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Nondestructive computing tomography methods based on different physical phenomena are reviewed as an effective
tool to solve many NDT problems in the context of NDE 4.0 revolution. Eddy current (EC) tomography principle and
experimental set-up are presented to demonstrate the possibility to reconstruct tomography images related to the distri-
bution of material electric conductivity. A riveted joint of two aluminium alloy sheets with 2 mm long artificial crack-
like defects was selected as an example of complex enough inspected structure. Investigations were carried out with
two types of eddy current probes (ECP) application: the first one — the traditional EC probe of absolute type with coax-
ial driving and sensing coils, and the second — low-frequency double differential EC probe of MDF 1201 type. The set
of vertical (orthogonal to the inspected surface) slices for the rivet zone were obtained to demonstrate the effectiveness
of EC tomography. The horizontal slices were analyzed to demonstrate the possibility to produce tomography images
at different depths. Two-layer structures, consisting of upper sheets with thicknesses from 0 to 8 mm and 5 mm thick
lower sheath with a cracklike defect were applied to reconstruct the vertical tomography slices using double differential
EC probes. The latter results demonstrate the great depth of evaluation with application of ECP of double differential
type and the possibility to estimate the detected defect size and distance from the inspected surface. 34 Ref., 8 Figures.
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The fourth industrial revolution gradually acquires real
meaning, as indicated by numerous publications [1, 2].
Fully automated plants, built on Industry 4.0 principles
with real-time control of all the processes, are already
in operation. The respective government programs are
in place in the majority of industrialized countries. Un-
fortunately, Ukraine is still far behind this global trend,
even though some leaders do appear here too [3].

It is obvious that the coming restructuring of indus-
try cannot avoid the need to form new approaches in
nondestructive evaluation (NDE) and the world NDE
community is already actively discussing this topic,
proclaiming formation of the 4" revolution in NDE un-
der the abbreviation of NDE 4.0 (Nondestructive eval-
uation 4.0) [4, 5]. Reviewing these studies is not the
objective of this paper. We will only note that one of
the directions in development of NDE 4.0 technologies
is automation of testing operations (also using robots)
and intellectualization of the control means. We will
state with cautious optimism that local specialists on
eddy current evaluation have certain achievements in
this direction [6—8]. A series of automated systems (in-
cluding robotic system) have been designed, and new
approaches have been developed to processing signals
from eddy current probes (ECP) [6-9].
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NDE methods, based on tomographic principles
of data processing and presentation, can be definitely
regarded as NDE 4.0 technologies. The most widely
accepted NDE methods, based on probing the evalu-
ated object (EO) by external fields of different nature,
are gradually getting tomographic realizations.

The first mathematical tomographic algorithms
were used in X-ray radiation range, characterized by
an exponential decay law. X-ray computer tomog-
raphy (CT) allows realization of NDE of OC inner
structure by multiple X-ray transmissions in different
directions with subsequent processing of the projec-
tion data and plotting a 3D distribution of the degree
of radiation attenuation. X-ray CT for medical ap-
plications was invented for the first time by Godfrey
Hounsfield, British inventor, who was granted the
respective patent [10] in 1972, and already in 1979,
together with Alan Kormak he won the Nobel Prize
in physiology and medicine for «Development of
computer tomography». And industrial tomography,
as an NDE method, emerged already as a projection
of the success of medical CT. At present, X-ray CT
is the most widely used method of tomographic plot-
ting of images of the internal structure in medicine
and industrial NDE [11-14]. This development led to
that application of X-ray CT at NDE is regulated by
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a series of international standards (EN 16016-1(2,3)-
1(2,3):2011), starting from 2011.

Achievement in ultrasonic CT became the next to-
mographic «stronghold», where we can mention the
results obtained by scientists of G.V. Karpenko Physi-
co-Mechanical Institute of NASU [15-18]. With time,
it was the turn of electric (resistive) and electromag-
netic (including eddy current) methods [19-28]. Here,
the priority belongs to the results of the representatives
of Ukraine, obtained in the Turkish-Ukrainian Interna-
tional Laboratory of High Technologies of «Marmara»
Research Center (Hebze, Turkey). Here, theoretical ap-
proaches were used, developed earlier for UHF range
[20-22]. It is important that in addition to formulation of
the theoretical principles, a series of experimental results
were derived [19, 23-24], which showed that practical
implementation of eddy current tomography (ECT) ap-
proaches will allow raising the eddy current NDE meth-
od to a fundamentally new level. Note that foreign stud-
ies on ECT are still of a theoretical stage, and have not
reached the experimental level [28].

The objective of this paper is presentation and gen-
eralization of developments on eddy current computa-
tional tomography.

Principle of eddy current tomography. Restor-
ing the distribution of specific electric conductivity
(SEC) in any EO cross-slice is based on an integral
equation of tomography [19-22]:

(v, yl)exp(iylyl)
& (v)
= HK(x’, y’)exp[—Zni(ax’ +By")]dx'dy’,
S

)

where ¥(v,y;) is the Fourier-transformation of a
complex scattered field (X, y), measured above the
surface of the studied environment on the scanning
liney =y,; v variable is the spatial frequency; c,[y,(V),
7,(v)] is the complex function of v; y,; v,, and B are
the complex functions of v in the general case; o is
the real-valued function of v; K(x', y) is the unknown
(sought) normalized distribution of current in S do-
main (EO transverse slice) that is the scattered field
source. The studied domain was limited, so that the
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Figure 1. Diagram of experimental set up for eddy current to-
mography
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integral in equation (1) can be considered in unlimited
boundaries. Here, it is taken, that Fourier transforma-
tion of the scattered field does exist, as this field is
considered in a limited space domain.

Solution of this integral equation allows defining
K(x', y') function that describes the normalized current
distribution in the studied transverse slice, perpendicu-
lar to the metal surface, and including the scanning line
(vertical slice). K(x', y") function depends on operation-
al frequency (frequency of the probing electromagnetic
field). In tomography measurement and reconstruction
of K(x', y') function are performed for a certain set of
operational frequencies in a specified range. The tomo-
graphic image function is the module of the sum of these
functions. It enables detecting the inhomogeneity of
metal SEC in the vertical slice, including that associated
with the presence of defects. Application of tomograph-
ic algorithm allows obtaining sufficiently high-quality
images of the transverse slices of local (pore type) and
extended (cracklike) defects. A set of images in different
vertical (orthogonal relative to the surface of the object
of inspection) transverse slices allows reconstruction of
a 3D image of the studied EO zone.

Experimental set-up for automatic evaluation
by the principle of eddy current computing to-
mography. Experimental set-up (Figure 1) consists
of personal computer 1, eddy current block 2 to de-
termine the signal components in the operational fre-
quency range, control unit 3 with stepping motors 4
and 7 of scanning of ECP 6 along coordinates X and
Y, which are a component of two-coordinate scanner
8, and studied specimen 5. Appearance of the set-up
with a two-coordinate scanner, installed on the evalu-
ated specimes, is shown in Figure 2.

Personal computer controls the operation of step-
ping motors of the two-coordinate scanner and eddy
current block, records and stores the parameters (am-
plitude and phase) of ECP signals in discrete points
of the evaluated zone at sixteen operational frequen-
cies in the selected range, performs discretization and
processing of signals by the developed tomographic
algorithm and forms a colour presentation of the ob-
tained results, which reproduces the two-dimensional
distribution of SEC in the selected EO slices. Eddy
current block functions as a conventional multifre-
quency flaw detector, which operates ECP of different
types (absolute, differential, etc.). Its feature is fast
switching of operational frequencies, required for re-
alization of tomographic algorithms, and an improved
compensation scheme, which allows widening the
dynamic range during processing of ECP output sig-
nals. In the reconstructed tomographic images the EO
homogeneous region was reproduced by blue colour,
the zone of anomaly (defect) — by red colour and the
transition zones — by green colour.

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 9, 2021



NONDESTRUCTIVE TESTING

Two types of ECP were used for experimental
studies. The first is the traditional ECP of absolute
type produced by Nortec Company, which consisted
of two (driving and sensing) coaxial windings. The
features of ECP of this type are described in a review
[29], and those of spatial distribution of ECP signal
from cracks of different length were analyzed in work
[30]. Another, low-frequency double differention ECP
of MDF-1201 type was developed at G.V. Karpenko
Physico-Mechanical Institute of NASU [31]. ECP of
double differentiation consists of two excitation wind-
ings connected in series and placed side by side, and
two differentially connected sensing windings. Sens-
ing windings are located in the neutral plane, where
the electromagnetic field of excitation windings flows
in the opposite direction, so that the total electromag-
netic field of both the windings is absent, and eddy
currents are added, contrarily. Such an ECP has four
sensitivity zones for a local defect. Elongated defects
form a «quasiabsolute» signal with maximum ampli-
tude directly above the defects, as in the standard ECP
of absolute type. A feature of this ECP is the great
depth of testing that was reported in a series of publi-
cations [31, 32].

Tomographic visualization of defects in the riv-
eted joint. Rivets are the most widely used element of
multilayer aircraft structures, which are used for join-
ing the connected skins, reinforcing plates, stringers,
etc. At the same time, rivet welds of aircraft structures
create the greatest number of stress raisers and thus
require greater attention in service. Note that during
detect detection in the riveted joint it is necessary to
eliminate the effect of the rivet itself, which, essen-
tially also is an admissible, in terms of design, large-
sized defect and which creates additional interference
signals. Therefore, the task of detecting fatigue cracks
(particularly, internal), that form in operation in the
riveted joint, is a real challenge for eddy current meth-
od developers. Nonetheless, we showed in our re-
search that it is possible to create a range of no-alter-
native NDE technologies for riveted components on
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Figure 2. Appearance of an experimental set-up for eddy current
tomography

the base of eddy current method, particularly when it
is necessary to detect fatigue cracks in the rivet inner
layers or under its head [33, 34]. In our experiment, a
rivet with a defect was selected to show the capabili-
ties in difficult cases.

A fragment of an aircraft two-layer skin was used
for investigations, which has SEC value equal to
35.4 mS/m, with rows of rivets with artificial cracklike
defects, made by electric erosion method. The thick-
ness of each layer of the structure was equal to 2.5 mm.
Rivet head diameter was 6 mm, and that of the rivet
hole was 5 mm. The scheme of scanning zone of the
selected rivet is shown in Figure 3, a (side view) and
Figure 3, b (top view). Rectangular slice of two-di-
mensional scanning (frame) for an individual rivet
was selected equal to 10 mm along coordinate X and
15 mm along coordinate Y (marked by gray colour in
Figure 3). Figure 3, a shows that in the selected design
the rivets were placed in special recesses, so that a slot
formed between the sheath material and the rivet body.

Results obtained with application of traditional
ECP of an absolute type. The process of obtaining to-
mographic images in different slices, corresponding to
different scanning lines, and different ECP positions rel-
ative to the rivet, respectively, is shown in Figure 4. The
numbers denote the coordinates on axes X and Y. The re-

Figure 3. Scheme of riveted joint scanning: 1 — ECP; 2 — rivet; 3 — defect; 4 — two-layer structure; 5 — scanned region
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Figure 4. 3D tomographic images of the riveted joint with a defect in different vertical slices
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Figure 5. Tomographic reconstruction of the horizontal slice of the riveted joint with a defect at the depth of: 0 (a); 0.9 (b); 1.2 (c), 1.5

mm (d), using traditional ECP of an absolute type

sults were obtained by calculation of the amplitude and
phase of ECP signal in sixteen operational frequencies
in the range from 5 to 50 kHz. The coordinates in the
direction normal to the surface (in-depth of the sample)
are shown on the right in each image.

After completion of scanning of the selected region,
horizontal slices were obtained, which correspond to
SEC distribution at different depth. The reconstructed
tomographic images are shown in Figure 5.

Developed algorithms allow studying and analyzing
different slices of the evaluated zone after completion
of the scanning process. As an example, Figure 6 gives
a 3D tomographic image of the riveted joint, when the
control zone slice was selected along the defect.

The given results also show that when applying
the traditional ECP of absolute type in the operational
frequency range from 5 to 50 Hz, horizontal tomo-
graphic images can be obtained at the depth down to
1.5 mm. Note that similar studies conducted in the op-
erational frequency range from 100 kHz to 1.0 MHz,

Figure 6. 3D tomographic image of the riveted joint with a verti-
cal slice along the defect
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allow reaching the control depth of just 0.2 mm, that
can be readily attributed to a stronger skin-effect.

Results of control of the riveted joint, obtained
using low-frequency ECP of double differentia-
tion. In the next experiment, a low-frequency ECP of
MDF 1201 type was used [31]. Obtained results that
characterize the horizontal slices at different depths
to 3 mm for defectfree (above) and defective (below)
rivets are given in Figure 7. Operational frequencies
at application of this ECP were varied in the range of
0.9-10 KHz.

Tomographic images of horizontal slices for a de-
fectfree rivet (Figure 7, a, b, c) have a characteristic
four-lobe form, corresponding to the four sensitivity
zones of ECP of double differention type [31]. Pres-
ence of a cracklike defect distorts the four-lobe im-
age, characteristic for a defectfree rivet. The image
becomes asymmetric and one lobe disappears. Such
distortions were observed during traditional visualiza-
tion of the results of riveted joint testing, when the 2D
distribution of ECP signal was recorded on electro-
chemical paper [33]. Note that the testing depth here
reached 3 mm that confirms the great depth of testing
with application of this ECP.

Vertical slices of electric conductivity distribu-
tion from subsurface defects of different depth.
Low-frequency ECP of MDF 1201 type was also
used to conduct experiments with layered specimens
with cracklike defects in the internal layers. Recall
that for elongated defects of the type of cracks the
signal from ECP of double differention type is of a
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Figure 7. Tomographic image of a horizontal slice at different depths: 0 (a, d); 2.0 (b, €); 3.0 mm (c, f) during eddy current scanning of

the zone of defectfree rivet (a, b, ¢) and rivet with a crack (d, e, f)

«quasiabsolute» nature that affects the obtained tomo-
graphic images. The crack was simulated by a butt
of two aluminium plates 5.0 mm thick, which were
placed on a base aluminium plate 5.0 mm thick. The
specimen was covered from above by plates 1.5; 2.5;
5.0; 6.5 and 8.0 mm thick to change the defect depth.
Layered specimens were scanned by ECP parallel to
the surface by a linear trajectory 39.6 mm long. In or-
der to reconstruct the vertical (normal to the surface)
specimen slice, ECP signals were recoded in sixteen
operational frequencies in the range of 0.9—10 KHz
in each point every 0.6 mm along the scanning line.
In the tomographic reconstructed images the homoge-
neous region was reproduced by blue colour, anoma-
lous zone — by the red colour and the transition zones
were shown by green colour. In the tomographic im-
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ages of vertical slice of the layered specimens (Fig-
ure 8) the coordinates along the line of scanning over
the specimen surface are shown on top in mm, and on
the right are the coordinates in the direction normal
from the surface (in-depth of the sample).

In the tomographic images of vertical slice, the anom-
alous zones that correspond to the defect, are marked by
the red colour, their upper edge corresponding to the
defect depth (upper plate thickness), which is counted
by the right scale. The length of the red anomalous zone
along the vertical in-depth of the metal corresponds to
defect height (5.0 mm). An exception is the tomograph-
ic image of the specimen slice with the surface defect
(without upper plate) (Figure 8, a), in which the anom-
alous zone separated into two regions. It is attributable
to existence of side maximums for large-sized defects in
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Figure 8. Reconstructed vertical slice of a sample for surface defect (a) and defects located at the depths of 1.5 (b), 2.5 (c), 5.0 (d),

6.5 (), 8.0 mm (f)
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ECP of double differention type. However, the vertical
boundary of the red region in the image starts from the
specimen surface, as could be anticipated. With increase
of the defect depth, large green regions appear in the to-
mographic images that is related to greater sensitivity of
inspection system, and interference level, accordingly.
However, the red anomalous zone allows reliably iden-
tifying the defect, which is located at down to 8.0 mm
depth. Moreover, the position of the defect lower edge is
clearly visible, which for the deepest-lying defect corre-
sponds to 13 mm distance from the surface.

The given results are indicative of the principal
possibility of quantitative eddy current evaluation
with assessment of the detected defect parameters,
based on tomographic approaches. Moreover, the
great depth of testing using ECP of MDF 1201 type
was confirmed.

Conclusions

1. A brief review of nondestructive methods of com-
puter tomography is given, based on different phys-
ical phenomena, as an effective technique to solve
numerous NDE problems in the context of NDE 4.0
revolution.

2. ECT principle and experimental set-up are pre-
sented for reconstruction of tomographic images, re-
lated to distribution of material electric conductivity.

3. Two ECP types were used for investigations: the
first is a traditional ECP of absolute type with a coax-
ial sensing and driving windings, and the second is a
low-frequency ECP of double differentiation.

4. ECT studies were performed on a two-layer
specimen that consists of two plates of an aluminium
alloy with rivets and 2 mm cracklike defects. A set
of vertical slices (orthogonal relative to the inspect-
ed surface) were obtained for the riveted joint, which
demonstrated ECT effectiveness. Tomographic im-
ages of horizontal slices at different depth were also
analyzed.

5. Reconstruction of vertical tomographic slices
with application of ECP of double differentiation was
performed, using a multilayered structure, which con-
sisted of an upper skin 0-8 mm thick and cracklike
defects in the lower layer. Obtained results showed
the great inspection depth at application of ECP of
this type and possibility of assessment of the size of
the detected defect and its distance to the inspected
surface.

6. Application of ECT principles will allow raising
the eddy current evaluation to a fundamentally new
level. Resuming ECT investigations and develop-
ments can be regarded as a national priority.
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