3 Defects in CFRP

A particular component has various physical andhaeical properties and also there
have different damage mechanism, as is the caseHABIP. Figure 2.3 presents some
of the defects which may change the material ptoggeand adversely influence the
performance of the component. These include plflaars running parallel to the
surface (delamination, ceramic debonding), perpenali flaws (cracks of the matrix
or of the patches) and volume imperfections (poresls, inclusions). Their existence
can have a great impact on the performance of titermmal. From the figure, it can be
seen that some defects are similar and sometingeadt easy to tell one from another.
As the effects of different defects are various ammbrresponding method is needed to
deal with each one, it is very important to distirslp one type of defect from others.

The detail of some typical defects will be introddan the following sections.

undulation resin concentration fibre concentration

AN

crack debonding pores delamination
Figure 2.3 Typical flaws in CFRP [35]
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2.2.3.1 Impact Damage

This kind of defect is a result of foreign obje@niage such as stone, bird strike,
dropping of an object, etc. Consequently, this ctefell result in matrix cracks, fibre
breaking and delamination in CFRP composites. Thact defect can reduce the
CFRP’s residual strength by up to 50% [36]. CFRmma with various impact
damages is shown in Figure 2.4. As can be seeneiriollowing figures, some low-
energy impacts often cause internal defects andxraeakage on the back surface of
the composite without modifying the top surfacetloé component. However, for
component in-service inspection, it is highly pbbsithat the probe can only get
access to one side of the tested object which miakesy hard to detect the defects.
This type of defects which are caused by low-enanggacts is one of the most
difficult defects to detect, and of primary importa to the structural integrity of

composites.

Rec S18)38 )A2

o

(a) Front side
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(b) Back side

Figure 2.4 CFRP sample holding seven impact damaglkedsifferent dents

2.2.3.2 Fibre Breakage

In tension, most fibres tend to fracture in a lithanner, without any yield or flow
[37]. As the loading on materials accumulating, dgmis initiated at failure points of
weaker fibres which break during initial loadindhel'shear stresses around the breaks
cause the resin and the interfaces to degrade amdope cracks which propagate
along the fibre-matrix interfaces. The cracks dffdee ability of the material to
redistribute load as it becomes further damagedsandore fibres break which lead to
further resin damage and ultimate failure. So detgadhe broken fibre at the early

stage is very important for avoiding further fuocial failure of material.

Figure 2.5 shows the scanning electron micrographhich it can be seen that carbon

fibres are deformed and broken by impact energy.
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Broken fibres

Figure 2.5 View of deformed and broken carbon fioyémpact energy [36]

2.2.3.3 Delamination

In definition, delamination means the lack of adtvedetween two layers of carbon
fibres laminates [38]. As, the delamination resiseaof CFRP composite laminates is
low, delaminations often takes place resulting frelight out-of-plane impacts [39].

Delamination can bring many problems on CFRP peréoce such as large
reductions in strength and stiffness of the CFRRirlates, and deterioration of the
structural reliability of the CFRP. It can also sauworse failure because
delaminations are usually difficult to detect vibyisor sometimes even invisible.

When applying eddy current testing for delaminataw®tection, it is difficult to be

sensitive to the delamination if measurement igi@dron the fibre conductivity,

because the eddy currents are flowing paralleh&olaminates making the currents
very slightly changed by the delamination. HoweverCFRP, there actually exist
resistive and capacitive couplings, which occurbloétween the fibres of laminate
and between different laminate. Thus, these cogplgenerate inter-fibre and inter-
laminar currents, which can be modified and meakuraler certain frequency when

delaminations happen.
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The Figure 2.6 gives a micrograph view of delamaratwhich clears shows how

delamination modifies the CFRP’s inner structure.

Delamination

Figure 2.6 View of delamination between fibre laygt0]

2.2.3.4 Voids

There have several types of voids occurring in amsitp materials. Some large ones
can be produced during the manufacturing procesiseoEomponent by gross defects,
while small ones are often found adjacent to thwe8 because of incomplete
infiltration during processing or cavitations dyideformation. In addition, void also
can be seen in matrix-rich part or regions betwlaemnate where no fibre exists.
Voids exist in all forms of composite with variat®in their incidence depending on
fabrication route and matrix type. Figure 2.7 shoesdetail of the micro structure of
a small CFRP region with void. An obvious area oidg can be seen around fibres
and matrix. This can reduce the mechanical andtredat performance of the

composite.
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Fibres Matrix

Void Region

Figure 2.7 Structure of a small CFRP region witid\jd0]

2.3 Non-Destructive Characterization of CFRP Struatire

To improve the performance and to increase thabiglilifetime of a structure, it is
necessary to analyze and describe quantitativedyddimage process. As essential
prerequisites to guarantee the performance of dhgonent during its lifetime, non-
destructive testing (NDT) is able to optimize theR® structure such as ply sequence,
fibre orientation, local fibre and epoxy concentmas and manufacturing process [35].
NDT is also able to detect the defects in matencuding planar flaws, perpendicular

flaws and volume imperfections.

In the past couple of decades, both researchutesitand industry have studied the
NDT characterization of CFRP and made considernatulgress [41-46]. As discussed
in previous section, how to choose the NDT methodlependent on the specific

requirement and conditions of the material and a@pplication. However, there are
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some well developed and commercially viable NDT hods for CFRP

characterization, which are the eddy current methibiiasonic NDT and scanning
acoustic microscopy [38]. In addition, X-ray inspen and thermography are also
effective method for CFRP characterization. A bim@foduction to background and

application of these methods is shown as follows.

2.3.1 Ultrasonic NDT

Ultrasonic NDT typically involves the following gis. First, mechanical vibrations

are generated by converting electric energy inttvastbund using a transducer
containing a piezoelectric crystal in a frequenayge which can not be heard by the
human ear. Next, the ultrasonic wave is transmittedugh the inspected CFRP
objects and is finally reflected onto the back acef of the object. Last, the same
transducer or separate receivers collects the wsigval and sends it to instrument for
analysis. To improve the penetration of the ultrésaignal within the object, before

the scan starts, a couplant such as water or sordeok gel may be applied between
the transducer and the material. The ultrasonicelgaproperties are sensitively

related to direction of propagation, polarizatiord anisotropy of material properties
[47]. In order to present different flaws and structure€FRP, various presentation

techniques are applied in ultrasonic inspectionil®#ime-based graph, called A-scan
or B-scan is used to interpret the output sign&-scan, which is a representation of
multiple scans is useful to provide more informatend produce a plan view of the
object.For example, it can be realized that projectiorc@as with varying gate width

and B-scans of different sections are generatedahtime, and at the same time the
evaluation of phase information or measurementewintgetric parameters are carried

on at the A-scan at the same screen [47].

For the inspection of CFRP objects, it is suggettesmploy high frequency (up to 25
MHz), and highly focused transducers with suitaldteasonic equipment (bandwidth
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up to 100 MHz) [47] in order to obtain high axiahdalateral resolution. During
ultrasonic inspections, the sound beam propagatesdirection along the axis of the
reinforcement fibres [48]. Then the received ulbras signals are saved in a computer
which is able to digitize the signal at high fregag and capture full waveform. The
reports suggest that transmitting frequency of 2@MHz should be chosen for
inspection of objects with thickness from 2.5 to0l@im [49]. Also, the research taken
in [50] showed that since the attenuation of waves propapaerpendicular to the
plies was sensitive to the interlaminar qualityttué inspected object, it could provide
the information to identify and interpret damag&so, the modification by the multi-
layer structure of objects on ultrasonic parametaish as refraction, intensity,
reflection, wave velocity and scattering should demsidered because it may have
negative impact on the efficiency and quantificata ultrasonic scanning in defect

location.

As one of the most commonly used NDT methods faaratterization of CFRP
composites currently in industry, ultrasonic tecjugs are able to successfully detect
flaws and provide structural features of CFRP casitpe, which can help optimize

the materials, structures and manufacture.

2.3.2 Scanning Acoustic Microscopy (SAM)

As a high resolution ultrasonic imaging technigseanning acoustic microscopy
operates at higher frequencies ranging from 30 M#&l2 GHz. The frequency is
sufficiently high in order to provide a resolutioomparable to optical microscopy in
opague objects, therefore this technique offersrg useful NDT tool for examing the
microstructure of CFRP composites. Some previouk wmoved that in term of defect
detection, scanning acoustic microscopy is vergisign to interfacial debondings and
microscopic crack damage growth [51, 52]. Such esyst are comparable to
conventional ultrasonic C-scan method but an exherfiocused lens is used in order
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to improve spatial resolution. A single transdusarsed in pulse-echo mode, in which
the same transducer emits and receives ultrasoaiesv The transducer moves
linearly, parallel to the surface of the specim&he sample is immersed in a water
tank and a computer controlled scanning systensesl tio inspect the area. A C-scan
of the area inspected can be displayed on a masuteen from which hard copy can

be produced and data saved on disk for archiving.

2.3.3 Eddy Current Testing

Eddy current testing is an electromagnetic NDT meéttvhich consists of bringing a
coil carrying an electrical current to proximity afconductive material [53]. Eddy
currents are induced in the specimen under testlégtromagnetic induction. They
will decay exponentially with depth below the sadaof a material. If the structural
integrity of the material is modified due to theepence of a flaw, a change in eddy
current phase and amplitude will occur. This chamg® be observed on an
oscilloscope for instance and defect charactesigdietermined. It has recently been
demonstrated that eddy currents could be used Herinspection of composite
materials [54-56]. Previous work on the use of eddalyent techniques for composites
testing have shown that fibre damage with or withoatrix cracking can be detected
[57], variations in fibre volume fraction reveal¢d6] and determination of fibre
orientation achieved [58]. The detection of low rggyampact damage (0.5 J) in CFRP
materials has been achieved and the sensitivithetechnique could be potentially
better than any other widely used NDT techniquehsas ultrasonics, radiography or

infrared thermography [59].

An example of the performance of the three meth®demonstrated in Figure 2.8.
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Figure 2.8 (a) Eddy current, (b) radiography andu{Basonics testing of a broken specimen
(57%x42x0.2 mrf) [35]

According to the previous work and study by redears, the details of advantages
and limitations of the three NDT methods employedyehbeen summarized up in

Table 2.6.

Advantages Limitations

Ultrasonic |1. Signal output in an ease to (1. High signal attenuation and
C-scan interpret image format. scattering.

2. Rapid automated inspectior2. Expensive apparatus.

3. Well recognized NDTmethog3. Calibration time consuming.

by industry. 4. Highly skilled and experienced
4. Can also be used to detect operator required.

deep internal defects. 5. Sensitivity and resolution can be
5. Effective detection and limited for surface defects.

characterization of both 6. Improving result with water
delamination and interlamin,  immersion.
cracks.

6. Good signal reproducibility.

Scanning [1. Automated inspection. 1. Expensive apparatus.
acoustic 2. Allows inspection of differer2. Time consuming calibration.
microscopy layers of composites. 3. System not portable.

3. Signal in an image format. |4. Highly skilled and experienc

4. Adequate for the inspection| operator required.
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opague material.

5Signal interpretation sometin

difficult.
No distinction betwee
delamnation and interlamin
cracks.
Improving result with watg

immersion ( difficult for onsite
testing of large structures).

Limited signal reproducibility.

sample required.

9. High signal attenuation &
scattering.
Eddy 1. Easy to interpret color coded. Detect mainly surface and
current image. subsurface defects.
testing 2. Non-contact testing. 2. Limited to composites

3. Low cost. containing carbon fibres or oth

4. High signal reproducibility. conductive fibres.

5. Inspection results not very 3. Difficult to distinguish between
dependent upon the operator delamination and interlaminar
skills and experience. cracks.

6. Delamination unambiguously
detected.

7. Portable system ( laboratory
and on-field testing is
possible).

8. No water immersion of the

ier

Table 2.6 Advantages and limitations of three ND&thods

We can see that each NDT method presents sometadearand limitations in term

of defect detectability and characterization. Eddyrent testing is proven to be well

suitable for in-service inspection and rapid conib the structural integrity of

composites. Although distinguishing between differeéypes of defects may be
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difficult, the low cost of such systems make themathwhile alternative to more
costly method such as SAM or ultrasonic C-scan.tHea two methods, water
immersion is a key requirement for optimum insp@ttivhich may be difficult to
achieve and costly for in-service inspection. Besithe above three most popular
NDT methods, there have some other potential NDThaus for characterization of
CFRP which are introduced briefly as below. Theyehtheir own advantages and
show excellence in specific areas where x-ray ntethable to produce 3D image and

thermography image is good at characterizatiomydéis and interfaces.

2.3.4 X-Ray Inspection

X-rays are generated during acceleration of elastay by deceleration of electrons in
solid-state materials. X-ray inspection is a methodproduce image of a three
dimensional body in a two-dimensional plane, sodbject’'s detail is superposed in a
radiographic projection. As a result, structureserabling defects, called by artifacts
are caused by these super-impositions. Then, tliacés as well as real structures are
distinguished from real defects by image procesgt®. X-ray transmission is
applied in modern industrial quality control by tdifferent ways [60]:

e Two-dimensional radioscopic transmission imagingjgrtion technique).

* Three-dimensional Computed tomography (CT) whiaghgenerate 3D images,
represent density distribution of objects and pmevspatial information. With
the help of CT, understanding of production prodedsire, component and
module inspection, and dimensional measuring odldridgeometrical outlines

can be achieved.

By scanning the CFRP objects with X-rays, it isgiole to detect flaws or damage
concealed deep inside. By using CT, an in-depthwv vigo the CFRP components’
three-dimensional structure can be captured whctuin, enables the position and

volume of fibers to be detected as well with masiand inclusions. An image of x-
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ray inspection of CFRP is shown in Figure 2.9.

Fibres

Defects

Figure 2.9 X-ray inspection of CFRP [60]

2.3.5 Thermography

During thermography inspection, the surface oftdsted object is heated by a short
flash (pulse thermography) or periodically (lockirermography). Then the produced
heat flux is studied. The presence of defects dikaminations or voids disturbs the
heat flux which causes the temperature differem¢keasurface. An infrared camera is
used to detect the difference. And the acquirecpegature sequence is transformed
by Fourier to improve the signal-to-noise-ratiotbé resulting images significantly.
Also, a phase image is generated by Fourier cdlonldo map the local delay
between excitation and thermal response, whichreaeal hidden boundaries and
thermal features of the inspected object. The adganof the phase image over others
such as amplitude or single images is that it isseasitive to some surface properties
like varying emission coefficient, or to inhomogens heat flux resulting from non-
uniform illumination or surface topography. To cheterize the adhesive joint, it is
important to distinguish the layer’s propertiesnfrthe interface beneath’s properties.

In some report [61], scientists are able to deteenthe sample thicknesses and the
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interface parameters by taking at least two lockameasurements at different
modulation frequencies. Figure 2.10 shows the tbgraphy inspection image which

Is easy to interpret the sample layers and integfac

Layer Interface

Figure 2.10 Thermography inspection of CFRP lageis interfaces [61]

2.4 Defect Detection by Eddy Current Testing

Massive effort has been made in studying advancBd Mkechniques capable of
detecting defects in CFRP composites includingastiund [77, 78], shearography [79]
and X-ray [40]. In industry especially aerospaaane traditional methods such as
visual inspection, coin tapping, and ultrasonicsputcho and low-energy radiography
are already in use. More recently, late technokbdike ultrasonic phased array
scanning [80], electrical potential technique [82], near-field microwave [83], lamb
waving sensing [84] and electrical resistance chamgthod [85, 86] are catching
more and more attention from research labs and stngdu However, CFPR
composites’ heterogeneous and anisotropic compasitiakes their structures too

complicated to inspect by conventional non-desivadesting methods.

An application of eddy current testing which hagidéy grown in importance is the
detection and sizing of surface and subsurfacectiefmm materials. With recent

56



Eddy Current Techniques for Non-destructive Testingof Carbon Fibre Reinforced Plastic (CFRP)

improvements in design of electrical equipment prabes, the method is both more
reliable and accurate. Eddy current flaw detectiam test objects of almost any shape
and size with help of development of more recechriéues such as multi-frequency
testing. As discussed previously, when the stratfonoperty of conductive material is
modified because of the presence of a flaw, a ahangeddy current phase and
amplitude will occur which is being monitored arghde observed by measurement
equipment and then the defect characteristics coeldnalyzed. It has recently been
demonstrated that eddy currents methods could leel dsr the inspection of
composite materials [87, 88]. Previous work onuke of eddy current techniques for
composites testing have shown that fibre damagde evitvithout matrix cracking can
be detected [89], and variations in fibre volumection is also successfully revealed
[88]. Using eddy current testing, low energy impdamage (0.5J) in CFRP materials
can be detected with better sensitivity than otbhapular NDT technique such as

radiography, ultrasonic, and infrared thermograjSidy.

To detect the flaw in CFRP, one simple way is tansthe inspected object using a
single-coil probe of appreciate design and keejpiftheff constant. Then look into the

output signals to check if there has any abruphglalue to sharp discontinuities in

structure, i.e. in the parametemsando , where they are the magnetic permeability

and the electrical conductivity respectively. Wizedefect or any kind of discontinuity
occurs in the object in which eddy current is iretlicthe paths of the currents are
diverted and changes in impedance of the coil fd&ee in a way in accordance the
nature of the defect. It is already proved thatgheallel defects such as planar cracks
and delaminations which are in the same direct®tha eddy currents is difficult to
detect, so care should be taken in directing the aithe coil or use other type of
probe. Effort has been made to predict the reldtietmveen changes and defect’s size
and shape using analytic methods [91]. And, realissults have been obtained by the
following modeling techniques:

* Theoretically by the use of numerical methods;
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* Mechanically by introducing artificial defects;

* Coupled mechanical and electrical models [86].

One of the most important issues in eddy curresting is how to generate eddy
currents in the inspected object and received thack, which is largely dependent on
the design and setup of the eddy current probe.cbhéguration of the probes could
be a single coil with air core, or a pair of callgh several turns which are wound on
formers of specific material and used as transmdatel receiver respectively. For
certain application, there may have wide rangehaiice for the coil number, former
material, former shape and the probe size. Thisasewill give a further discussion

on some designs of eddy current probes for detgdifferent defects in CFRP.

2.4.1 Surface Scanning Probe for Vertical Defect92]

The use of surface-scanning probes is requiredherprecise location of vertical
defects such as fibre breakage and cracks, andateynost effective with plane
surfaces. With curved surfaces, it is important tha diameter of the probe is small
enough to ensure that the surface beneath it ectafély plane, so that lift-off is

constant to within the accuracy required for thesueement.

Some proposed probes for detecting vertical defacés shown in Figure 2.11.
Absolute probes (Figure 2.11(a)) contain a singieand are widely used due to their
versatility. Since absolute probes are sensitivetiimgs such as conductivity,
permeability and liftoff, and the inspection proe@se comparatively easy to perform;

they are the most used probes for material defispteiction.
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CFRP

e

(a) Single-coil absolute probe

CFRP

(b) Defferential probe

Ferrite core

Distance

CFRP

(c) Transmitter and receiver coil pair

Figure 2.11 Probe design for inspecting verticéds
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The inductance of a coil at a given frequency cancbnsiderably increased by
introducing a ferrite core which has a high magnpérmeability and a low electrical

conductivity, thus increasing the sensitivity ofasmerement. This is because ferrite is
ferromagnetic; the magnetic flux produced by thé poefers to travel through the

ferrite as opposed to the air. Therefore, thetieore concentrates the magnetic field
near the center of the probe. This, in turn, cotraées the eddy currents near the
center of the probe. Probes with ferrite cores tiende more sensitive than air core

probes and less affected by probe wobble andffift-o

Differential probes (Figure 2.11(b)) have two aetooils usually wound in opposition.
When the two coils are over a flaw-free area of sasnple, there is no differential
signal developed between the coils since they atle imspecting identical material.
However, when one coil is over a defect and theerote over good material, a
differential signal is produced. They have the atlwge of being very sensitive to
defects. Probe wobble signals are also reduced twmishprobe type. There are also
disadvantages to using differential probes. Mosalnly, the signals may be difficult to
interpret. For example, if a flaw is longer thae gpacing between the two coils, only
the leading and trailing edges will be detected ttusignal cancellation when both

coils sense the flaw equally.

For enhanced sensitivity, a coil pair (Figure 2c)lLvhich have separate transmitting
and receiving coil windings, may be used if deepebation of eddy current is
required in the material under tgS2] and they are sensitive to the fibre breakage

because of their high directionality.

2.4.2 Probe for Planar Defects [92]

Planar cracks and delaminations which are oriethtat¢he same direction as the eddy
currents are more difficult to find with conventarprobes which are more sensitive
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to vertical defects, because planar defects ataally no diversion of eddy current
generated by those probes and have little of receéin the impedance of the probes.
However, defects of this kind, which parallel t@ thurface, may be detected with the
use of a gap probe seen at Figure 2.12. Gap prassts of a ferrite yoke through
which a magnetic flux is excited by means of a paicircling coils. When the lower
end of the yoke is in contact with the materialfate, the latter completes the
magnetic circuit and eddy currents flowing in plarmeerpendicular to that surface
appear. This probe has advantage of close eleaygroetia coupling with the object

under test.

Figure 2.12 Gap Probe. C: coil; Y: ferrite yoke;dDject under test;

L: lines of magneticltix; E: planes of eddy current flow

2.5 Conclusion

In the last several decades, NDT techniques haee bereasingly developed and
intensively applied in industry. However, more auved and reliable NDT methods
are still urgently required to meet the demandaipidly growing industries such as
aerospace, automobile and medical device. Amongptipular and comparatively

mature NDT methods, eddy current testing owns adg@s over others in such as
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cost, development period and efficiency and eddyecd instrument can realize in-

service and non-contact testing. Eddy currentrigsis expected to help provide a
more complete picture of the structural integrityd goroperties of the objects being
tested [62]. To improve the performance of CFRI itecessary to take inspection on
the materials both during the manufacturing proeessservice time. Considering the
cost and efficiency, non-destructive characterais proved as a vey useful tool to
make sure CFRP component working properly withauufe. The following chapters

are focusing on the discussion of non-destructharacterization for CFRP materials

using eddy current techniques.
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Chapter 3. Eddy Current Testing

3.1 Introduction

For non-destructive testing, a number of electric@thods are available, which

include resistance measurement, electrical condtyctneasurement, and the use of
triboelectic, thermoelectric, exoelectron effecpmtential-drop methods and eddy
current testing [8]. To get the desired informatifsam electrical methods, it is

necessary to correlate the electromagnetic pr@gsenvith the proper measured
material properties because all the electrical NDdthods are indirect. To achieve
good correlation, it is necessary to ensure thattélst conditions are well controlled
and the, instruments are well calibrated on testispens. However, the major issue of
electrical NDT methods lies in the difficulty tofdee an electromagnetic property as a

function of one and only one material propertyrdérest.

A fundamental requirement for eddy current testmthat the inspected object is able
to induce a distribution of currents in it. Thus)yomaterials with sufficient electrical

conductivity can be tested using this method. layeclirrent testing, a probe carrying
changing current is placed in close proximity te thaterial to produce a changing
electromagnetic field, then the eddy currents Wwél generated within the inspected
materials in response to the applied electromagniéld. These currents are
compelled to flow in closed loops within the insgmet material and in turn,

themselves can generate magnetic fields in the thay is to reduce the applied

electromagnetic field. Finally, both the origindé&romagnetic field and the induced
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field are detected by electromagnetic inductioa icoil, or a system of coils. In many
cases the same coil is used both to excite the eddgnts and also to detect their

fields.

In brief, the Figure 3.1 shows the steps of eddyeru testing for characterization of
CFRP. Amplitude of the signals tells about the disfeseverity and phase angle with
respect to a known reference give information alibet defect location or depth.
Defects that are parallel to eddy current flow may produce a significant change in

signals i.e. detected with a poor sensitivity.

Coil generates primary

A 'sL
magnetic field MPETE St

\ﬁ

Primary magnetic field
induces eddy current in Faraday’s Law
CFRP

()

ddy current generate
second magnetic field Lenz’s Law
against primary one

3%

10

\C

y

Coil impedance
changes due to
changing field

@
\_/

The change is
measured and linked
ith the CFRP structur

A
O

Figure 3.1 Process of the eddy current testingliaracterization of CFRP
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From the discovery of eddy currents by Foucaulicteical engineers keep showing
great interests in their effects, and eddy curtedhniques can be considered to be a
separate subject in the field of electromagnetibmdeed, no one who deals with
electrical engineering, either theoretically or gi@ally, can ignore eddy currents
because of their two-folded nature, that is, thay lbe either desired or undesired. In
one field of applied electricity they are conscigugenerated, and in others they are

detrimental and should be avoided or reduced.

In the past years, efforts have been put into éisearch of eddy current inspection of
CFRP and the results have been reports. A methad deseloped to reconstruct
current distribution in CFRP from the magnetic di¢br the better understanding of
eddy current propagation in [63]. The method wasngasure the-component of
magnetic field using a receiver coil and from th® 2nagnetic field the current
distribution can be calculated by taking the padirivative of the field. They also
described about fibre orientation measurements higin angular resolution, some
fundamentals of testing for de-lamination, crackd &bre fracture. They concluded
that special static and rotary probes are requioedse the electrical anisotropy of

such composites.

Also researchers found a signal perpendicular ¢ofitbre orientation and termed it
plateau effect [33]. It is a result of capacitivennections between the fibres and
increases as frequency increase as we know caac#actancéd/«C is inversely
proportional to frequency which means at high feagey there will be higher

conductivity i.e. higher current density.

An approach using normalisation and two refererigpads to reduce the lift-off

problem with pulsed eddy current techniques isuthiced in [64]. Experimental

testing was done based on proposed approach. Rebolv that significant reduction
in the lift-off effect has been achieved mainly nmetal loss and sub surface slot
inspection.
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In [65], the study was focused on developing a wethn non contact eddy current
based SQUID (super conducting quantum interferesheéce, has high magnetic
sensitivity in even low frequency range) NDT methém thick carbon fibre
composites. The advantage with SQUID is that it baelp in detecting deep lying
defects in electrically conductive materials. Hlectonductivity of CFRP is lower
than metals by a factor of thousands, so stronigl fie high frequency field is
necessary to induce enough eddy current. In casi@af samples the low frequency

field is required to induce an eddy current at @pie part because of skin effect.

As experimental characterization of multidirectibfibre composites based on eddy
current testing using HTS (high temperature supwtaotivity) dc SQUID

magnetometers was presented in [66] and is useetézt damage not visible to naked
eye (impact energy less than 2J in 4 mm thick CERmposites, in unshielded
environment). The study on the effect of impactfifam the point of impact finds that
magnitude of magnetic field in the vicinity of defecenter shows no significant
variation and the change with distance looked gsiiteilar to perfect sample. They

related the slope&/dx of magnetic phase to the severity of the damage.

This research work aims to employ and develop eddayent techniques for the
characterization and reconstruction of defectsiwi@arbon Fibre Reinforced Plastics
(CFRP), especially on bulk conductivity measurersgentdirectionality

characterization, fault detection and imaging. His tchapter, some basic theoretical
analysis and mathematic derivation will be presgntelated to eddy current

technology.
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3.2 Fundamental and Parameters of Eddy Current Testg

3.2.1 Introduction

The major task of eddy current testing (ECT) is theservation of the interaction
between electromagnetic fields and inspected ahjetb achieve this, the basic
requirements are:

* A coll or system of coils carrying alternating cenmt.

* Objected with electrical conductivity.

* Measurement method for current or voltage in tHEs)o
In ECT, the coil or coils can be in various configfions, in which the coils may be
constructed as part of a probe which moves abavsulface of inspected object, or is
fixed on a bobbin to move along the inside of aetob hole, or be wound in solenoid

form to encircle a specimen such as a bar or tube.

The exciting frequency is chosen depending on tedactivity of the inspected
object, the measuring depth and so on. The pragedi the object then modify the
electromagnetic fields and the resultant currestresation with some of the physical
properties of the inspected object which is shoeiow [10]:

* The proximity of the exciter coil to the material

* The proximity of the sensing colil to the materiatldgo the exciter coll

* The radius of the exciter coil for circular shapesther relevant dimensions

for other shapes
* The flaws in the material
* The radius of the sensing coil for circular shapesther relevant dimensions

for other shapes

67



Eddy Current Techniques for Non-destructive Testingof Carbon Fibre Reinforced Plastic (CFRP)

The numbers of turns on the coils, which directife@ the strength of the
applied field that generates the eddy currents thedinduced sensing coil
voltage

The proximity of the system to the edges of theemailt or any other physical
change in the material that could alter the pathdafy currents

Material dimensions such as thickness, radius, etc

In addition to above physical properties, there sseeral electromagnetic properties

that need to be considered [10]:

The source frequency or frequencies, which are #isoeddy current and
magnetic field frequencies

The electrical conductivity ) of the inspected material and its changks |

The relevant magnetic permeability § and its changesi\u)

The anisotropy of the electromagnetic properties.

The process of eddy current testing is to find aod set up the testing parameters

optimally in order to test both the desired mateparameters such as changes in

conductivity or permeability, and imperfectionsatiag thickness and other properties;

and in parallel, to reduce the possible noise awvdanted or non-relevant signal from

the receiving devices.

3.2.2 Basic Eddy Current Testing Principles

Two electrical quantities used to characterisedtaus and condition of the testing

coils are expressed as ohmic resistaRcand the inductande. Then, the reactance

can be

X, =27

L=Lg+L, (3.1)
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In the above equationd, is the frequency of exciting ac current whileis the

combination of self inductance of the cail and mutual inductands, . Providing

the absence of capacitance, the impededcean be formed by combining the

resistance and inductance together using the folpequation
Z =[R? + (27fL)?]"? (3.2)

It can be seen that coil impedance is a completovegiantity which is also written in

another common form

Z=R+iX wherei=(-)"? (3.3)

The impedance can be usefully plotted on the coxipi@edance plane, where the
real part of the impedance is resistait@nd the imaginary part iX . Then, the

phase angl& is

tand=27fL/ R (3.4)

On the graph, the resistance is plotted on theix-axd the inductance is plotted on
the y-axis, thus the coil impedance can be indicéte a point, or phasor (shown in
Figure 3.2). P1 in Figure 3.2 represents the oaigstate of the coil when there has no
conductive object in the electromagnetic field. Hweer, if an object with certain

electrical conductivity is put close to the colletfield is modified which is indicated

by the change on properties of the testing coilusTithe coil has new impedance
shown by P2 on the plot, with different values dfape angle, resistance and

inductance.
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P2 (with object)

P1 (without object)

Inductance, L

\

Resistance, R

Figure 3.2 Complex impedance plane of a coil cag.c. current
When multiple different frequencies are used, thpdadance plane plot can be

normalized so that all the phasors are more clgadgented. Here, the resistance and

inductance of the coil with no target is ks, then the normalized values are achieved
by R/«L, and wL/«L, (e« is the angular frequency and equal2i ). The
diagram can be produced by plotting the normalizefiies, i.e.cL /&L, against

R/(LLS. The normalization can help avoid having to ple¢rg set of values when

changing the coil or specimen’s properties. Howgevkrthe frequency and coil
properties are not variable, it is more convenientchoose the non-normalized

impedance plane display.

Figure 3.3 shows how a normalized impedance curag appear in response to the
change of testing frequency. This is ideal freqyeresponse when the measurement
conditions are fixed. However, the distortion woltcur if there has any changes of
sample conductivity and coil configuration, or dgman samples. It needs practical

skill and experience to distinguish these fact@iagithis curve.
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wL/wlg

/ Frequency

R/wLg

Figure 3.3 Normalized impedance plane showing ribguiency response of a conducting, non-
magnetic target

In Figure 3.4, it shows how the coil impedance oesls to the sample conductivity
and lift-off when it is put above a conductive séenghe conductivity line (solid line)
illustrates how the conductivity of the sample uefhces the normalized impedance,
fixing the testing frequency and lift-off. From tfigure, it can be found that when the
coil is put in the air, the solid curve goes to thp end, assuming an ideal coil; while
as the sample conductivity increases, the curve goehe bottom end. The lift-off
lines (broken lines) in figure 3.4 give the infotiea about coil lift-off at four sample
conductivity values. When the testing frequency #redsample conductivity are fixed,
change of the lift-off can result in the coil im@edte change alone one of the broken
lines (not necessary the ones shown in the figu® Belevant to a specific
conductivity value. The broken lines finally reattte conductivity line as the coll
touch the surface of sample which means the lffisokero. The point at which the

broken line reaches the conductivity lines is esdab the sample conductivity.
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wL/wlg

Air

Sample
Conductivity

Perfect
Conductor

\

Figure 3.4 Normalized impedance plane showing timelactivity and lift-off response

3.3 Skin Effect and Phase Lag

When eddy currents are produced in a conductivesniagt they are not distributed

uniformly throughout the inspected object [7]. ad, they tend to be concentrated
near to the surface adjacent to the coil, and bedess intense as the distance away
from the surface increases. Eventually, the eddseatieffect becomes negligible and

can be ignored above certain distance from theserfSo, this is called the skin effect.

For a simple planar geometry, as the distance tr@robject surface grows, the eddy
current density decreases exponentially. The depthw the surface at which the

intensity of the eddy current is reduced to (1feifosurface value (approximately 37
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percent) is defined as the standard depth of petinetr o for plane material, where

e=2.718, and the value @f can be obtained from
0 = (7fuo)™? 5B.
where f is the testing frequency

M is the magnetic permeability of the inspected abje

o is the electrical conductivity of the inspectegeah

For particular test objeciy ando values may be constant. So, the standard depth of

penetration for a given material is actually a tio of the testing frequencyf, .

Table 3.1 shows some typical valuesdofor various materials [8], with the values of
o0 plotted over a larger frequency range in Figurgé [F]. Clearly, the standard

penetration depth is not a constant for a givererratas it changes with the testing
frequency. For a target plate with a thickness thas approximately three times the
standard penetration depth, the distribution ofetidy current will be affected by the
thickness of the plate. Figure 3.6 shows a few ¢tesnof the eddy current

distribution in plates of different thickness artbws how the distribution is affected

by a thin plate.

In the inspection for thin objects (around or beldw), a variation of the thickness
can result in the change on the value of the amiledance. This implies that an eddy
current system, if calibrated by a known standeash, be an accurate tool to measure
the thickness of a thin object. In turn, the vaddied , along with the plate thickness,

are important factors to decide the testing fregyarsed in eddy current applications.

Frequency 0.001MHz 0.01MHz 0.05MHz
Material

Copper 2.00 0.64 0.28

Aluminium 2.65 0.84 0.04
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Titanium 12.00 3.80 1.67
Steel 0.50 0.15 0.07
Graphite 45.00 13.00 6.20

Table 3.1 Depth of penetratiod,(mm) [8]

102

—
o
o

/)/}e

N
2
N

Standard Penetration Depth (mm)
o
&S
Q S
5

-
o
o

103

10 102 108 104 105 100 107 108
Testing Frequency (Hz)

Figure 3.5 Standard Penetration Depth vs. Testiaguency [7]
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Thickness>3 9

Thickness<39

4
2 ‘ Thickness<39

(c)

Figure 3.6 Distortion of eddy current distributionthin objects
(a) Object with thickness more thad 3 (b) Object with thickness less thad 3

(c) Object with thickness much less thad 3
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So far, only the magnetic of the eddy currents lteen considered. However, as the
distance from the coil increases and the deepérthieaeddy currents reach into the
material, the bigger is the phase change of thg eddent density compared to the
surface, which is called phase lag. For objectssehthickness is much larger than

three times standard penetration depth, the plass |
L =x/d(in rad) or
L =575x/0 (in degrees) (3.6)

where X is the depth of eddy current into the material. 8w, every standard
penetration depth, the magnitude of eddy curremtsithe is reduced byl/e (37

percent) and the phase lags by 57.5 degrees.

3.4 Coil Impedance

The coil impedance contains much information atibatobject under testing, so it is
of great importance to understand how to represhist value by mathematic

derivation and equations.

3.4.1 Coil Resistance

As a conductor with finite electrical conductivitgoils also process electrical

resistance. For DC, the resistance is calculated by
R=pl/ A(ohm) TB.
wherepis the DC resistivity of the coil (ohm.m)

| is the length of the coil (m)

A is the cross section area of the wiré)(m
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The resistance of the wire carrying AC current gamease with frequency rising up
due to the proximity and skin effect. The proximéffect is that when currents flow
through one or more nearby conductors such as advooil of wire, the distribution

of current within the first conductor is constrainte smaller regions. The value of AC

resistance may be ten times of the DC resistanteecfame wire.

3.4.2 Coil Inductive Reactance

In an alternating current system, the coil alsowsheelf inductance along with
electrical resistance as a result of the chandingih the coil. The self inductance is

defined as the flux change per unit current, saiit be derived by

Ls =d(Ng)/dl (3.8)

For an air-cored cylindrical coil with finite lertgtD, the flux can be calculated by

¢ = BA, whereB is magnetic flux density. Providing the relatioatweenB and
magnetic field intensitid , B = y,H , thus@= g, HA. In definition,H =NI/D, so
Ng= 1,N*IA/ D . From the above evolution, the self inductance is

Ls =4,N*A/D (3.9)
If the coil has finite length, a geometrical factdris add into equation (3.9), so the

self inductance is

Ls = Ky,N?A/D (3.10)

A coil excited by alternating currents at angulaeqgiency &« can produce

electromagnetic field in itself, which in turn clggs the flux in the coil. This modifies
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the property of the coil and introduces anothemfaf opposition to current flow,
called the inductive reactance,
X, = al = 27fL 13)
The value of X is zero when frequency is zero and is directly propnal to
frequency. To derive the equation (3.11), consitleait an alternating source
| =1,sinat is connected to a pure inductor of which the selfictance isLg and
the resistance is zero. The generated voltage eareffiresented bg=—-Ndg¢g/dt.
GivingNdg¢ = Lgdl , e is also equal to
e=-Lgdl/dt 3.12)
With | =1,sinat, it can be
e=—(«wLg)l,cost) = —(wLg)l,sin(wt +90) (3.13)
According to Lenz’'s Law, the exciting voltage shibule equal on the value and
opposite on the direction, so it is
E = («Lg)l,sin(wt +90) (3.14)
Using rms form, the (3.14) could be
E. e = (@Lg)! ms (3.15)
So, the equation (3.11) can be obtained as

E. /1. =0lg=2mflg (3.16)

Thus, a specific value inductance reactance attaigdrequency can be calculated by
equation (3.11) giving the value of frequency amduictance. Also, it can be noticed
that the voltage in the coil is always leading #eciting current by 90 degree

according to equations (3.13) and (3.14).
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3.4.3 Coil Impedance

When an alternating curreit is applied on a coil, it goes through both resistaand
inductive reactance of the coil, thus across the parts produces the voltages which
are IR andl«L ( L contains both self inductance and mutual inductamespectively.
The voltage acrosk is ahead of it acrosB by 9, which can be seen on Figure 3.7.

So, the total voltage across circul, is

E=I1Ja’L2+R’ (3)17

According to Ohm’s Law, the total impedance of tiod is
E
Z =T Jo?l? + R? (3.18)

and the phasé can be derived by

tand = laL/IR=cal/R=27L/R (3.19)

So, the exciting current lags the voltage on thliridtance by 90and the total circuit
voltage byé. Given that the impedance is able to measured rbynstrument,

according to Figure 3.7, the resistance and indgetaan be achieved by
Xg =|Z|coss

X, =|z|sing 20)

laly E = IVaPL2 + R?

[

|-
1

IR

Figure 3.7 Diagram of impedance for coil
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In order to get more accurate result, the coil capace needs to be considered,

particularly in the case that long cables are udaddefinition, the capacitive

inductanceX.. is given by
Xc =1/aC =1/27€C (3.21)

where C is the coil stray capacitance in unit farad. Ame ttapacitive reactance
produces a voltage across in with 90 degree laghetgnd the exciting current. A
parallel RLC circuit with resistor in series withductance can indicate the total coil

impedance, seen in Figure 3.8.

O

BN

(e

Figure 3.8 RLC circuit indicating coil impedance

Thus, the total impedance of the circuit containiregistance, inductance and

capacitance is

7 = \/ REF(@L)” (3.22)
1-wLC)* +(wCR)

and the phase angle is

_ 2 2
ang = L~ OCIR? +(wl)’]

(3.23)

When

W=w, = E_(I) (324)
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the total impedance get maximum value, which isated resonance ang, is called

resonance frequency. Many circuits benefit from rafpieg under this condition.
Figure 3.9 shows the coil impedance’s frequencyparse. When the frequency is
close to zero, the total impedance is equal tad¢bistance in the circuit, so the circuit
is resistive. The maximum value of the circuit idpece occurs when the frequency
Is set to resonance frequency. On the left halthef curve, the impedance changes
mainly according the inductive reactance While on the right half, it relies on the

capacitive reactancegX

Figure 3.9 Frequency response of coil impedance

3.5 Equipment Requirements

A highly complicated eddy current system can con&dcitement generating devices,
measuring instruments, probe using coil or coi] patbe scanning device, reference
standard, control equipment, and recording devimesng which the basic three parts
are excitement generating devices, probe, and merasat instruments.
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Figure 3.10 (a) depicts an eddy current testingesysvith a basic configuration. An
oscillator generates alternating currents flowingptigh the probe, and then produces
a changing electromagnetic field and eddy currémtshe object under test. At the
same time, the property of the coil is also beingnitored by the measurement
instrument; here a simple voltmeter. Any changethercoil property can be captured
and shown by the voltmeter, which may indicatedkistence of a conductive object

close to the coil or the presence of defects irothject.

Figure 3.10 shows various coil configurations. Igufe 3.10 (a), the exciter coil also
serves as the sensing coil, so that the voltmetrcts changes in self-inductance. In
Figure 3.10 (b), a separate receiver, coil is u3éas coil can be inside, close to, or
remote from the transmitter coil, and can be gplib a differential or “cross-axis”

configuration as in Figure 3.10 (c). By using a chad pair of colils, the differential

coil configuration is able to perform a comparisBoth coils are set to be coupled to
the inspected object, by comparing one pitch of itihepected object to another.
However, if a signal is received by both coils tihge, it can not be detected. Only the
signal that sensed by one of the coils can beeedthanks to its nature of coupling
and comparing, the differential coil is able toeetively suppress temperature and lift-
off noise. However, the shortcoming is that it aanprovide any signal when a defect
is detected by both coils simultaneously. In thessfraxis coils configuration, there
have a pair of adjacent coils interacting with thgpected object, with the coil axes
oriented 90to each other in order to generate sensitivitgefiects of all orientations.

Cross-axis coils can be placed in a side-by-siddigoration as in Figure 3.10 (c).

They can generate eddy currents at two directimhgre the eddy currents produced
by one colil is parallel to the inspected object #meleddy currents by the other flow

perpendicular to the object.
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(a) Single coil configuration
Voltmeter
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Sensing coii—/ >

Crack

Test plate
(b) Separate coils configuration
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Differential
%SS_E{XS g % ;

(c) Differential and Cross-axis configuration

Figure 3.10 Various eddy current testing configoret

The oscillator working as function generator heeneagyally produces a sinusoidal
waveform with desired frequencies being dependpotnithe application and object
properties. The oscillator is expected to have dewiange of working frequency,

because the eddy current testing may be operatadratjuency from several kHz to

several MHz or higher. Voltage measurements consisamplitude and phase

difference measurements from the transmitter aaitent. When the electromagnetic
field is modified by some reason such object cotiditg, distance between probe and
object, thickness, and defects, the impedanceetdil is changed. As a result, this
change will be detected and received by the recewi® and result in the change on
the reading of the voltmeter. Thus the voltmetealte to successfully capture and
reflect the modification of the inspected objeair Better results, the signal is brought
into more advanced equipment for analysis and aysgLompared with the standard

reference, a good understanding of the object ptiegecan be achieved.

The probe must also be configured to suit the apfin. This requires some prior
evaluation of the task, with such items as sizé&ntation, impedance at various
frequencies, the presence or absence of ferriesctre nature of suspected flaws, and

the suppression of non-relevant indications alhgeaken into consideration.
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3.6 Governing Equations

Eddy currents are defined in the general theoryelettromagnetism and can be
deduced from Faraday’s Law as well as from Maxwedfuations [67]. The eddy
current problem can be considered as a result eftreimagnetic induction with

electromotive force induced in an electrical coriduc

Before quoting the field equations, the followingsamptions are made, normally
used in eddy current analysis:
» The displacement current is neglected

» Conducting objects are treated macroscopically

The structure of media is homogeneous

The thermal non-linearity is ignored if not congietk

The magnetic permeability of the conducting media is constant.

Under the above assumptions, the equations desgribddy currents represent

fundamental laws of electromagnetism and are &wWel[68]:
0B __dBoH

OxE=-"2"= (3.25)
ot dH ot
OxH =J (3.26)
o= 0 (3.27)

In a conductor, the electric field strength is &dko the current density by Ohm’s law
J =0oE (3.28)
where g is the conductivity. The constituent equation tieta B and H can be

written in the form

B =pH (3.29)

where u is the produciy, ., for a linear material.
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An additional constraint od is imposed by the law of conservation of chargeictv
in the absence of free electric charge, gives

0J=0 (3.30)
This is the field equivalent of Kirchhoff’'s currefatw.

For the purpose of solution, the first-order diffietial equations involving bothi
and E are combined to give a second-order equation ior E only. Combining
equations (3.26) and (3.28) we obtain
Ox(OxH)=0x(cE) (8)3

or

0(0.H)-0°H =o(0xE)+(Jo)x E (3.32)
The first term can be obtained by expanding (3via#) (3.29) to give

OuH =p(0.H)+H.(OW) =0

so that

OH =-H. 2oy
vl

Thus, with the aid of (3.25), (3.32) become

2y = B OH _ _1 x
0%H =0 ——=~0(H. plD) L toyx (xH) (3.33)

Inside a linear magnetic or nonmagnetic materialcofistant conductivity, (3.32)

reduces to the simpler form, which describes aidifin equaiton

0°H = oy, 2

p .38)

As a direct consequence of (3.26) it is often usé&fudefine a magnetic vector
potential A for which

OxA=B and0.A= 0 (3.35)
Substituting forB in (3.25) we obtain

DX(E+0—A):O
ot
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which, after integration, yields

oA
E=-—-0V 8
p 38)

WhereV is a scalar potential.

It is possible to derive a second-order differdreguation inA by taking the curl of

(3.35), so that
0(0.A)-02A=0xpH =p(dxH) +0pxH

But [I.A is zero by definition, and so using (3.26), (3,28)d (3.36), we obtain
DZAzcu(%—?+DV)—£(Dp)X(DXA) (3.37)
M

or the simpler linear form in terms df,

02A =-pJ )3
which has the formal solution
A= LY (3.39)
L 4T

wherer  is the distance between the incremental voluiwand the field point P.

We can now see the difficulty of solving the int@gequation for time-dependent
problems becausé is related toA via Ohm’s law and (3.36), and $® appears in

the integrand of (3.39). Alternatively, substitgfi(8.39) in (3.36), we have

y=-[-F 9 v-onv (3.40)
41T, Ot

\

where the time derivative can be taken inside tbkeimae integral if the system is

stationary.

The vector Laplacian in (3.33) and (3.37) has d-lwawn expansion in rectangular

coordinates, and in circular-cylindrical coordirsatke following components
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2 2 aH 2
(DzH)rzal-ir+l6H,_H2,+i26 H2r _% v, 0 H2 (3.41)
or r or r r< oy r< oy 0z
0°H oH H 0°H 0°H
(), == Cr et Te De L0 2HLE5 gay
¢ ror r® r® oy’ r° oy 0z
) _0°H, 10H, 10°H, 0°H,
(O%H), = += += + (3.43)

or? r or r? oy? 07°

3.7 Boundary Conditions

When solving partial differential equations in &eg region it is necessary to specify
sufficient information on the boundary of the ragim make the solution unique. A
convenient linear form of the equation for the wegbotential can be obtained by

combing (3.27), (3.35) and (3.36) to give

Ox(@dxA)=pud = —op(%—? +0V) (3.44)

Suppose two solutiond, and A, satisfy (3.44). Their difference C will satisfy

Ox(OxC) = —op%—ct: (3.45)
The boundary conditions must be such that theyrenfiatC is zero everywhere in

the given region. The solution of (3.44) will thiea unique.

The required conditions can be found with the didcauss’s theorem applied to a

vector P x curlQ, which gives

3€(Px(m x Q)).nds= jm.(P x (0 xQ))dv

= [(0xP).(0xQ) - P.(Ox (0xQ))dv (3.46)

Let P =Q =C and incorporating (3.45), (3.46) becomes
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2 1d 2, _
£|D xC| dv+§ajv'ou|c| dv= f(nXC).(D x C)ds
= —§ (nx (O xC)).Cds (3.47)
If the surface integrals are zero, we have
2 1d 2 . _
_!'|D><C| dv+§a£op|c| dv=0 (3.48)

The integrands of (3.48) are always positive arel ttime derivative of the second
integral cannot always be negative. Therefore, vem conclude thatC= 0
everywhere and the solution of (3.46) is uniqueusiithe problem of finding the
required boundary conditions has been reducedatoothfinding the conditions under
which the surface integrals of (3.47) are zero.
It can be shown that

§(an)ds=j(DxH)dv=dev (3.49)

which is a generalization of Ampere’s law. The sfieation of the surface tangential

vector component of H is sufficient to ensure th&ueness of the magnetic field.

3.8 Conclusion

In chapter, the discussion mainly focuses on t®rth of eddy current testing. By
generating eddy currents in the inspected specamdnnteracting with it through the
electromagnetic field, the probe with transmitted aeceiver coils can obtain the
information about the specimen properties, its irsteucture and health conditions
fast and easily. For different inspection taskspecifically designed probe is used and
some theory is also referred to. In eddy currestirtg, the normalized complex
impedance plane is mostly used as it is able teesgmt important information in one
plot. The skin effect is a very important phenonretiat needs much consideration as
it is one of the factors when determining the tesfrequency and also it provides a

very useful method to measure the specimen’s teg&nThe basic configuration of an
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eddy current testing system is introduced in thigpter. A wide range of choice for
the devices and coils configuration is availablet the basic components include
excitement generating devices, probe set, and mexasuat instruments. Detailed
mathematic calculation for coil impedance and eddyent are also discussed in the
last couple of sections for a better understandinthe principles and provides the

prerequisite background and theoretical tools diothier applications.
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Chapter 4. Eddy Current Techniques for
Characterization of CFRP

4.1 Introduction

Previous chapters have given introductions to CRREerial and eddy current testing
techniques. In this chapter, the solution to nostidetive characterization of CFRP
using eddy current methods is discussed in d&aged on Dodd and Deeds’ formulas,
the bulk conductivities can be evaluated by cincatal. Also, using specific designed
probes, the fibre direction, layer sequence, aadksig can be characterized. The
detection of impact damage on CFRP samples isitdescas well. The eddy current
inspection system is developed combining deviceshgs, scanning equipments and
controlling computer with GUI interface programmiedMatLab. The measurement
results are presented and can give the informatidhe inspected samples’ properties

and health condition.

4.2 Analytical Techniqgues and the Dodd & Deeds’

Formulation

4.2.1 Background Knowledge

Eddy current testing is based on electromagneticiptes, and can detect the effects
of a conductive object without contacting it [69]his method has been used in a
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range of technological applications such as thiskmaeasurement, quality inspection,

coating and surface treatment [70-73].

Probe akérial

Figure 4.1 Circuit model for the eddy current pralpel conductive material coupling

A simple electronic circuit can be used to desctibe situation of eddy current
measurement of a material. The two coupled coilsigire 4.1 represent a simple two
terminal eddy-current probe (sensor) with inductabc and the current loop in the
material withL, and resistancR respectively. The probe and the material are aalipl

by the mutual inductandd
M =ky(LL,) (4.1)

wherek is the coupling factor, which depends on the sgpbietween the probe and

the material and on the design of the probe. liseveanges from 0 to 1.

The impedance of the cdi} in the presence of a conductive, non-magnetic mahis:

2
Z=2Z,+ (aM) i
22
Z, = jal, (4.3)
Z, =R+ jdl, 4.4)

WhereZ, is the impedance of the probe in air, ahd is the intrinsic impedance of
material andw is the angular frequency of exciting current. Thiee normalized
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impedance of probe is:

k2

1SRN, @9

5:1
ZO

Figure 4.2 shows the locus dfZo in the complex plane representation for several
values ofR/al, andk. It shows that to observe variations in the rastgtof the

material, good coupling and a proper selection hef tmeasuring frequencies are
prerequisites. Variations in the resistance arecaitve of defects, such as cracks or
delamination in material constructions. In a magenous treatment the diffusion of

the magnetic field into the conducting material tabe taken into account.

From Figure 4.2 and equations (4.5), curves of rt@ and imaginary parts as a
function of frequency can be obtained. Figure 4@ the ideal response of the real
and imaginary parts to frequency. A peak is algarty shown in Figure 4.3 at which
imaginary part is symmetric on both sides and tidmum value can be found while

the real part is symmetric with regard to this maxmn point.

Maormalized impedance of the probe in complex plane
1.2 T T T T T T T T T

Re(Z/Z0)

=0.5

0D2F =

k=1

0 I 1 1 I I I I I
a 01 0z 0.3 0.4 05 06 0.7 08 0.9 1

(/)

Figure 4.2 Normalized impedance of probe presentéiie complex plane
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Figure 4.3 Simulated real and imaginary normalirepledance vs. frequency

4.2.2 The Dodd & Deeds’ Formulation

Previous studies have shown that CFRP conductigityelated to fibre volume
fraction, stacking sequence and fibre length et].[mhis is a very important
parameter of the inspected material. The intrimtiomogeneity of composites, due to
variations in fibre-fibre contacts and in the fibk@lume fraction, may cause

difficulties in distinguishing acceptable variateofiom defects.

A more practical and detailed solution than thewtrequivalent model before can be
obtained for a circular air-cored coil above a amtive plate, as showed in Figure 4.4

is [75]:

P

AL(@) =K | ;(2” ) Na)da)da (4.6)
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(0'1 +a)(a1 _a') - (0’1 +a')(ar1 _a)e&)/lc
— (al —CY)(CYl —O') + (al + a)(al +a)6201c

a, =\ a®+ jaou, (4.8)

Where pa) =

4.7)

TN
K = .
(hl_hz)z(rl_rz)z Qﬂ-
P(a) = j;r xJ, (X)dx 1@)
Ala) = (e™ —e™™)?2 (411

Wherea -- integration variable;

a,-- a combination as shown in formulation (4.8);

w-- angular frequency of excitation current;

u-- the permeability of the conducting plate;

Uo-- the permeability of free space;

o-- the conductivity of the conducting plate;

r; andro-- inner and outer radius of the probe;

h; andh,-- height of the bottom and top of the probe;
c -- the thickness of the plate;

Ji1(x)-- a first-order Bessel function of the first kind.

The conductivity of the CFRP plate under test ikedb be obtained by fitting the
results from equations (4.6) to (4.11) to experitakulata. Alternatively, a much
simpler method could be adopted which uses theifesin multi-frequency response

of the sensor to infer conductivity of the samdera[76].

Figure 4.4 A circular probe above conducting plate
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(b) Imaginary part
Figure 4.5 Normalized impedance of a circular abibve a conductive plate based on the Dodd

and Deeds’ solution.

Figure 4.4 presents a set of basic and most-us#eyacation for eddy current testing.
In this specific experimenty; andh, are set to 0.1 mm and 10.1 mm withandr,
being 5 mm and 5.3 mm respectively. The test pktemade of CFRP with entire
electrical conductivity of about 12 kS/m. The edudyrent probe consists of copper
coils wound on a plastic former and is a so calleecored sensor. Alternatively, a
ferrite core can be used for different inductancd affect. The curves in Figure 4.5
present the experiment results. Comparing them Righre 4.3, it can be seen that in
the frequency range from 100kHz to 10MHz, the csiffieg real part of the normalized
impedance go by the same trend and they show daape slespite they are different

on the magnitude, same as the imaginary partss ddreement gives a strong support
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to Dodd and Deeds’ solution.

The Dodd and Deeds’ solution describes the relatlmetween the parameters of the
probe and material. Comparing with the resultsiferént frequencies, we can verify
the data of multi-frequency experiments. As showprevious section, in the equation
for the skin depth, the produato has to be within a preferred range of values. A
reduction ing by a factor of 1000 or more requires an increaséheé measuring
frequency by the same factor to observe compaeatdg currents in composites and
metals. With increasing frequency, the conductabe¢ween fibres should be

considered, so the conductivity of CFRP perpendrcid the fibre axis will increase.

4.2.3 Fibre Direction Characterization

The large anisotropy in the electrical conductivily particular of unidirectional
composites, suggests that eddy current methodsb@aayuited to inspect the correct

orientation of the fibres.

Rotating an eddy currents probe can be used tateetéocal fibres orientation, shown
in Figure 4.6. Here, the probe is a ferrite-coradr jf rectangular coils with same
dimensions and turns. The two coils are glued tmgeto a base and used as

transmitter and receiver separately.

Distance

CFRF

Figure 4.6 Fibre direction characterization wittrife-cored pair probe
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The effects of directionality will increase as etthihe coils thickness decreases and /
or the transmitter-receiver distance increases. a¥ew at the same time the signal-to-
noise ratio decreased. Consequently, there is pmse between these parameters.
The directivity will also increase with increasio the testing frequency. However,
there are more factors that should be taken intsideration in choosing of the test
frequency, such as:

* The directivity;

« The penetration depth of the eddy current;

* The signal-to-noise ratio;

« The direction of lift-off and conductivity effeatsthe impedance plane.

4.3 Measurement and Result Analysis

4.3.1 Measurement Setup

As can be seen from Figure 4.7, the measuremetdmsyis divided into three parts.
This is the prerequisite setup for eddy currentingsand more comprehensive
equipment will be discussed in following sectiombBe probe is controlled by PC to
perform different scanning tasks and its desigmegdior different measurements and
requirements, and its position can be adjustednbyvidual devices or automation
scanning equipment which can be instructed by ceenp@he eddy current signal
device used here is an impedance analyzer, irc#ss, a Solatron 1260 (Figure 4.8).
With wide measurement frequency range and providitgynating sine wave on the
probe, it is usually working on two channels whiale connected with probe’s
transmitter and receiver. Also, the analyzer istdled and set by the computer
through the interface software SMART (Figure 4B)e computer is the core of the
whole system with role including scanning contrdevice specification, data

acquisition and processing, and material strudtueging.
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Probe Eildy ‘r_;.l-r'r‘gnts ignal device
Eddy marent signal
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o Imped ance L nalyser oo
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Secaming control Control signal
signal Measurement data

Diata arquisition and analysis, Measuremeant control

Figure 4.7 Diagram of eddy current testing system

Figure 4.8 Solatron 1260

S SMaRT v2.7.0 - [Project Viewer : C:\My Data\SkaRT\ Omm\ Omm.smp]
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1 it this experiment

Figure 4.9 Snapshot of SMART
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The Solatron 1260 Impedance/Gain-Phase Analyzes pewerful microprocessor-

controlled digital and analog techniques to providecomprehensive range of

impedance and frequency response measuring fesiliihese include (from 1260

manual):

Single sine drive and analysis of the system orpmrant under test over the
frequency range 10 MHz to 32MHz.

Measurement integration, and auto-integration, e analyzer input, for
harmonic and noise rejection.

Sweep facility, for any one of three measurementialsées, frequency,
amplitude, or bias.

A comprehensive range of voltage and current teansharacteristics, each
one available from the original base data.

Plotter output, of immediate or filed data, to gitdl plotter on the GPIB.

Limit check and data reduction facility. Data outgan be confined to those
results that fall within, or outside, user-definedues.

Output ports selectable from: RS 423, GPIB, andHis¢ory File.

Result scaling that includes: a normalizatfanility that separates the desired
results from confusing background data; and, fgpedance measurements, a
nulling facility that compensates for stray capaoette and inductance.

Vernier facility, which allows the drive to be adfad whilst measurements are
being made.

Learn program facility, which allows the instruméntearn a series of control
settings and commands.

Component sorting, manual or automatic.

Self test facility.

Local control from a simplified key panel or rematantrol from the GPIB.

The practical measurement setup is shown is Figur@, which includes impedance

analyzer, eddy current probe, CFRP sample, rotagyfor scanning and fixing device.
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This may help give a direct view of how the measwest is carried out. Depending

on the probe applied, this setup can be used teaitous tasks.

Fixing A

Device Impedance
Analyzer
Sample Sensors
(&) Measurement setup
nputs and
outputs

Sensors

(b) A close view of probe setup
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Two-layers

(c) Fixed CFRP sample

Figure 4.10 Practical eddy current testing system

The above figures show different views about howaoy on an eddy current testing
for CFRP characterization. For the above exampls, to inspect the fibre direction,

and it can also be used for other testing purpbke.inspected CFRP sample is fixed
on a rotary tray with degree scale fixed on thdadmot The probe is controlled by a
pair of clamps which can be used to adjust the gisoposition. During one single

testing, the probe is move to the required positma kept unchanged, then the
sample is rotated by required degree which dependse resolution. At every step,

the transmitter of the probe is excited and prodwemily currents in the sample. Next,
the receiver sends the signal back to the Solat280 where the impedance is
measured. At last, the data is passed to compatexcbrd and analysis. The whole

process is repeated within a degree range whichbmdB0 or 360 degree, etc.

This system can be working at a very wide frequerange which depends on the
sample conductivity, inspection depth, coil speaifion, etc. However, cares must be
taken on the measurement stability and electrontegneterference at higher
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frequency, and the capacitance would not be ignereen the frequency increases.
The causes come from the capacitance of the measnteables, vibration during the
testing, field interference by metal pieces in $lgstem, and the capacitance in CFRP

sample like inter-fibre capacitance and fibre-nxatapacitance.

4.3.2 Comprehensive Measurement System

4.3.2.1 Introduction

In practice, there have a few factors which linhié tquality of eddy current testing
results. It may introduce unexpected errors andigedhe system stability when
inspector moves the probe and inspected sample atharia the desired position. In

order to take inspection for materials with condutt and thickness in a wider range,
the impedance analyzer 1260 can not provide endwagjuency bands. Also, there
have only few options in 1260 for excitation wawenfiguration, signal processing

and result analysis. Every time, the measuremeltreeed to be extracted from
Smart (program to communicate with 1260), transtirto correct format and sent to
other program for signal processing and resultyaislwhich have high risk to bring

in the error. For a task consisting of many indibmeasurements, it is subject to
cause mistake if each measurement needs to be @etuipy one. To overcome these
shortcomings and get more accuracy, stability, maton and flexibility, a more

comprehensive system is introduced and designedddy current testing. It is made
up of computer, function generator, oscilloscopgomation equipment, improvement
circuits and probe. The communication between umsémts and computer are set up,
therefore the computer gets control over them. Thihe parameters of the

measurement are configured by computer, and thidtseme also sent to computer for

processing and analysis.
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As can be seen in Figure 4.11, the excitation $igngenerated by signal generator
and flowing into the improvement circuit which hlasen introduced in the previous
sections. After enhancing the quality of the sigaadl reducing noise, the excitation
signal arrives at the transmitter coil of the probleen the inspection is carried out and
the inspection signal from the receiver coil istsenthe improvement circuit for

receiver coil. The improved signal is then fed ittie oscilloscope for the calculation
as well with result and waveform presentation. Fynall the measurement signal and
waveform data are extracted to computer for reogr@ind analysis. Both the probe
and the inspected CFRP sample are fixed to X-Yrsmanvhich can carry them to the
required position accurately with high resolutidfvery instrument is configured,

controlled and monitored by the GUI interface peogrdeveloped by MatLab on the
computer. Also, all the signal processing and teanblysis are carried out on the
computer as well. Once fixing the probe and ingmésiample onto the X-Y scanner,
the inspector do not need to touch them any motiéthe inspection finishes. All the

operations are performed by instruments which ametrolled and monitored by

computer in order to avoid the error caused byeosp. Therefore, this can enhance

the system stability, flexibility and automationtensively.
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Figure 4.11 Comprehensive eddy current measuresystem

4.3.2.2 Function Generator 33250A

The Agilent 33250A is a high-performance 80 MHz thgsized function generator
with built-in arbitrary waveform and pulse capatmis. Its combination of bench-top
and system features makes this function generat@rsatile solution for the testing
requirementsCompared with Solatron 1260, 33250A can generdii¢rary waveform

in a wider frequency ranging up to 80MHz, whichmsich higher than 32MHz of
1260. And fully control on the excitation signalnche obtained through 33250A.

Therefore, wider frequency sweep in eddy currestirtg can be achieved.
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4.3.2.3 Oscilloscope 54615B

Using oscilloscope can better present the measunter@sult and offer more option to
process the signal. The inspector is able to oleste result directly and immediately,
also can plot the data on the screen using vanoethods. Full range of calculation
for signal parameter can be obtained as well. @scibpe HP 54615B which is used

in this system can deliver high level of digitizipgrformance for measurements.

4.3.2.4 X-Y Scanner

A commercial X-Y Scanner is utilized in the systéseen in Figure 4.12). It can
provide high automation and accurate position fa@ probe and inspected sample.
Shown in Figure 4.12, the X-Y scanner contains taiages named by X-Y carriage
and Z carriage. The first can be moving in two cliens along X and Y axis, while
the second can only move along Z axis. In thengstihe sample is fixed onto Z
carriage and the probe is fixed onto X-Y carriag¢ake on a horizontal scan. The X,
Y, Z axes are motor driven and the scanning pammmetre controlled by the interface
program. Therefore, the probe carried by X-Y cgeiaan be automatically positioned
anywhere within a horizontal plane in the scanrangp, and the sample carried by Z
carriage can be automatically positioned anywhdoagathe Z axis. More details

about the scanner are shown in Table 4.1.
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X-Y Carriage

Z Axis

£ Carriage

Y Axis

Figure 4.12 X-Y scanner

X Axis

Axis | Maximum Axis Travel | Maximum Scanning Speed| Maximum Resolution | Accuracy
(mm) (mm/s) (mm) (mm)
X 600 10 0.03 +0.05
850 15 0.03 +0.05
4 850 15 0.03 +0.05

Table 4.1 Properties of X-Y scanner
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4.3.2.5 GUI Interface for Measurement System
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Figure 4.13 GUI interface for the measurement syste
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In the previous Figure 4.11, it presents that h# instruments and devices are
connected to computer directly while the probe sawtiple are controlled by computer
through X-Y Scanner. To incorporate all in one, dlGnterface for the whole
measurement system has been developed basing datMaiogramming language as
can been seen in Figure 4.13. This interface carfionpe instruments control,
excitation generation, scanning setting, proberobnineasurement signal acquisition,
result processing and presentation. The signalrggéae 33250A and oscilloscope
54615B are linked to computer via one GPIB (Gendtatpose Interface Bus)
connector, while the X-Y Scanner is connected wvie@ serial communication port
RS232. To drive the GPIB and RS232 connecterseé@ds to install Instrument
Control and Signal Processing toolboxes in MatlBéfore the measurement begins,
the communication between instruments and commeeds to be set up. Then the
MatLab can take the instructions from user and gend them to the connector from
which the instruments get the controlling signal.the same time, the MatLab can
also ask the connector to receive the signal frestruments. To develop this interface,

work including code programming of 2800 lines arldi@esign has been involved.

It is can be observed from above figure that therface has been divided into three
main parts including Signal Generator 33250A, Qasdope 54615B, and X-Y
Scanner. Each part is responsible for the perfocmari corresponding instrument.

Next, it will be introduced in details.

Signal Generator 33250A

On the top of the block, the ‘GPIB Index’ and ‘GPMg8ldress’ pop-up menus are used
to configure the instrument address on the compu&rwhere or on which port the
instrument is connected with the computer. The nswb-block contains the
parameters of the excitation signal which can beaseording to the inspection

requirement and the ‘Output’ button by which thenoeand is sent to 33250A to
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generate the signal with desired specification. T@nect’ and ‘Disconnect’ buttons
are used to setup and break the communication bat88250 and computer. The
‘Status’ bar indicates the instrument’s currentuation which could be connected,

busy or connected.

Oscilloscope 54615B

The address configuration, connection setup, aatusstindication are working as
same as ones in 3320A part. In the ‘Setting’ szl the parameters can be set for
the measurement and presentation of the receigedlsMWhen press the ‘Plot’ button,
the received signal will be plotted on the plottingea of ‘Waveform’ sub-block
according to the setup, and the value of the siypabperties including peak to peak
voltage, average voltage, frequency, and periogpaesented on the four boxes on the
bottom of the sub block. If the ‘Autoscale’ is cbas the parameters will be setup to
fit wave of two periods onto the plotting area. &kfthe measurement, there have two
options available to save the results. One of tier$ave as Figure’ button which
means to store the waveform as a figure formatifildne computer; another is ‘Save
as Text’ button which is to save the measuremetat aflaevery point on the figure in a
word format file. All of the result could be senadk to Matlab programming

environment for analysis.

X-Y Scanner

It is as same as the previous parts that it needettup the connection between the
scanner and computer firstly. On the left of thecklis a column of instruction for
both x-y carriage and z carriage. ‘All go home’ascommand to make all both
carriages travel back to the default position, radlynthe starting point of each axis.
‘All move to’ can tell the carriages to go to thestted position according the
configuration in individual axis sub-block, whil&ll move by distance’ will move the
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carriage by a specific distance which is alsoseéhe sub-blocks. The right three sub-
blocks are configuration for individual axis. ‘X Axand ‘Y Axis’ are for x-y carriage
which is travelling along x and y axis, while ‘Z &kfor z carriage which is only
travelling along z axis. The speed box is usedeid® how fast the carriage moves
along the axis. The maximum or 100 percent speetiOlmm/s along x axis and
15mm/s for y, z axis. The ‘Move to’ and ‘Distan@astructs carriage where and how
much to move along the corresponding axis. They lmarset by millimetre or a
changeable step which can be set in Matlab. ‘Go ¢l@nd ‘Go’ are commands to
start travelling along relevant axis. Not only sldke scanner has a status bar showing
the condition of the whole equipment on the bottoimthe block, there also has
individual status bar for every single axis whi@nde found on the foot of the each

sub-block.

This comprehensive measurement system is able it many benefits to the
operations and results as discussed in above ssctmd it is also easy and flexible

to add more functions or controls on instruments the interface as required.

4.3.3 CFRP Samples

CFRP samples with different property and impact agenare inspected in the whole
project. Here, they are numbered and listed inowalhg table and figures. Sample
No.1 is perfect orthogonal CRRP piece with straighte, while No.2 and No.3 are

made by the AirBus which contains woven carbonefitMo.4 is a very thin sheet of
CFRP. It only contains one layer of straight carbibre, which was used to study the

directionality behavior only.
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Saﬂ:)iPNo Description Size (mm)
1 Flat plate with straight fibre in two directioncdawithout impact 152 by 110 by 2.5
2 6 square pieces with different impact damagesniF&irBus) | 50 by 50 by10( Approx.
3 Flat plate with 7 dents of different impact enefgrom AirBus) 250 by 152 by 2.5
4 Thin sheet with straight fibre in one directioravithout impact 200 by 100 by 0.2

Table 4.2 Description of CFRP samples

Figure 4.14 CFRP sample No.1

Figure 4.15 CFRP sample No.2
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Ree S18)3 /A2

(a) Front side

(b) Back side

Figure 4.16 CFRP sample No.3

Figure 4.17 CFRP sample No.4
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4.3.4 Conductivity and Damage Testing

4.3.4.1 Probe Specification

The conductivity of the composite is determinedtbg conductivity of individual
fibres, the stacking sequence and the fibre volfraxion by the rule of mixtur®3].

It has also been shown by experiments that theteesie of CFRP increases with the
appearance of internal damage, such as fiber byeakad delamination [93]. These
indicate that conductivity is closely related thet composite properties. To measure
the bulk equivalent conductivity, a circular airred coil with specification in Table
4.3 was used above the composite to scan the itespacea, as depicted in Figure

4.18.

CFRP

Figure 4.18 Conductivity testing probe

The sample No.1 is used for the experiments in lwhite system and probe

configuration are optimized.

4.3.4.2 Impact Damage Inspection on Sample No.2

The impact damage results in fibre breaking, matracks and delamination. In these
inhomogeneities, only fibre breaking which intetsighe conduction current and

delamination which influences the eddy signal byu@ng the interlayer connection.
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Increase in impact energy results in decreased syl due to deformation in the
structure. Delamination effectively reduces thecwetanagnetic depth of material
which means there is an increase in eddy signabnipared with that sample which
has not been damaged (delaminated/cracks) butdeasiimpacted with same energy.

This experiment is carried out to inspect sample2Nghe six thick square CFRP
samples with different impact damage). In Figurg54.the combination of number
and letter on the samples (9J, 16J, 30J, 53J,iedidates how much impact energy is
used to damage the samples in Joule. The only samifflout number and letter is the
perfect one without any damage. So, in Figure 4dl®igure 4.22 which show the
measurement results, ‘0J’ represents the perfetipleawhile ‘9J" represents the

sample which gets impact damage of 9 Joule, armhsolrhe probe used is shown in

the table 4.3.
Probe No. Type Turns Inner diameter Outer diameter
1 Circular air-cored 15 25mm 25.1mm
Table 4.3 Specification of probe No.1
Real Inductance Referenced with Air vs. Frequency
0.E+00 :
1.6+05 \\ 1.E+06 1.E+07
-1.E-05 \-\
f ——0J
:-2.5-05 0]
- 16J
% 3.E-05 301
x —x— 53]
——64]
-4.E-05
-5.E-05

Frequency (Hz)

(a) Real part
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Imaginary Inductance Referenced with Air vs. Frequacy

—~ ——0J
\I’:-S.OE-OB Y
2]' 16J
= 30
Et —x-53]
——64]

Frequency (Hz)

(b) Imaginary part
Figure 4.19 Normalized inductance referenced withrsa frequency (experiments on Sample
No.2)

* Measurement results are subject to machine efrar5% from Solartron 1260.

Phase Angle vs. Frequency

68.6E+01

1

[o))

8 ——0J
I=) 16J
gf —»—30J
o 8-2E+01

% ——53J
< —— 64J
[a

1.E+06 1.E+07
Frequency (Hz)

Figure 4.20 Phase angle vs. frequency (experinten&ample No.2)

* Measurement results are subject to machine efrdr5% from Solartron 1260.

As it can be observed from Figure 4.19(a) andtfi®,curve corresponding to 53 joule
impact lies in between 16 and 30 joule impact csyrweéhich indicates de-lamination
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in this sample. Phase angel in Figure 4.20 is alggporting the conclusion. Much

better information is obtained when referenced pehfect sample data (Figure 4.21).

Real Inductance Referenced with Perfect vs. Frequew

—=—9J
16J
—»—30J
——53]
——64J

+07

Frequency (Hz)

(a) Real part

Imaginare Inductance Referenced with Perfect vs. lErquency

—=—9]
16J
—<30J
—x—53]
—e—64]

+07

Frequency (Hz)

(b) Imaginary part
Figure 4.21 Normalized inductance referenced wigetiget vs. frequency (experiments on Sample
No.2)

* Measurement results are subject to machine efrar5% from Solartron 1260.
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Phase Angle Referenced With Perfect vs. Frequency

M

o

(@]

)

e —=—9j
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o —x—53j
ﬁ —— 64j
o

+07
Frequency (Hz)
(a) Phase angle referenced with perfect sample
Phase Angle Referenced with Air vs. Frequency

@

g

(@]
8 ——0J
E’ —=—0j
Eu 16j
< 6.E+00 o
% -0. —x— 53]
g —e— 64

-1.E+01
Frequency (Hz)

(b) Phase angle referenced with air
Figure 4.22 Normalized phase angle referencedprigfect and air vs. frequency (experiments on
Sample No.2)

* Measurement results are subject to machine efrar5% from Solartron 1260.

Figure 4.20 gives the coil's phase angle respogamst frequency while Figure 4.22
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shows the normalized phase angle response referemtie air and perfect sample
separately. It can be seen that the phase angdlifted up when the sample gets
bigger impact energy (more damaged), because tmeluctve part of coil's
impedance is affected more by impact while indectpart is more dependent on
geometry of the sensor. By indicating the changeods conductance and inductance,

the phase angle may contain information such asR&Racking and delamination.

4.3.4.3 Damage Depth Inspection on Sample No.3

The aim of this experiment is to study the signelidained at impact sites with
different damage depth. This inspection is alsagighe circular probe which is
detailed in Table 4.3. Table 4.4 shows the deptbagch dent on sample No.3 which is
produced by impact damage of different energy. Asvipus section, the number
70050 indicates that the dent area suffers impatagie with 7.0050 Joule, thus the

dent area is named as 70050 in the experiencelgamels.

Dent No. Dent Depth (mm)
70050 0.25
800 0.265
80025 0.3075
80048 0.4425
80060 0.665

Table 4.4 Dent size of sample No.3
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Real Inductance Beferenced with Air vs. Frequency
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Phase Angle vs. Frequency
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Figure 4.23 Normalized inductance vs. frequencypéeixnents on Sample No.3)

* Measurement results are subject to machine efrdr5% from Solartron 1260.

From Figure 4.23, it is believed that the real améginary parts and the phase
signature will relate to the size and featureshef damages. We can see that increase
in the impact energy results in the change in eddyent signal because of the
inhomogeneities in CFRP structures. The order irchwvthe signals from the damages
are arranged contains the information about thead@magnitude as the smaller
damage leads to the upper curve and vice versard=#y23(b) also gives information
of the lift-off, as the bottom of the curves shéft or right as the damage varies. The

way how to undo the effect of lift-off will be digssed in chapter 6.
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4.3.5 Direction Characterization

i Length

{Fe mte core
Heighd T > @
%} Thiclhess  Distance

CFEF

Figure 4.24 Fibre direction characterization wilrite-cored pair probe

The anisotropy in conductivity, in particular of idinectional composites, suggests
that eddy current methods are ideally suitablengpeéct the orientation of the fibres.
Rotary eddy currents probes can be used to deieat fibres direction, shown in
Figure 4.24. The inspected sample is No.4 which tisin sheet with one fibre layer.
The probe is a ferrite-cored pair of rectangulaftscaith same dimensions and turns
(Table 4.5). The coils are glued together to a laaskused as transmitter and receiver
pair. The maximum conductivity can be observed @ltire fibre direction while the
minimum conductivity occurring perpendicular torgldirection. The experiments are
performed by rotating the eddy-current probe at@uired resolution (here, at 5
degrees per time) from O degree to 360 degree,endet80, 360 degree indicate the
direction following carbon fibre and 90, 270 degréadicate the direction
perpendicular to fibre. It is supposed that thedcmtivity following the fibre direction

is much higher that that perpendicular to fibreediiton. The paired eddy current coil

with specific dimension shows high directionalitymeasurements.

122



Eddy Current Techniques for Non-destructive Testingof Carbon Fibre Reinforced Plastic (CFRP)

Probe No. Type Turns| Height Length Thickness Distace

2 Ferrite-cored pair 5 Smm 10mm 1mm 10mm

Table 4.5 Specification of probe No.2
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Figure 4.25 Experiment result of fibre directioracdcterization
* 1. Points on the curves have been removed faebelarity.

2elburement results are subject to machine errdgr586 from Solartron 1260.

The large lobes in the Figure 4.25 indicate theefithrection and the small lobes are
caused by the shape of the coils. The imbalancaroog in the figure may result
from fibre contacts and electrical coupling betwébres and layers. From the result,
it can also be seen that using higher frequencyiges higher directionality, mainly
due to that the eddy currents are distributed nower the sample surface and the

capacitive reactance reduces as the frequency ggowp. So, coils applying high
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frequency are more sensitive to this thin sheetthadigh frequency curve has bigger
peak value. However, the decision of the frequeixyalso dependent on the

penetration depth and electrical coupling.

4.3.6 2D Eddy Current Scanning on CFRP

2D eddy current scanning has been performed on Céadiple No.3 using the
comprehensive eddy current measurement systemiesa#s present the information
about sample’s surface condition and can suggesttimal scanning frequency. The

following sections are introducing the scanningitssin detail.

4.3.6.1 Scanning on Whole Damaged Area

2D Eddy Current Scanning on CFRP

Lo

1107
100}
80 ¢
80 ¢

Fiig

Damage Severity

a0t
30
20}
10}

0 L ' ' ,
0 B0 50 High

(rrm)

Figure 4.26 Eddy current scanning on whole damagea of CFRP sample

* Measurement results are subject to machine efrdr5% from Solartron 1260.
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Coil type Coil Coil Coil | Sample| Scanning| Scanning | Scanning
former | diameter | turns Resolution | Frequency Area
Single Air-cored | 10mm 15 No.3* 1.2 mm 1MHz 93x108
ifferential round mm

This scanning is carried on to inspect the wholealtzed area of CFRP sample. The

Table 4.6 Eddy current scanning configuration (\ererlea scanning)

* Details in section 4.3.3.

scanning area is 93 by 108 mm. The scanning frexyuén fixed at 1IMHz and

resolution is 1.2mm. The scanning result and caméition are shown in Figure 4.26

and Table 4.6. The figure can clearly inflect thef@ce condition of the inspected area

where six damages with different severity can beeolked. The mapping color

indicates how much damage severity is, where tle brea represents the bigger

damage and red area means smaller damage.

4.3.6.2Multi-Frequency Scanning on Single Defect

2D Eddy Current Scanning on CFRP (100000Hz)

!
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2D Eddy Current Scanning on CFRP (177827 9Hz)
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2D Eddy Current Scanning on CFRP (10000000Hz)

i

{mm)

Figure 4.27 Multi-frequency eddy current scanningimgle defect
(Colour bar indicates the normalized coil impedacizange. UnitQ)

* Measurement results are subject to machine efrdr5% from Solartron 1260.

Coil type Coil Coil Coil | Sample| Scanning| Scanning | Scanning
former | diameter | turns Resolution | Frequency Area
Single Air-cored | 10mm 15 No.3* 1.2 mm 100k- | 34%x34 mm
ifferential round 10MHz

* Details in section 4.3.3.

Table 4.7 Eddy current scanning configuration (Minéiquency scanning)

Multi-frequency eddy current scanning has beengoeréd on one single defect of the
CFRP sample. The scanning result and configuraienshown in Figure 4.27 and
Table 4.7. The scanning frequencies are set frodkH® to 10MHz in 9 steps. From
the results shown in Figure 4.27, it can be fourat &s increasing the frequency, the
clearer and sharper result can be obtained. Alse, change of coil impedance
increases with the frequency, which may presenebeteasurement signal. However,
when the frequency goes too high, the penetratipihd of eddy current into the
sample becomes smaller according to skin deptictetfeus makes the scanning result
worse. By comparing the above images in Figure,4if2@an be observed that the
optimal scanning frequency for the inspected CF&Rpde is 5623413Hz though it is
not the highest frequency, because the correspgnidimage is clearest and most

focused.
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4.4 Conclusion

This chapter is discussing in details about theyeddrrent technology for the
characterization of CFRP, some of which has bedatighed in [93]. A practical and
detailed solution for a circular air-cored coil aboa conductive plate is based on
Dodd and Deeds’ formulas. This solution considersstmof the measurement
parameters in the calculation and offers a setiofidmental equations. Special probes
are required to make use of the electrical anipgtiaf this material. It is proved that
rotary probes are capable to detect fibre oriemtagvhile circular air-cored coils are
more suitable for the conductivity estimation. Bdkie specification of the probes
such as shape, number of turns and dimension,lendark frequency can influence
the measurement result and the testing accuraay.békic measurement system to
carry on eddy current testing consists of eddy enrprobe, impedance analyzer
Solatron 1260 and computer plus devices used tarfikposition probe and inspected
sample. Four sets of CFRP samples are availablthéomeasurement experiments,
some of which are commercially used and other ewvdyzes for laboratory. They are
being used in different experiments for specifiaatppse. Both Theoretical and
experimental results can prove that eddy currenhatkis a useful tool to characterise

CFRP non-destructively.

However, the quality of the measurement resultvesy likely to be negatively
influenced by temperature change, electromagnetisenand instrument inherent
instability. And in measurements, there have soossiple causes which result in the
reduction of the accuracy of eddy current testiegults. So, a more advanced and
comprehensive measurement system has been devdtypadre accuracy, stability,
automation and flexibility. It consists of compytéunction generator, oscilloscope,
automation equipment, improvement circuits and eddgrent probe. And a GUI
interface for the whole measurement system has teeeloped basing on MatLab

programming language and taking use of the Instnim@ontrol and Signal
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Processing toolboxes through which the measurem@atried out. Using this system,
2D scanning results have been obtained which casept sample’s surface condition

and defect information.
In sum, it is believed that eddy-current techniqueess a more feasible and efficient

measurement method, are able to contribute to ¢iveldpment and maintenance of

light weight CFRP composites.
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Chapter 5. Modeling Techniques and
Simulation

5.1 Introduction

The finite element method (FEM), amongst the vaiowmerical methods, has
emerged as a suitable technique for electricalgdegperformance evaluation, and
device optimization in a range of applications. Otlee last two decades, several
variants of the finite element method have beereldged and these have successfully
been applied to rotating electric machines, tramséos, permanent magnet motors,
power generation and transmission equipment, arsfruimentation application

including non-destructive testing.

Maxwell 3D, developed by Ansoft, was the FEM softevased in this project to solve
Maxwell’s differential equations for electromagmefields. In essence, the finite
element method finds the solution to any engingeproblem that can be described
by a finite set of spatial partial derivative eqaas with appropriate boundary and
initial conditions. It is used to solve problems &m extremely wide variety of static,
steady state, and transient engineering applicatioom diverse markets such as

automotive, aerospace, nuclear, biomedical, etc.

The finite element method has a solid theoreticainflation. It is based on
mathematical theorems that guarantee an asympiatiease of the accuracy of the

field calculation towards the exact solution as $im= of the finite elements used in
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the solution process decreases. For time domairisat the spatial discretization of
the problem must be refined in a manner coordinatéd the time steps of the
calculation according to estimated time constartthe solution (such as magnetic

diffusion time constant).

Maxwell solves the electromagnetic field problemssblving Maxwell's equations in
a finite region of space with appropriate boundaonditions with user-specified
initial conditions in order to obtain a solutiontiviguaranteed uniqueness. In order to
obtain the set of algebraic equations to be solveel,geometry of the problem is
discretized automatically into tetrahedral elemeAls the model solids are meshed
automatically by the mesher. The assembly of &labedra is referred to as the finite
element mesh of the model or simply the mesh. ésath tetrahedron, the unknowns
characteristic for the field being calculated apresented as polynomials of second
order. Thus, in regions with rapid spatial fieldiaion, the mesh density needs to be

increased for good solution accuracy.

In the following sections, the modeling work catrien for the CFRP characterization
system is described. The simulation experiments fstan the convergence test to get
the optimal configuration for the tetrahedral. Therodels have been developed for
analytical solutions based on the Dodd and Deedmuiation for electrical
conductive sample and then moves on to consideapipécation of FEM for CFRP

models.

5.2 Interface Programming

The following Figure 5.1 shows the screen shothef 8D modeler user interface,
which is part of the Ansoft Maxwell 3D software. & biser interface is working as an
eddy current simulation for characterization of GFRfibre direction using a pair of

ferrite-cored probes. The window looks quite likkey common Engineering Design
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and Analysis (EDA) software with menus, tool banject window, simulation history
window, and working space. Also, it can be linkeithvother tools as MatLab, Excel

and Visual Basic which provide an open working emwment.
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Figure 5.1 Screen shot of Ansoft Maxwell 3D

On the middle left is the ‘Project Manager’ whidisglays the open project's structure
and is referred to as the project tree. The projes# is located in the ‘Project
Manager window and contains details about all open Maxwsadijects. The top node
listed in the project tree is the project name. &ing the project icon can view the
project's Maxwell design information and materiafiditions. In the middle is the
‘History Tree Window’ which contains the descriptiof each component and relevant
operation. The right part is the ‘3D Modeler Windandicating the geometry of
current working model. The function of other path as toolbars, menus, and status

bars are similar to those of other software.
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Later on in this thesis, measurement data will beagared with the model results.
This involved processing a large amount of dataraadsurement files. Consequently,
it is important to build up efficient communicati@mnd link between the simulation
software, the measurement instrument (e.g. Sotat@60), and the computer. The
communication between the measurement system anguter has been introduced
in chapter 4. The similar link needs to be set efgvben simulation tool and computer

as well.

UzerForml

]

— Setlp =

Open Project Trmm e Analysis li

| E Matrix li

Import Data Frequency li (MHz)
Resolution li (Degree)
Mesh Length li (mm)
Fized Angle {Degree)

Process Status |

Time Elapsed Exit

Figure 5.2 MXWL-PC interface

In chapter 4, an interface was introduced that Ibesn developed in MatLab to
integrate all the measurement parts and signalepsieg. Similarly, to achieve the
communication between simulation software and cdergu an interface based on
Visual Basic Script (VBScript) program was develdpelhe reason to utilize

VBScript is that Ansoft is only compatible with shprogramming language. Figure
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5.2 shows the user interface panel used for comation between the simulation
software (Ansoft MXML) and other computer progranitiscan perform the tasks
including simulation setup, control and data analg$c. This panel is able to shorten
the simulation time by setting up all the modelsttsd same time, automatically
outputting simulation data and graphing. By usirS¢ript code, this program can be

run at any computer installed with Microsoft Excel.

5.3 Three Dimensional Modeling of CFRP Characteriziéon

5.3.1 Convergence Test

In Maxwell 3D, the collection of tetrahedra is meésl to as the finite element mesh or
more simply, the mesh. A mesh can be generatedanaiitcally for each model prior
to computing a field solution or be generated atiogy to specific requirement. The
accuracy of the solution depends on the size oh edHcthe individual elements
(tetrahedra). The Figure 5.3 gives detail aboutrtesh setup applied to the CFRP
model. The figure 5.3 (a) shows a whole view of iiesh configuration, while figure
5.3 (b) focuses on the area below the probe whiclicates that a finer mesh is
allocated on the area with stronger changes intrel@agnetic field, and the mesh
becomes sparser away from the central area. Ggnepaaking, solutions based on
meshes using thousands of elements are more aecthegat solutions based on coarse
meshes using relatively few elements. To obtaimegipe description of the field, the
system can size each tetrahedron so that it is|semalugh for the field to be

adequately interpolated from the nodal values.

However, for meshes with a large number of elemeatsignificant amount of
computing power and memory are required. Basic#ilgre is a tradeoff between the

size of the mesh and the desired level of accuracoythe first simulation prior to all
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the inspection experiment is a convergence testctwhs to find the optimal

configuration for accuracy and mesh size.

The Figures 5.4 shows the results of the convermeest. The factors which are
considered here include mesh size, number of tdrah working memory, running
time on computer (core 2 Duo CPU @ 2.99 and 3.0¢,G12 GB of RAM) , and

simulation result. Comparing the response to ttagh of mesh size from 2 mm to 10
mm, it can be found that the best result occursmthe mesh size is set to 2 mm;
however the benefit to simulation result by settimg mesh size to 2 mm is very slight
(seen in Figure 5.4) with much more cost on thepating resource and running time.

So, considering all these factors, the mesh sizealasen to be 3 mm.

(@)
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Figure 5.3 Mesh plotting on CFRP model: (a) Whoéwof the mesh configuration;

(b)Mesh on the centre area.
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Figure 5.4 Convergence test resu{g} Tetrahedra number versus mesh size; (b) Working
memory versus mesh sizZe) Running time versus mesh size) Result change versus
mesh size
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5.3.2 Conductive Plate Modeling

The first stage of this section begins with the glind) of the single air-cored probe

and the CFRP plate in Maxwell 3D. This work alspmsuorts the Deeds and Dodd’s
solution for the conductive plate and to find holae tparameters such as plate
thickness and fibre conductivity affect the resulsllowing the first stage work, the

modeling of the fibre directionality testing begwg&h single layer CFRP and multi-

layers CFRP.

A simulation experiment is performed to validate fEM models against the Dodd
and Deeds analytic solution which is reported iapthr 4. Identical geometries and
material properties were used in both case angligithe material is assumed to be
isotropic. In this experiment, we design modelsnspected samples with the same
dimension as the AB (Air Bus) sample except for th&ckness. The detailed

parameters of the coil and samples are shown ifeTl. The lift-off is fixed at 0.1

mm.
Coil Type Diameter Height Material Excitation
Single air-cored 25 mm 13 mm Copper| 1A
(a) Colil parameters
Sample No. Type Length Width Thickness Conductivity
Sample_1 Entire plate 255 mm | 153 mm 2.2 mm 50 kS/m
Sample_2 | without fibre| 255 mm| 153 mm) 0.8 mn 50 kS/m
Sample_3 255 mm 153 mm 0.6 mm 50 kS/m
Sample_4 255 mm 153 mm 0.5 mm 50 kS/m

(b) Samples parameters

Table 5.1 Models parameters (conductive plate niglel
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The most important parameters for the simulatiosulte and their values are
presented in Table 5.2. Mesh operation and adaptagh setup have a great effect on

the accuracy of the result, while the frequencyegwie determined by many factors.

Mesh operation Method Type Maximum Number of Elemets
Inside plate | Length based 5000
Frequency sweep Scope Count
100 kHz-10 MHz 19
Adaptive setup | Maximum Number of passes Percent error
10 1

Table 5.2 Analysis setup (conductive plate modgling

The 3-dimensional model of the experiment is shawhkigure 5.5. Figure 5.6 gives

the distribution of eddy currents on the samplee. &&n clearly see the loops of
induced eddy currents on the surface of the pl&ietwis expected. The magnitude of
currents is decreasing from the core of the platth¢ edges which can indicate the

testing area of the specific coil.

'

Figure 5.5 Model of conductive plate inspectioBih Maxwell
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Figure 5.6 Eddy current distributions

The results in Figure 5.7 show a good agreemerit @geds and Dodd’s analytic
solution presented in chapter 4. What's more, we s clearly how the change of
thickness of the plate affects the inductance efcihil. By decreasing the thickness of
the plate, there has a decrease on the conduativitye plate, thus a higher excitation

frequency is needed.
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Figure 5.7 Calculated inductance of coil abovegdatith different thickness

FEM simulation results have a good agreement wigvipus Dodd and Deeds’ experiment

and prove to be a very strong and powerful tookfidy current analysis.

5.3.3 CFRP Modeling

Based on the previous experiments of Dodd and Dsetigion, CFRP modeling is
built using 3D FEM simulation. Because CFRP is mafieomposite material which
contains both conductors (carbon fibre) and insua{plastic matrix), its electrical
property is influenced by various factors such iasefvolume, layers, the distance
between fibres etc. So, the analysis becomes nwmplcated. Here, CFRP models

with various fibre conductivities are produced aimdulated.

The first set of CFRP experiments is performedngpect a single layer CFRP plate.
Bulk conductivity is one of the most important paeter of the CFRP as it has direct
relations to many other parameter and factors sscthickness, fibre volume, fibre
contact, layers number, imperfect and so on. Hemeous values of conductivity have
been selected to simulate its effect on the ingpecfs with the previous section, the
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test equipment configuration and analysis setudisted in Table 5.3 and Table 5.4.

As before, the lift-off is also fixed at 0.1 mm.

Coil type Diameter Height Material Excitation

Single air-cored 25 mm 13 mm Copper| 1A

(a) Coil parameters

Type Length | Width | Thickness| Material | Conductivity

Plate with fibres 50 mm| 50 mm 2.2 mm Epoxy 0

(b) Plate parameters

Fibre No.| Type |Length| Width [Thickness| Conductivity |[Number DistancgVolume
Fibre 1 4- 50 mm| 3.3 mm| 1.35 mm 1000 kS/m 15| 0.03 mn61%
Fibre 2 |sectione( 50 mm| 3.3 mm| 1.35 mm 700 kS/m 15 | 0.03 mm61%
Fibre 3 |Polyhedr 50 mm|3.3 mm| 1.35 mm 600 kS/m 15 | 0.03 mnmb61%
Fibre 4 on 50 mm| 3.3 mm| 1.35 mm 50 kS/m 15 | 0.03 mm61%

(c) Fibres parameters

Table 5.3 Models parameters (CFRP modeling)

Mesh operation Method Type Maximum Number of Elemets
Inside fibres | Length based 2000
Frequency sweep Scope Count
100 kHz-10 MHz 19
Adaptive setup | Maximum Number of passes Percent error
10 1

Table 5.4 Analysis setup (CFRP modeling)
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Figure 5.8Viodel of CFRP plate inspection in 3D Maxwell

In the model (Figure 5.8), fibres are designed@saeonnected bars ideally, which is
also similar to reality as fibres in CFRP mateaiad often in bundles. At the same time,
it is not possible to model the exact fibre numiddsre shape and connection
condition because of the limitation of computeiotese and the information about the
sample’s inner structure. Figure 5.9 shows the ezdyents flowing on the CFRP

model.

e L |
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L 1)
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Figure 5.9 Eddy current distributions
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Figure 5.10 Simulation results of coil above platéth different fibre conductivity

The simulation results (seen in Figure 5.10) prthag the Deeds and Dodd solution

can be applied for the CFRP thanks to the carbdane’é conductivity, and show the
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possibility to test the material conductivity. Hovee, the conductivity of the material
without any damage is not only determined by theeficonductivity but also by the
distance between fibres, layers number, fibresmeland fibres contacting conditions,
etc. So, next work will be carried on the multi¢gay CFRP and damaged CFRP with

fibre fracture for example.

5.3.4 Lift-off Simulation

The lift-off simulation is also performed to prowbe effect of lift-off on the
measurement result. In this simulation, the prab@moved from the 0.1 mm to 5 mm.
In Figure 5.11, responding to the change of lifi-tfie magnitude of the simulation
result decreases with increasing the lift-off almel turve shifts toward left at the same
time. This does also agree with the measuremeultr@s study the lift-off effect, it is
easier in simulation to setup lift-off and get axa& distance between probe and

inspected sample.
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Figure 5.11 Simulation result of lift-off effect
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5.3.5 Direction Characterization

Models have been made to simulate the fibre doaatharacterization. The probe is a
pair of regular ferrite-cored coils, while the CFR®des include one-layer plate and
two-layer plate samples. The probe is fixed abteesample with certain lift-off and

rotates around the centre from O degree to 360edenyr 5 degree steps, which is

similar to the measurement process. The detaileailation setup is shown in the

following tables.
Type Diameter Height Material Excitation
Ferrite Pair 25 mm 13 mm Copper 1A

(a) Probe parameters

Sample Type Length | Width Thickness | Conductivity Fregency
No.1 Unidirectional| 255 mm| 153 mm 2.2mm 50 kS/m 10 MHz
No.2 Unidirectional| 255 mm| 153 mm 0.8mm 50 kS/m 10 MHz
No.3 Unidirectional| 255 mm| 153 mm 0.6mm 50 kS/m 10 MHz

(b) Parameters for samples of different thickness

Sample Type Length |  Width Thickness Conductivity Freguecy
No.1 Unidirectional| 255 mm 153 mm 2.2 mm 50 kS/m 7, B)MHz

(c) Parameters for samples of different frequencies

Sample Type Length | Width | Thickness Conductivity | Freguecy
No.1 Two-layers(0,90) 255 mm | 15 mm 2.2mm 50 Ks/m 10 MHg

(d) Parameters for samples of two layers

Table 5.5 Models parameters (Direction characttozn

Mesh operation Method Type Maximum Length
Inside fibres| Length based 5mm
Frequency sweep Fixed
10 MHz (1MHz, 7MHz)
Adaptive setup | Maximum Number of passes Percent error
10 1

Table 5.6 Analysis setup (Direction characterizgtio
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Figure 5.12 Model of fibre direction characteripati

The simulation model for fibre direction charactation in Ansoft Maxwell is shown
in Figure 5.12 which is designed according to maalasurement probes and tested
sample. Also, the fibres are modelled as bundle asrexplained in section 5.3.3. The
probe could be rotated automatically by running thacro script, which can be

opened and modified by users.

The simulation results (Figure 5.13, 5.14 and 5cl&arly show that this kind of probe
not only can effectively characterize the directigriibre bundles in CFRP, but also is
sensitive to other parameters of the material cordand measurement environment
such as sample’s thickness, measurement frequemntgample’s stacking sequence.
Figure 5.13 shows how the result changes with #rapte thickness. Three CFRP
models have been tested in simulation and the teefglen compared together, in
which it shows that the thicker model produces bigtpbes resulting from the

increased equivalent conductivity when the probgnal with the direction of the
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fibres. Figure 5.14 presents how the stimulatimgj@iency affects the characterization
results. The change on the size of lobes proveshilgaer excitation frequency can
bring higher sensitivity to the probe. However,dpmparing Figure 5.13 and Figure
5.14, it can be found that although the lobes wiaeld change by the modification on
both model thickness and the working frequencywhg it changes is different. The
change on the thickness only can result in the gdam the size of vertical lobes,
while change on the frequency can produce changeboth the vertical and the
horizontal lobes. This phenomenon may be helpfulcomplicated measurement
environment where uncertain factors cause the éhahgneasurement signal. Figure
5.15 shows the result of layer detection which fiad out how many layers in the
sample, and in which order they are stacked wileget lobes indicate the upper layer.
From the figure, it can be seen that this sampéetiva layers of carbon fibre, and the
top layer’s fibre is on 0 degree direction while thottom’s is on 90 degree direction

by comparing the size of individual lobes.

Figure 5.13 Simulation result of direction charsaetgion for different thickness

* Points on the curves have been removed for belbeity.

148



Eddy Current Techniques for Non-destructive Testingof Carbon Fibre Reinforced Plastic (CFRP)

(Unit:H) (°

— 1MHz
— 7MHz
- —10MHz

\

LA
\
Y
\
o

\

Tt
I
-
I
-+

P

R Y

]
SIDTT90
*

/
I

y

/

Ty
1

Figure 5.14 Simulation result of direction charaetgion for different frequency

* Points on the curves have been removed for belaeity.

Figure 5.15 Simulation result of direction charaetgion for two layers

* Points on the curves have been removed for belbeity.
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5.4 Conclusion

3D FEM simulation gives a strong support to Dodd &eeds’ solution which was
discussed in previous chapters. Both eddy currestigs and CFRP samples can be
modelled in the software. The simulation resultgeha good agreement with analytic
and measurement results, which further proves ttiateddy current testing is an
effective method for CFRP characterization. Eleairconductivity and fibre direction
are two basic and important properties of CFRP, ianithe simulation experiments,
they can be characterized and well tested. Alsdy exdirrent probe is sensitive to
conductivity change, lift-off effect and multi-langewhich means this method has a

potential to be widely used in the inspection oRPFmaterial.
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Chapter 6. Non-destructive
Characterization of Hybrid Aluminium /
CFRP Sheets by Eddy Current Techniques

6.1 Introduction

It has been widely recognized that the outstandmeghanical properties of CFRP,
especially its high strength-to-weight ratio hasdmat an increasingly popular
material in the aerospace and automotive industtreparticular, hybrid materials
(such as CFRP/aluminum) which have been shown &sg®s excellent fatigue,
impact and residual strength characteristics hawe Ipeen used in the fuselage and
more recently in wing boxes and nacelles of aitsralh the automotive industry,
high-pressure vessels composed of an aluminum dioegred by CFRP can be made

to stores compressed gaseous hydrogen in fuelagities (FCV)s.

Therefore, the development of non-destructive naghifor the characterization of
such material is in strong demand for many pracapglications. Various methods
based on acoustic emission, optical fiber and miak@ techniques and methods
exploiting DC or AC conductivity of carbon fibers d&he detection principle have
been studied for CFRP. However, there are veryrésalts on the characterization of
CFRP/aluminum hybrid materials, possibly due toirtmeore complex structures.

Eddy current methods has been proved an effectatbad to inspect CFRP materials
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in previous reports and an initial study of the tiglAluminum / CFRP material was

also published.

In this chapter, the characterization of hybridnailium / CFRP sheets using multi-
frequency eddy current sensors is presented. Boettoeed circular sensors and highly
directional ferrite-cored sensors are designedédk conductivity measurements and
directionality characterization of hybrid AluminuBFRP samples. An analytical
model treating the hybrid samples as two layers dgenous and isotropic material
has been developed to provide an explanation torabponse of the sensor to sample
bulk conductivity. Finite element (FE) models désiag the interaction of the ferrite-
cored eddy current sensor with the hybrid Alumin@fRP plate samples are also
developed to provide an explanation of, and phyansaghts into, the directionality of
the sample. It is shown that an anisotropic motgiSor expression for conductivity)
is appropriate for the CFRP materials under ingasiton. A formula to link the bulk

conductivity with the conductivity tensor is propadsand verified for selected cases.

6.2 Experiment Setup

6.2.1 Probe Configuration

As the previous experiments discussed in chaptetwd, types of sensors were
designed to characterize the hybrid CFRP samples.fifst sensor (shown again in
Figure 6.1 (a)) is a circular air-cored coil with auter diameter of 25.1 mm and an
inner diameter of 25 mm. Its height is 0.2 mm andrtbheber of turns is eight. It is
referred as Coil A. Coil A is mainly used for essitimg the bulk conductivity of the
samples. Coil B (shown in Figure 6.1 (b)) is madeaderrite-cored coil pair, one
being a transmitter and the other a receiver. Tamber of turns for both the
transmitter and the receiver is three; the heifgrtgth and thickness of the ferrite
cores are 5mm, 10mm and 1 mm respectively. The bmitd cores are glued to a
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perplex base, giving a lift-off of about 1 mm. Theparation between the two ferrite-
cored coils is 10mm. The dimensions of this senam chosen for its high
directionality. All measurements are conducted gisen commercial impedance
analyzer (Solatron 1260) fitted with the sensorsrtking in a frequency-swept mode

covering a frequency range of“10 10 Hz.

i Iz
r
112
Yoy 1
L 4
o CFRP ¢
Oz Aluminium vy 2
(a) Sensor A for conductivity testing
A A
______ I________l - E O E N as
1 |
I I | I
1 | | 1
L A :
: 10mm + 10mm +  10mm
| <P >4 > |
1 1 1

(b) Sensor B for direction characterization

Figure 6.1 The diagrams of the eddy current sensors
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6.2.2 Hybrid Aluminum/CFRP Sample

The samples with aluminum plates of different thiegses pressed against a CFRP
plate are produced to simulate hybrid structuresc#@n be seen in Figure 6.2, the top
layer is an unidirectional CFRP sample; the thislsnef the aluminum plates are 1
mm, 2 mm, 3 mm, 4 mm and 5 mm respectively.

Transmitter Receiver

Ferrite Core

N .

N [
N !

N \

0 e 7 40(mm)

V\ﬁhc’ﬂng

Figure 6.2 3D model of sensor B testing a hybratel

During measurements, the sensors are pressed tatj@rsample under investigation
and measurements are conducted on one unidirec@dR&P sample with aluminium

sheets of different thicknesses.

Simulations were conducted using an electromagretimulation that describes a
circular coil above a layered conducting plate ofy aonductivity at different
frequencies. These simulations were performed timate the bulk conductivity of
the hybrid material and to gain an insight into tected sensor response under

different test situations. Noting that the samplas ha complex structure with
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anisotropic and inhomogeneous properties, tredtiag a simple conducting plate can
not account for its directionality. Therefore, fmielement models are also setup to

describe the directionality of the eddy currentsseerand the plates under test.

6.3 Result Analysis

6.3.1 Bulk Conductivity Estimation

The first test was conducted to evaluate the batdactivity of the CFRP layer for a
hybrid sample using sensor A. Previous results haticated that electrical
conduction occurs both along the fiber and trarsvéo the fiber direction due to
fiber to fiber contacts. Some studies have shovat tbngitudinal conductivity is
linearly related to fiber volume fraction, and tsaarse conductivity is related to other
factors such as stacking sequence, fiber length, @bonductivity thus provides

important insights into composite architecture.

The analytical solution of a circular air-coredlaove a layered conducting plate is
given by Dodd and Deeds. Figure 6.1(a) shows thersatic diagram of the model.
The base of the coil is at a heighthgfabove the surface and the top of the coil is at
h,. The coil parameters of importance are numbeunwfstN, inner and outer radri

andr, and coil lengthL= hy- h;.

. P2 u
AL(@) =K a(f) A = da 6.1)
wherey = H, [H, [H, (6.2)

(]_+ i)e(am'ﬂk)@k ’(1_ ay )e(ak+1+ak)ﬁk

a a
H =2 o o (6.3)
2 (1-i)e(ﬂk+1'”k)ﬁk ’(1+ ay )e(”k-akﬂ)ﬁk
k+l e
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Al@) = (e ™ —e™™)? (6.4)
P(@) =" xJ,(x)dx
Jml %
724N’ (6.6)

) (h _hz)z(rl _r2)2

a, =+Ja? +jawou, (6.7)

where a -- spatial frequency variable;
« -- the angular frequency of excitation;
k andr,-- inner and outer radius of the probe;
h; andh,-- height of the bottom and top of the probe;
U and H -- transfer matrices;
K-- pre-factor;
Ji1(x)--first-order Bessel function of the first kind.
The interface between layets and k+1 occurs at a depthyzox denotes the

conductivity of layek.

Coil A was placed next to the hybrid CFRP/alumin(mmm thickness) plate with a
lift-off of 0.1 mm. By fitting the results from Eqtians (6.1) to (6.6) to the

experimental data, it is possible to obtain thedcmtivity of the CFRP plate under test.
Alternatively, a much simpler method can be adoptbth uses the features in multi-

frequency response of the sensor to infer conditctiv the sample.

Thanks to the co-work from the research group, f€ige.3 shows the real and
imaginary inductance of the coil obtained by expemnt compared with the analytical
solution. Good agreement can be observed betwexse thwo data sets and the bulk
equivalent conductivity of the CFRP layer is inégtrto be 12.6 kS/m. This is
comparable with data reported in literature andipres work. At the lower frequency
end (from 100 Hz to 10 kHz), the real inductancerelases and then reaches a plateau,
which corresponds to the situation that the indideagnetic flux penetrates though
the CFRP, but is increasingly excluded from thematium plate. At the higher
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frequency end (from 10 kHz to 10 MHz), the realuathnce again decreases from the
plateau, however, this is caused by the CFRP. Tegative peaks in the imaginary

inductance plots correspond to the effect of thenatium and the CFRP respectively.

o

—<4— measured

|
N
T
1

e— model

Real Inductance (H)
A
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| L] MR 2

10° 10 10

-8 Ll ‘ “““‘\4
10 10 10
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Imaginary Inductance (H)

2] > model i

'32 | ““““3 | ““““4 | Hmws | Hmwe | 7
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Frequency (Hz)

Figure 6.3 Experimental and simulation inductanc€ail A when placed next to the hybrid
Aluminum/CFRP plate (Thickness of aluminum layetmsm).

* Measurement results are subject to machine efrdr5% from Solartron 1260.

This physical insight is clearly verified when timeluctances of coil A placed next to
hybrid plates with aluminium layer of different thkhesses (i.e. 1 mm, 2 mm, 3 mm,
4 mm, 5 mm) are compared (shown in Figure 6.4)th&tlower frequency end, the
real inductance reaches a plateau at differentuéecjes. However, at the higher
frequency end (from 10 kHz to 10 MHz), the realuathnce curves overlap as this
part of the curve is controlled by the CFRP. Theme still two negative peaks in the
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imaginary inductance plots; the first one shiftshte left as we increase the aluminium
plate thickness, but the second one remains the gamall cases as this part is due to
the contribution from the CFRP. The fact that thghbr frequency part remains
constant proves that the estimation of the condiigtof the CFRP plate will not be
influenced by the variation in the thickness of gheminium plate. The fact that the
lower frequency part shifts to the lower end asr@asing the thickness of the

aluminium plate verifies the first order approxiiattheory in the previous work [94].
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Figure 6.4 Experimental inductance of Coil A whésicpd next to the hybrid Aluminum/CFRP
plate (aluminum layer = 1Imm, 2mm, 3mm, 4mm, 5mm).

* Measurement results are subject to machine efrdr5% from Solartron 1260.

158



Eddy Current Techniques for Non-destructive Testingof Carbon Fibre Reinforced Plastic (CFRP)

It is worth pointing out that the formulae of Dodshd Deeds are based on the
assumption that the conductor placed next to tilescbomogenous and isotropic, but
hybrid aluminium/CFRP is neither homogenous nortrigoc. Therefore, the

conductivity obtained here is an effective condudttiin an averaged sense (also
called the bulk conductivity), similar to the copteised in effective media theory. It

is actually not the true anisotropic conductivity.

6.3.2 Characterization of Directionality

CFRP is highly anisotropic, but aluminium is uniforand isotropic. At lower

frequencies (<100 kHz), the effect of the CFRP Haye the inductance signal from
eddy current sensor is negligible due to the vesakveddy currents, therefore
directionality is not detectable. At higher frequies, the effect of the aluminium
layer becomes increasingly weaker compared to #RRFClayer as the magnetic field
decays quickly and only small portions of the fielh reach the aluminium layer, and
the effect of the CFRP becomes more pronouncedeldre, it is expected that at the
higher frequency end, the directionality of the ®FR the hybrid material is still

detectable.

This section is concerned with characterizing anigy using Coil B for one of the
hybrid samples (CFRP + 1 mm Aluminium plate). Dgrithe measurements, the
samples were fixed, while the sensor was attache rhechanical rotor, which was

rotated from 0 to 360° in steps of 5 °. The liftswhs 1 mm.

Figure 6.5 shows the polar diagram of the impedaneasurements obtained for the
hybrid sample (unidirectional composite). It candaen that the fiber direction was
0°, giving rise to the large lobes due to the higlomductivity in this direction. This is
a high frequency phenomenon and the measured auiviggure 6.5 corresponds to
data measured for a frequency of 5MHz. As redutire frequency, the effect of
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aluminium becomes more predominate; therefore, gblr diagram shows less

directionality (shown in Figure 6.6). At mediumdreencies, the diagram reflects the
effects of both the CFRP and aluminium, resultinguiresponse between these two
extreme cases. Note that in Figure 6.6, inductaatees instead of impedance values

are plotted to make the lower frequency plots \ésdn the same scale.

Impedance (M ohm)
1.5e-007

—<— Measurements
=====FEM Model

Figure 6.5 Directional measurements of impedancéhtohybrid CFRP/aluminium plate
* 1. Simulation results have been normalized wittasurement results for better comparison.

2.Measurement results areextiip machine error of:5% from Solartron 1260.
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Inductance (H
90  5e-009 (H)

—<— 5 MHz
—+— 2 MHz
—— 100 kHz

Figure 6.6 Polar diagrams for the hybrid CFRP/ahiom plate at three frequencies

* Measurement results are subject to machine eifrdr5% from Solartron 1260.

6.4 Finite Element Modeling of Materials with Anisdropic

Conductivity

Since the analytical model in section 6.3.1 is oapable of accounting for and
predicting the anisotropic phenomena of the CFRifhium material, Finite

element models were set up to simulate the sersmonses for the unidirectional
sample. There are two possible approaches to oatrhe simulation. The first one is
to simulate the detailed structures of the CFRE, ®. simulate each of the many
individual fibers. This is not computationally féae due to the geometrical

complexity of the composite and our computing cdjes. The second approach is
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to treat the CFRP as an anisotropic material anglyapnisotropic conductivity
property to it, which is computationally possiblln this case, the anisotropic

conductivity of the CFRP needs to be representedl teysor.

In Cartesian coordinate system, the anisotropicgotivity can be expressed as:

e 0O O
c= 0 o 0 (5.8
0O 0 o,
0
J=0lE (6.9)

Where o is the conductivity tensowy, , o,and o, are the conductivities in each

direction respectively; is the current density ang the electric field. The FEM

formulation stays the same.

During the simulations, the hybrid samples are kegie stationary, while the sensor
is rotated from O to 360° at step of 5°. The prgbemetry in the simulations is set to
correspond to sensor B. The size of the samplésken to be 40 by 40 by 1 mm
(length, width and depth). The simulated frequeisc$ MHz. In order to determine
appropriate anisotropic conductivity values for faenple, different ratios between the
conductivities along and perpendicular to the fibeection is simulated. The results
are given in Figure 6.7. When the ratio is 1,the. isotropic case with conductivity of
6x1C S/m, the pattern is nearly circular as expectedha ratio increases, anisotropic

patterns gradually appear; when the ratio reacBHs the simulated pattern is close to

the measured pattern. Hee,, o,and o, are set to be [6x£06x1C and 6x10]

S/m respectively, i.e. the conductivity tensor is

] 6x10* 0 0
o= 0 6x10° 0 (6.9)
0 0 6x10°
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In this setup, as can be seen in Figure 6.7 theehmmtrectly predicts the measured

anisotropy in the signal patterns.

Figure 6.7 Simulation results for different ratlmetween the conductivities along and

perpendicular to the fiber direction

Considering the bulk conductivity (or equivalentndactivity) was 12.6 k S/m

according to the results from the air-cored senadormula can be proposed to link

the equivalent conductivity, withg, 0, andg,, i.e.

o,=3/0,%x0,%0, )1

This formula has been verified using different dised conductivities.
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6.5 Lift-off Effect Consideration

In practical situations, it is difficult to totallgvoid lift-off variations. This section is to
evaluate the effects of lift-off using experimendalta. Different lift-offs are used in
measuring the hybrid samples. Figure 6.8 (a) ptesare set of results. It can be seen
from the graph that as increasing the lift-off, tignal amplitude decreases, which is
as expected. It is also noted that the peak freeemalso shift toward the low
frequency end with the increase of the lift-offn& the peak frequency is one of the
most important features that can be used to irdaduactivity, a compensation method

is proposed using the following equation:

— H 25
f.or = f /amplitude® 16)

Where 0.25 is an empirical parameter obtained tirdtials and thamplitudeis unit

of uH . Figure 6.8 (b) shows the results after correctidre peak frequency is shown

to remain constant and therefore can be used helialinfer conductivity.

Imaginary Inductance (H)
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Imaginary Inductance (H)

10° 10° 10’ 10° 10° 10’
Frequency (Hz)

(b)
Figure 6.8 Lift-off effect: (a) before and (b) affgeak shift correction

* Measurement results are subject to machine efrdr5% from Solartron 1260.

6.6 Conclusion

This chapter introduces an application of eddyenirtesting for non-destructive
inspection of hybrid aluminium/CFRP material, whichs been published in [95,
96]. Two eddy current sensors have been designedh& characterization of
hybrid samples. The bulk conductivity of the CFR#er is inferred from
impedance measurements by best fitting, while tihectionality is characterized
by impedance patterns. Both simple analytical anitefelement (FE) models are
developed to describe the sensor responses withd gogreement to the
experimental results. It has been shown that feictises considered, an anisotropic
model (tensor expression for conductivity) is appiate for the CFRP materials
under investigation. A formula to link the bulk chrctivity with the conductivity
tensor is proposed and verified. The lift-off efféez also discussed. Based on the

measured results and simulations, it is believed #m instrument can be made
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based on eddy current principles for the charazgan of hybrid

aluminium/CFRP samples. This will be the topicwtife work.
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Chapter 7. Conclusions and Future Work

7.1 Conclusions

The applications of eddy current testing techniquées non-destructive
characterization of CFRP materials have been destrin this thesis. The work
combines a fundamental theory study on non-destmidesting using the eddy
current method and CFRP, real sample measurenkdité simulations, hardware and

system design, and interface programming.

Theoretical analysis, experimental and 3D simutatiesults show that the eddy-
current method can be used to characterise CFR¥destructively. Special probes are
required to make use of the electrical anisotropthe material in order to monitor
specific properties such as bulk conductivity, dilatirection, layer sequence and lift-
off. It has been demonstrated that a rotary prabecdpable of detecting fibre
orientation of different layers and defects asdediawith fibre direction, while
circular air-cored coils are more suitable for #&imation of the bulk effective
electrical conductivity. Both the specification tbie probes such as shape, number of
turns and dimensions, and the operation frequeey icfluence the measurement
result and the testing accuracy. CFRP materialasertikely to suffer defects which
are produced by different mechanisms than convealtianetallic engineering
materials. CFRP is also likely to show differentudcteristics which have different

negative effects on material. To detect and disislg various defects on or in CFRP
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material, specific probes and methods have beeigraess and applied. The results
presented in this thesis show that eddy currenbgeare more sensitive to defects
perpendicular to carbon fibre than defects paraligh carbon fibre. Although certain
information about the CFRP properties, inner angkrostructure and work condition
can be obtained from the experiment results, fardmalysis should be carried on to
extract more information about the material's Sl details such as fibre
percentage, delamination characterization, impachape level, location of fibre

cracks, depth of fibre layer and so on.

As introduced in Chapter 4, an electronic eddy enirrtesting system has been
developed based on eddy current probes, compubdéairé 1260 and accessories.
This arrangement has been used to obtain mosteoéxperiment result presented in
this thesis. However the accuracy of the resultsulsject to distortion and noise
particularly at higher frequency as the Solatro6QL&aches the limits of its operating
range and the effects of parasite impedances inctmnecting cables become
important. Also introduced in this chapter, to aamne the deficiency of the Solatron
1260 and in particular to increase the operatieqdency range above 10 MHz, a new
measurement system has been built up. This sysbesists of a computer, function
generator, oscilloscope, automation equipment, avgment circuits and eddy current
probe. All the devices are configured and contebtlerough a GUI interface which is
developed based on the MatLab programming langusge, the whole measurement
is set up and controlled by an interface, wherepmameters of the measurement are
configured by computer, and the results are alsb teecomputer for processing and
analysis. As a whole, this comprehensive eddy outesting system integrates every
piece of the device and measurement task togethas $0 provide a prototype for the

system used in the laboratory.

Three dimensional computer simulation has been asthsively during this project
with Ansoft Maxwell models of the probe and CFRRBjah are discussed in chapter 5.
The simulation of conductivity testing has beenriedr out for CFRP models with
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various thickness and conductivity. The resultsvprthat Deed and Dodd’s analysis
about plane conductive materials can also be apptieanisotropic CFRP composite
to determine the bulk equal electrical conductivitieanwhile, the simulation for fibre
characterization has successfully provided thermétion about the fibre direction,
layer number, the stacking sequence and lift-offaddition, mesh convergence tests
have been undertaken to find the optimal comprorbet&veen accuracy and mesh
size. To set up an efficient communication linkwestn the simulation software, the
measurement instrument (e.g. Solartron 1260), hadcomputer, an interface based
on VBScript program has been developed so thatahguter working as a controller
part is able to have full access to other parts @ed experiment data. Thank to
VBScript code, this program can be run at any cdeminstalled with Microsoft

Excel.

In chapter 6, an application of eddy current tesfior non-destructive inspection of
hybrid aluminum/CFRP material has been introdu@&uth the bulk conductivity of
the CFRP layer is derived from impedance measurtsmén fitting and the
directionality is characterized by impedance paterThe results from simple
analytical and finite element (FE) models which deseloped to describe the sensor
responses show good agreement to the experimeaitsdss Based on the results, a
mathematical formula is proposed to relate the baolkductivity with the conductivity
tensor. In turn, this formula is proved by expemtaé results to be able to estimate the

sample’s conductivity.

As a whole, the outcome of this PhD project prosigddormation about how to build

up a system for eddy current non-destructive charaation of CFRP samples. The
results of mathematic analysis, laboratory expemia@nd 3D FEM simulation have
good agreement and all can support this proposdldoatieAlso, a set of measurement

system has been built up to improve the operatishrasult.
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7.2 Future Work

It is recommended that further research followih fproject should be focused on
three directions. The first is concentrated on iwprg the measurement on CFRP
samples. The second puts its emphasis on probégucation and design for more
applications and higher accuracy, and the thirdimsed at improving simulation of
CFRP samples and testing systems. Besides theserttajor technical aspects, image
reconstructing, signal processing, experiments witier NDT methods, literature
review and economic evaluation would be valuabletails of the further research

within the three areas are listed below respegtivel

7.2.1 CFRP Testing and System Improvement

Although testing results have been obtained to suppe basic theory of eddy current
characterization for CFRP, stability, sensitivitgliability, efficiency and signal to
noise ratio of the testing system are always theeigo be considered. Although some
work has been done to facilitate a better experielesystem, even further
improvement may be achieved by use of a custondza¢a acquisition system, more
advanced measurement devices and automated equjpamehapplication of high
level signal processing. What is more, the scanmraghanism should be able to
works on a larger area as the components made RPCQRaterial are usually very big

such as airplane body parts.

Meanwhile, further analysis should be carried @uextract more information about
the material’'s structural details such as fibreuwad, layer depth, coating, thickness
and so on. Another important task is to inspeat/dlan the material. As a promising
NDT method, eddy current testing has already shoigegotential in detection of
damage, particularly delamination, impact damage fdore crack. But, it is difficult
to distinguish between the three types of defecweler, it is believed that these
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limitations can be overcome by developing spedificalesigned apparatus for

composite evaluation.

7.2.2 Probe Design

Both the specification of the probes such as typenber of coils, shape, number of
turns and dimension, and the work frequency caluente the measurement result
and the testing accuracy. Thus, optimization ofpfudoe design for specific inspection
is required, and the use of coil arrays is expetiidoe important. A balance between
the parameters of probes including coil numbel, position, shape, size and form is
still being studied to obtain the better result.rMapplications of this method will be

proposed as well. What is more, commercial evadnatshould be taken into

consideration in the drives for practical applioas.

7.2.3 Modeling of CFRP and System

The future simulation work will focus on the modagji of more detailed internal
structure of various CFRP samples. This bottomagk twill be divided into three
main steps: fibre modeling, layer modeling and faate modeling. Secondly, more
types of defects will be modeled in or on the sasbr analysis. Modeling work also
includes optimum design of probes. Besides 3D FEMdeting, electrical and
mathematical modeling will be still carried on irder to improve the accuracy of the

results.
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