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Abstract
T h is p a p e r revie w s the state-of-the a rt a n d the recent developm ent o f m od e llin g , s im u la tio n a n d
v is u a liz a tio n f o r eddy c u rre n t N o n -D e stru ctiv e T esting (N D T ) technique. S im u la tio n a n d v is u a liz a tio n h as
a id in the d e sig n a n d developm ent o f e le ctro m a g n e tic sensors a n d im a g in g techniques a n d systems f o r
E le c tro m a g n e tic N o n -d e stru ctiv e T esting (E N D T ); fe a tu re extra ctio n a n d in verse p ro b le m s f o r Q u a n tita tiv e
N o n -d e stru ctiv e Testing (Q N D T ). A fte r rev iew in g the state-of-the a rt o f e le ctro m a g n e tic m o d e llin g a n d
sim u la tio n , case studies o f R & D in eddy cu rre n t N D T technique v ia m agnetic f ie ld m a p p in g a n d
th erm og ra phy f o r eddy cu rre n t d istrib u tio n a re discussed.
K e y w o rd s: M o d e llin g , sim u la tio n , v is u a liz a tio n ,eddy c u r r e n t, non -destru ctive testing

I. INTRODUCTION
M odelling and sim ulation is a discipline for developing a level o f understanding o f the interaction o f the
parts o f a system and o f the system as a whole. As the developm ent and application o f m odelling and
sim ulation for system understanding [1-4], visualization and interpretation o f sim ulation data [5-6] becom e
im portant, extracting usable and useful inform ation from large and com plex data sets is a difficult and
challenging problem .
M odelling is often used in Electrom agnetic N ondestructive Testing (ENDT) to sim ulate electrom agnetic
phenom ena. The constructed m odels in EN D T are typically used to sim ulate an EN D T test procedure and
predict the resulting signals associated w ith different defect and experim ental conditions. Results provided
by the m odelling and sim ulations can provide useful inform ation for sensor design, visualization o f the
interaction o f electrom agnetic phenom ena with defects and for defect identification, w hich can be used to
develop signal interpretation algorithms.
In this work, we present a review o f the state-of-the-art for m odelling, sim ulation and visualization in eddy
current NDT. V isualization o f eddy current distribution has gained considerable research attention in
providing easier signal interpretation. T hrough the visualization and m apping o f eddy current distribution,
visual indication o f defects can be provided and inform ation about the condition o f the sample obtained
over a relatively large area. Characteristics o f defect geom etries can be identified and differentiated from
sim ple defects through com parison o f the m apping profiles and extracted features, providing quantitative
inform ation for defect characterization.
The advantages o f the visualization technique w ith eddy current NDT is presented and discussed in two
case studies. The results from these case studies help to build a link betw een the acquired inform ation, i.e.
m agnetic field or therm al distribution from eddy current interaction w ith a defect and defect inform ation
(shape, size and location).
This paper presents: (a) the review o f the state-of-the-art o f m odelling, sim ulation and visualization for
eddy current N D T ; (b) the case studies o f eddy current N D T; (c) summ ary and outcom e o f the w ork and
conclusions draw n from the study.

O. STATE-OF-THE-ART OF MODELLING, SIMULATION AND VISUALIZATION FOR EDDY
CURRENT NDT
Sim ulation or m odelling has been a part o f N D T since its earliest applications. It has been used for several
o f the com m on N D T m ethods including radiography, ultrasonics, eddy current and a variety o f others. In
the field o f eddy current N D T, m odelling and sim ulation is useful in the design o f new probes and
optim izing o f existing probes for required inspection scenarios. Param eters relating to the probe, sample
and type o f defect can be investigated w ithout the requirem ent to perform repeated experim ents.
Sim ulations based on either analytical or num erical m odels allow the user to predict the response o f a probe
w hen it is scanned over a defect. K now ledge o f this response is useful for the purposes o f defect
characterization through feature extraction and the reconstruction o f defects.
The application o f analytical m odelling for eddy current N D T began w ith D odd and D eeds m odelling o f
eddy current inspection applied to a coil on a conductive half-space and a layered specim en including a rod
specim en, using integral expressions [7-8]. The D odd and D eeds analytical models have been proven to be
very useful in predicting experim ental data from eddy current m easurem ents and have been w idely used by
the N D T com m unity in the design o f eddy current tests [9]. U ntil now, m any o f the analytical packages for
eddy current N D T modelling and sim ulations have not been widely com m ercialized, apart from C IV A,
w hich has had applications in aerospace [10], oil and gas [11] and the nuclear [12] industry. The lim itations
o f analytical packages lies in an inability to solve com plicated problem s, i.e. com plex defect com ponents
and geom etries, w hich hinders the utilization o f this analytical approach tow ards solving real industrial
problem s.
N um erical sim ulations in general are m ore pow erful and flexible than analytical models. In contrast to
analytical sim ulation, it has the capability to m odel com plex defect geom etries, m aterial nonlinearity and
other com plexities associated w ith real test scenarios, w ith the required accuracy [9]. A t the same tim e, the
solution is obtained as a num erical result rather than a closed form solution. A long w ith the rapid
developm ent o f com puters, Finite E lem ent M ethod (FEM ) sim ulation has moved from 2D to 3D m odelling
w hich is m ore suitable in handling asym m etric problem s w hich cannot be sim plified to a 2D problem using
azim uthal coordinates [13]. 3D FEM sim ulation is beneficial to the theoretical study o f eddy current N D T,
because the geom etries o f specim ens and com ponents m odelled in sim ulations are usually asym m etric [14].
T he com m ercial sim ulation packages, such as CO M SO L or M A G NET, w hich are prevalent in
electrom agnetic m odelling are capable o f im plem enting sim ulations in 2D and 3D, as a result, better
understanding o f m agnetic fields underlying the inspection systems can be obtained and can be used to
verify the experim ental results. In addition, some situations o f test geom etries that are difficult, expensive
or im possible to sim ulate experim entally has m ade num erical modelling the only practical way to provide
defect characterization param eters in eddy current testing [9]. These softw are packages use num erical
m odels to sim ulate and visualize m ultiple physical phenom ena and allow the m odelling o f com plex
geom etries but can be very tim e consum ing w hen com pared to analytical models, especially when solving
three-dim ensional problem s.
O ne o f the recent trends in eddy current N D T is the advancem ent from qualitative evaluation o f a defect
towards quantitative evaluation (estim ate defect shape, type, size, and position) [15]. M any m ethods have
been proposed by researchers w orking in this field for the Quantitative N D T (QNDT) o f m aterials and
defects using the eddy current technique [16-20]. To date, the Pulsed E ddy Current (PEC) technique has
been shown to exceed the capabilities o f other eddy current techniques in the provision o f quantitative
inform ation in the evaluation o f defects. A part from containing a large spectrum o f frequency com ponents
in its excitation, for better eddy current penetration com pared to other eddy current techniques, inform ation
about a defect such as the location, depth and defect size can be obtained through the features present in the
transient signal. G enerally, the tim e-to-peak and the peak height o f the PEC differential signals are the
m ain features used to obtain the depth inform ation and the size o f the defect [21]. However, despite
significant advancem ents, characterization o f deep sub-surface flaws still poses a m ajor challenge.
V arious techniques have been developed to put PEC inspection data in the form o f im ages for visualization.
This has been m ade possible by the use o f m agnetic sensors for im aging o f eddy current distribution
through the m apping o f m agnetic field distribution using scanners or sensor arrays. In the scanning m ethod

for PEC imaging, the PEC system is linked to a scanning application. Positional inform ation is acquired
using one of m any different types o f scanner controlled by the scanning application software. The images
are then recorded based on the am plitude o f the m agnetic field distribution. Typical PEC imaging
com m ercially available system e.g. T recscan (UK) and T ecscan (Canada) uses a sensor array and scanning
to visualize large areas (typically aircraft fuselages).

Sensor arrays and sensor networks have becom e the focus o f attention in the sensor world recently. NDT
m ethods, w hich are highly dependant on sensing and im aging, are no exception. Sensor arrays offer many
advantages, such as the acquisition o f m ore inform ation sim ultaneously, im proved detection accuracy [22],
and maintaining the probe in close contact w ith the inspected sample during the inspection. A n exam ple o f
a sensor array containing 64 (8x8 array) m agnetic sensors (Hall sensors) for m agnetic field visualization is
shown in Fig. 1.
This sensor array arrangem ent provides an im age o f a relatively large area (when com pared w ith a single
sensor) sim ultaneously, w ithout the need to scan the probe over the area o f the defect. The potential o f
using sensor arrays w ith the PEC technique provides a m ethod to obtain m ore inform ation about defect
location and geom etry, in addition to rich depth inform ation. W ith the construction o f m ore sophisticated
array arrangem ents, the imaging technique can provide m ore reliable and faster inspection results for defect
characterization, assessm ent and reconstruction o f 3D defects [23].
E ven though the PEC im aging through scanning or the use o f sensor arrays has advantages in providing the
solution tow ards defect characterization for QNDT, the feasibility for real-tim e im aging still poses
problem s. PEC im aging through scanning leads to low inspection efficiency due to the tim e taken to
com plete the scan and the dependency on a scanning system. Sensor arrays on the other hand, depend on
the spatial resolution o f the array arrangem ent in providing detection sensitivity and the resolution needed
for defect characterization from the m apped distribution. F or these reasons, the suitability and lim itations o f
scanning and sensor arrays for should be taken into consideration when the PEC im aging technique is
em ployed for defect characterization and QNDT.
To overcom e the lim itations o f the PEC technique for the characterization o f defects, an integrative
technique w hich com bines PEC and therm ography is proposed. PEC therm ography inspection w ith eddy
current excitation allows the im aging o f eddy current distribution w ith the ability to inspect for defects over
relatively large areas with high spatial resolution, rather than using m agnetic sensor arrays or scanning. In
the heating process using the PEC therm ography technique, the inspected sam ple is heated rapidly by an
inductively generated current flow (20-200 ms pulses). T he presence o f defects will disturb the flow o f the
induced eddy currents and affect the tem perature distribution on the sam ple surface w hich results in the
defect to be visualized using suitable therm ographic camera.

HI. CASE STUDIES OF MODELLING AND SIMULATION APPROACHES IN EDDY CURRENT
NDT
Tw o m odelling and sim ulation case studies have been investigated and discussed; these are m agnetic field
distribution for com plex geom etric shape by PEC and therm al distribution for PEC therm ography.
A . V is u a liz a tio n a n d m a p p in g o f m a gnetic f ie ld d is trib u tio n f o r a n g u la r defect ch a ra c te riz a tio n

Industry requirem ents m ean that quantification o f defects such as size and length o f the defect inside the
investigated sample has to be addressed as accurately as possible for com ponent lifetim e prediction and the
overall assessm ent o f the structure. H ow ever, since the nature o f defects is that they have com plex
geom etries i.e. growing at an angle, the influence o f defect angular characteristic on the inspection results
posed a m ajor problem for characterization and quantification. M uch attention has been given to
developing techniques and inspection systems which could give the best possible inspection sensitivity and
efficiency for Q N DT o f defects, but little attention has been given to the study o f how the defect shape and
orientation affected the inspection results. The study o f angular defects and its influence tow ards the
gathered inform ation would provide the know ledge and the m uch needed solution in achieving
quantification o f defects. This w ould benefit industry and the N D T research com m unities by providing the
explanation o f results and Q N D T assessm ent o f defects.
A forw ard approach o f characterizing the angular defects has been taken based on the visualization and
extracted features o f the resultant m agnetic field m apping from the interaction betw een the eddy current
and the defects in the sample. FEM sim ulations for the 3D visualization o f m agnetic field are conducted in
transient mode. T he sim ulation is conducted to visualize the m agnetic field distribution change w ith
different angles o f the angular defects. T hrough the sim ulated m agnetic field visualization analysis, features
from the m apping are extracted to be used for the angular defect discrim ination and quantification. The
extracted features can help in building the inverse m odel for defect identification from the acquired
m agnetic field mapping. The investigation is also intended to facilitate sensor selection and the requirem ent
for experim ental design and its practicality for eddy current im aging through m agnetic field m apping and
visualization for defect characterization using PEC.
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Figure 2: Sim ulated differential m agnetic field visualization at 1ms for (a) 0° angular defect (b) 20° angular
defect (c) 40° angular defect
As can be seen from the m aps shown in Fig. 2, the peak o f the distribution for each angular defect is shifted
towards the right w hich shows the defects angle direction inside the sample. A nalyzing the visualization
results obtained, it is found that the peak o f the m agnetic field distribution o f the angular defects will be
shifted corresponding to the angle o f the defects as it increases from 0° to 40°. This shows that the shifting
o f the peak distribution can be used as a feature for quantitative estim ation o f angular defects. T hrough the
analysis, a correlation betw een the peak distribution shift and the defects angle to predict the angle o f the
defects can be m ade as show n in Fig. 3. These can be developed as potential features for angular defect
characterization.
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Figure 3: (a) D ifferential m agnetic field distribution against angular defect (b) Correlation betw een peak
distribution shift and defect angle

The results o f angular defect characterization by num erical sim ulations through the visualization and
mapping technique has show n that angular defects characterization can be m ade through extracted features
from the m agnetic field mapping. T hrough the m apping analysis o f the features, geom etrical inform ation o f
the angular defects in relation to the distribution profiles has been obtained.

B. S im u la tio n a n d v is u a liz a tio n f o r P E C th erm og ra p h y

PEC therm ography inspection w ith eddy current excitation is an integrative N D T m ethod w hich allow s the
visualization o f eddy current distribution w ith the ability to inspect for defects over relatively large areas
w ith high spatial resolution, rather than using m agnetic sensor arrays.
The resultant surface heat distribution from direct eddy current heating and diffused heat can be obtained
easily w ith a therm al cam era, but techniques for the determ ination o f heating m echanism s around a
particular defect for quantitative defect characterization are required. Consequently, m odelling o f PEC
therm ography is essential if the relationship betw een the applied field and the resultant tem perature
distribution is to be fully understood. The m odelling can also provide guidance on the experim ental
specification and configuration for the PEC therm ography technique.
In this case study, num erical (FEM ) m odelling is used to investigate the PEC therm ography underlying
phenom ena on sim ple discontinuity defects, including eddy current distribution and heating propagation.
T hrough the visualization provided by the num erical sim ulations, heating distribution by the presence o f
defects can be explained and provide the m eans for evaluating the proposed PEC therm ography capabilities
(through eddy current heating) for defect characterization by the visualization and m apping technique.
W ith the intention o f understanding the fundam ental behavior o f eddy current heating and heating
diffusion, two fundam ental defect models are introduced:
i. The slot - finite in length but extending com pletely through the sample
ii. The notch - infinite in length, but finite in depth
T hese defect m odels w ill dem onstrate the variation in the induced eddy current distribution w hich is
dependant on the geom etry o f the defect w ithin the inspected sample. T hrough the acquired know ledge o f
the heating m echanism around a particular defect, the resultant therm ographic images can be explained in
relation to the encountered defect and its geom etrical param eters.
Fig. 4 shows the sim ulation results for the slot and notch after 200ms o f heating. T he eddy current flow for
the two defects is visualized by the stream line plot in Fig. 4(a). In the presence o f a defect, eddy currents
will divert to com plete their closed loop path w hich leaves a unique eddy current distribution based on the
defect geom etry that can provide useful inform ation about a defect. Com parison o f the stream line plots for

the slot and the notch shows that the presence o f the through slot causes an obvious diversion o f the eddy
currents around the tip o f the slot. The diversion o f the current flow for the notch is less obvious, but some
disturbance in the eddy current distribution surrounding the notch can be identified. The stream line plots
also illustrate the large influence that sam ple geom etry has on eddy current distribution; w here the eddy
current loops encounter a m aterial edge, an area o f higher current density is form ed e.g. at the sam ple edge,
under the coil. Thus, defects w ith the sam e geom etry and orientation, but different positions on the sample
under inspection can interact with the induced eddy currents in different w ays and cause very different heat
distributions.
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Figure 4: Sim ulation results o f (a) eddy current and (b) heat distribution for ideal slot and notch

Fig. 4(b) shows the heat distribution for the slot and notch, viewed from the top o f the sample for surface
heating distribution and as a cross section directly under the induction coil. It can be seen from the top
views that for both samples, there are hotter areas directly under the induction coil, plus a build up o f heat
at the edges o f the samples. In addition to this, the slot exhibits a characteristic heat build up at the tips o f
the slot and cooler areas either side o f the slot. The presence o f the notch is not as obvious in the top view,
but exam ination o f the cross sectional view show s a clear build up o f heat directly under the defect.
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Figure 5: Theoretical (a) eddy current and b) heat distribution for ideal slot and notch
Based on the sim ulation results, the theoretical eddy current distributions and resultant heating for the two
fundam ental defects can be described and shown in Fig. 5. The introduction o f a slot in the eddy current
path results in a diversion o f the eddy currents around the tips o f the slot causing an increase in eddy
current density and resultant hot spots at the slot tips coupled w ith a relatively cooler area at the centre of
the slot w here eddy current density is decreased. The introduction o f a notch in the eddy current path results
in a diversion o f the eddy current flow underneath the notch, resulting in an increase in eddy current density
and a resultant hot spot at the bottom o f the notch. The heat distribution for real w orld defects can be
understood by considering the contributions from the two modes; heating at the tips o f defects due to lateral
diversion o f eddy currents and heating at the bottom o f the defect due to m edial diversion o f eddy currents.

IV. DISCUSSION AND CONCLUSIONS
State-of-the-art o f m odelling, sim ulation and visualization for eddy current non-destructive evaluation has
been review ed. It has an im portant bearing to enable users to understand the physical phenom ena and to
design and optim ize the sensing system. Tw o case studies on modeling and sim ulation o f electrom agnetic
N D T and their investigation in visualizing data have been reported. Further research w ill concentrate on
further visualization and signal processing techniques for defect characterization and reconstruction.
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