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Abstract: This paper proposes the study and implementation of a sensor with a metamaterial
(MM) lens in electromagnetic nondestructive evaluation (eNDE). Thus, the use of a new
type of MM, named Conical Swiss Rolls (CSR) has been proposed. These structures can
serve as electromagnetic flux concentrators in the radiofrequency range. As a direct
application, plates of composite materials with carbon fibers woven as reinforcement and
polyphenylene sulphide as matrix with delaminations due to low energy impacts were
examined. The evaluation method is based on the appearance of evanescent modes in the
space between carbon fibers when the sample is excited with a transversal magnetic along z
axis (TMz) polarized electromagnetic field. The MM lens allows the transmission and
intensification of evanescent waves. The characteristics of carbon fibers woven structure
became visible and delaminations are clearly emphasized. The flaws can be localized with
spatial resolution better than A/2000.
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1. Introduction

In the past several decades, a number of nondestructive evaluation (NDE) techniques have been
developed for detecting effect of damages/embedded objects in inhomogeneous media. Carbon fiber
reinforced plastics (CFRP) are widely used in aeronautical industry [1,2] in flaps, ailerons, landing-gear
doors, etc. Additionally, fiber reinforced polymer composites (FRPC) can be used in other areas like
home construction, and naval, automotive and sport industry applications [3].

FRPC are classified, in general, as advanced and present continuous fiber reinforcement (for example,
carbon, glass or aramide) of high modulus or high strength embedded in a thermoset or thermoplastic
polymeric matrix. The appropriate performance of these composites during use is mainly related to their
mechanical properties and thermal resistance as a result of the adequate combination of reinforcement
(tapes or fabrics), polymeric matrix and processing techniques [3]. Polymeric composites reinforced
with carbon reinforcements show mechanical properties similar or higher than those of conventional
metallic materials, because an advanced polymeric composite presents high strength-to-weight and
stiffness-to-weight ratios [4]. In addition, FRPC presents higher fatigue strength and higher corrosion
resistance. Among the polymeric matrices, polyphenylene sulfide (PPS) is a versatile material that gives
extruded and molded components the ability to meet exceptionally demanding criteria. Synthetic fibers
and textiles derived from this polymer are known to resist chemical and thermal attack and the gas
released due to ignition of matrix is substantially low [5], the effect of water absorption is reduced.

FRPC is being used in aerospace applications, because they have the required mechanical strength,
chemical resistance and service temperature [6]. In order to be efficiently used, the polymer matrix of
these composites must maintain its properties. Due to this reason, the FRPCs’ producers recommend a
specific temperature interval in which the composite can function as designed. During the use of these
composite structures, the maximum temperature can locally exceed certain values. This situation can
take place in the case of structures used in aeronautics. Here, involving NDE methods is crucial to detect
and emphasize these regions. The shape of defects in composites is very often different from those
typically formed in metallic materials and therefore fracture mechanisms are much more complex due
to the heterogeneous nature of composites [7]. Damage detection is a primary concern in composite
structures, because damage can be hidden within the structure. Damage can include matrix cracking,
fiber breakage and delamination, which can be caused by impacts, fatigue or overloading. The specific
delaminations of FPRC due to impacts, even at low energies, or overloading of the structure can be
detected by ultrasound procedures such as acoustic microscopy [8] and by different electromagnetic
methods [9—-11] these techniques allow the detection of flaws at depths up to six layers, including the
possibility to obtain better resolution at test frequency [12]. When the composite gets elastically
deformed local alteration of the electric conductivity occurs. At the same time, debonding on small zones
of reinforcing fibers from the resin matrix can appear. For high-energy impacts, the local deformation
results in delamination, deviation and/or breaking of carbon fibers. In this case, local modification of the
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electric conductivity occurs, which can be detected by electromagnetic nondestructive evaluation
(eNDE) [13-16] and the debonding of carbon fibers from the resin matrix can be detected by these
methods [17]. The delamination can also be clearly detected by means of other nondestructive methods,
such as shearography and active thermography [18,19]. Visible damages can be clearly detected and
repairing can be made in order to maintain structural integrity. But, a major problem consists is the
growth of undetected, hidden damages caused by low velocity impacts. These damages are known in
aerospace applications as Barely Visible Impact Damages (BVID) [20].

Irrespective of the evaluation methods utilized, the examination procedures should be effective,
secure and should introduce no ambiguities and should be conducted at the highest possible control
speed. Modern technologies of fabrication involve the use of new materials such as composites at large
scale. This imposes developing of NDE techniques in order to reach performances required by
the design.

The NDE of materials consists of the application of a physical field to the examined object and
evaluating the interaction between the field and the eventual material discontinuities. If the physical field
applied to the examined object is an electromagnetic field with frequencies ranging in interval tens of
Hz to tens of GHz, the procedure is eNDE. This is applied to the examined having high conductivity, in
which, under the action of electromagnetic incident field, eddy currents are induced, according to
Faraday’s law [21]. The induced currents create a secondary electromagnetic field opposing the incident
one. The presence of material inhomogeneities (voids, inclusions, cracks, with lower electrical
conductivity) will disturb induced eddy currents and will change the apparent impedance of sensors.

At this time, eNDE of FRPC is carried out by using eddy current sensors with ferrite core
probes [22,23] or pancake coils [24], with and without shielding and metamaterial (MM) sensors used
for improvement of electromagnetic image quality of microscopic discontinuities in conductive pieces
as FRPC composites as well as metallic strip gratings from flexible printed circuits can be made using
evanescent modes generated in slits, in spaces between carbon fibers and respectively in cracks [25].

For relatively small frequencies, (<1 GHz), the incident electromagnetic field is created by a coil
crossed by an alternative electric current [26] or pulsed currents [27], the detection of electromagnetic
fields created by the secondary source being achieved by using coils of different shapes [28]. For low
frequencies, the detection of the secondary electromagnetic field can be obtained with sensors with Hall
effect and GMR sensors or SQUID [29].

In all cases it is understood that the signal to noise ratio is larger at detection for this is necessary to
maintain the smallest lift-off (=distance between the sensor and surface to be examined) possible. Lord
Rayleigh advanced an approach to diffraction calculation in his solution to wave scattering from a
reflecting grating [30] when the size or periodicity of diffracting object becomes comparable to or
smaller than the wavelength of the incident electromagnetic wave. This is obtained working in the near
field [31] due to the fact that the generated and scattered electromagnetic waves are evanescent (=waves
that are rapidly attenuated with distance [32]) and are difficult to be focalized using classical materials.

Loss-free metamaterials cannot be achieved, but with finite loss, imaging with sub-wavelength
resolution can be achieved [33]. Working in the very near field, the electric and magnetic fields are
essentially decoupled, so that a “poor-man’s perfect lens” can be made, in which a material with
g = —1 acts on the electric field, or with pes = —1 acts on the magnetic field. These two cases have
been demonstrated using silver in the visible spectrum to achieve electric field imaging with A/6
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resolution [34,35] and using a classical Swiss roll medium in radiofrequency regime to image magnetic
objects with resolution of A/64 [36], the maximum resolution being limited by the metamaterial’s
losses [33].

This paper presents a possibility to enhance the spatial resolution of eNDE methods that operate at
frequencies of tens to hundreds of MHz using a sensor with a metamaterial lens constructed from
two conical Swiss rolls. The possibility to manipulate the evanescent waves that appear in the space
between carbon fibers allow for an improvement of the spatial resolution to at least A/2000, exceeding
the limit imposed by diffraction.

2. Electromagnetic Sensor with Metamaterial Lens
2.1. Theoretical Principles
2.1.1. Constitutive Parameters of Conical Swiss Rolls

The electromagnetic sensor used in the eddy current microscopy must be an absolute
send-receiver-type [37]. The field generated by the emission part of the sensor must be as focused as
possible for frequencies in the range of tens of MHz, where the ferrites have a diminished relative
permeability and great losses. The scattered field must be also focused such that it can be detected by
the reception part of the sensor. Recently, NDE technologies based on MM sensors have attracted
significant attention from the UHF to optical frequencies because of their cost-efficiency and better
performance than traditional structures, due to their unique structural properties (high Q factors
compared to the spiral structures, they can be embedded in the tested material and can assure structural
monitoring at microscopic level [38,39]).

The MM [40,41] can provide an engineered response to the electromagnetic radiation that is not
available in naturally occurring materials. These are often defined as the structures of metallic and/or
dielectric elements, with periodic arrangements in three or two dimensions [41]. The size of the
structures is typically smaller than the free space wavelength of the incoming electromagnetic waves.
Nowadays, a multitude of MM structural elements type are known, conferring special electromagnetic
properties [42,43]. In function of the incident electromagnetic field frequency, the type and geometrical
shape, MM may have a high relative magnetic permeability either positive or negative [40]. These
properties strongly depend on the geometry of MM rather than their composition [42] and experimentally
demonstrated [43]. All researches reported until now, capitalize, in different manners the possibility to
realize perfect lens. The MM lenses assure the possibility to apply of electromagnetic MM in eNDE. For
a MM slab characterized by effective permittivity €.+ and effective magnetic permeability pes; the

=€ty (1)

refractive index is:

and the impedance is given by:

K,
Z= = 2)

Er

The relation between S parameters and effective refractive index n is given by [44,45]:
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The connection between € and p for a medium as well as the wave propagation through can be
categorized into four classes [46]. For double negative medium (DMG) when & = —1 and pes = —1,
the refractive index of MM slab is n = —1 [47] and the surface impedance Z = 1, such that there is no
mismatch and consequently no reflection on the interface slab-air. This metamaterial slab forms perfect
lens [46,48], and is focusing the electromagnetic field and also the evanescent waves. MM lenses are
lenses that, at working frequency, have either ey = —1 and then electric evanescent modes can be
manipulated, either pes = —1 and then the lens can focus magnetic evanescent modes [40].

2.1.2. Functioning Principle of a MM Lens Sensor

Electromagnetic sensors with MM lenses have been made in our case using conical Swiss rolls
(CSR) [49], the operation frequencies depending both by the constitutive parameters of MM as well as
by the polarization of the incident electromagnetic field (TEz or TMz). Figure 1 shows a sensor
with MM developed by us [50-52]. As shown in [49], the electrical evanescent modes can be
manipulated with a lens realized with CSR, functioning in the range of frequencies such that pes is
maximum. Moreover, working at frequency that assures pey = —1 for the same lens, the magnetic
evanescent modes can be focalized [31,32].

The principle scheme of the evanescent wave’s detection using a circular aperture with very small
diameter and MM lens, CSR type is shown in Figure 1. The detection principle is similar with the one
of near-field electromagnetic scanning microscopy (NFESM). NFSEM imaging is a sampling technique,
i.e., the sample (in our case FRPC) is probed point by point by raster scanning with the sensor over the
sample surface and recording for energy image pixel a corresponding electromagnetic signature. The
reception coil functions as a detection antenna, converting localized energy into an electromotive force.
The focal distance of the lens using a MM is [49]:

f=l (5)

where [ is the height of a CSR. The functioning of the entire detection system can be described using
Fourier optics [53,54].
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Figure 1. Schematic representation of the Sensor with MM lens.

Considering the FRPC as illuminated with a plane wave, TMz polarized, at normal incidence,
the magnetic field being parallel with the y axis such that Hx = Hz = 0 and Hy # 0, in the very near field,
evanescent wave can appear between carbon fibers similar with metallic strip gratings [31,52] and the
eigenmodes between the carbon fibers playing the role of object for the detection system from Figure 1.
These waves can be manipulated using this type of electromagnetic sensor with MM lens.

The circular aperture with d diameter is introduced with the pupil function P(x, y) defined as:

1 x*+y*<d’

P(x,y)=

(x.) {0 otherwise ©)

At the output of the detection system, the image /(x’, y’) of the object O(x, y) is given by [46]:

' 2 ' 2
1w | M=) -n)) k(x2+7)
I(x,y)= exp|i P(x,y)exp|i———— |X
(x,») VddL££ p 2 (oy)exp| i
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2d,
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where f'is the focal distance of the lens equal with the height of CSR, A is the wavelength in vacuum,
k=2m/\ is the wave number, d, = R+/ is the distance from the object to the center of the lens, d, =/
is the distance from the center of the lens to the detecting coil.

If we consider an electromagnetic sensor with MM lens having /= / = 55 mm, in front of which a
conductive screen having a circular aperture with diameter d = 100 pm is placed, the effective
permeability of the lens presents a maximum at 105 MHz (Figure 2). The frequency range for which
the effective permeability is negative is extremely narrow, as observed in Figure 2. The effective
permeability and permittivity can be determined by measuring reflection and transmission coefficients
for normal incidence of the electromagnetic wave to material slab [55]:
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when R and T are reflection and respective transmission coefficient.
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Figure 2. The frequency dependence of effective permeability of conical Swiss roll.

222, 22 : - - o 22 g2 72
If k° >k, +k, , the electromagnetic wave is a propagating plane wave, and if k° <k_+k ,

the electromagnetic wave is an evanescent wave, being rapidly damped along z axis. Consider the
propagation nearly parallel to the z axis, (paraxial approximation), situation in which the operation mode
of the metamaterial lens can be explained using Fourier optics principles [53].

According to [31], the field in focal plane is:

sin[k” —k, x) sin(k” —k, yj
H (x,y.2,+21) =i2°e’{ 2] 2 2 ©)
T x y

where zo = R (Figure 1a) with R <<\, Ho is amplitude of incident magnetic field.

Circular aperture made from perfect electric conductor PEC material is used in order to obtain
relatively uniform angular spectrum due to the scattering on this aperture, assuring paraxial
incident beam.

The diameter of focal spot provided by MM lens is given by [53]:

4m
k—k (10)

a

D=

and is equal with the diameter of the small basis of the conical Swiss roll, i.e., 3.2 mm. The MM lens
with CSR will be displaced along the x-axis (Figure 1). From this reason &, = 0 and inserting this value
in Equation (10), k» is obtained and the field in focal plane is calculated as in Equation (9).
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2.2. Physical Realization of MM Lens Sensor

The MM lens has been realized with two CSRs having a large basis face to face (Figure 1). A CSR
consists of a number of spiral wound layers of an insulated conductor on a conical mandrel. CSRs are
tuned at 105 MHz frequency. The geometrical parameters of CSR are 20 mm base diameter, 3.2 mm top
diameter, the aperture angle 20°, height of 55 mm and 3 turns made from 18 pum thickness copper foil
adhesiveless laminated with 12 um thickness polyimide foil (LONGLITE™200 produced by Rogers
Corporation (Connecticut, CT, USA), in order to decrease the losses at high frequencies (Figure 3). The
Swiss rolls act like MM allowing the transmission of the evanescent waves from the region between
carbon fibers towards the reception coil placed in the focal image point, converting the localized energy
in electromotive force (e.m.f.).

The incident field is generated by a one-turn rectangular coil, having 35 X 70 mm, using a Cu wire
with 1 mm diameter. The reception coil has one turn with 3 mm average diameter made of Cu wire with
1 mm diameter. In Figure 2 was present the dependency by frequency of the effective magnetic
permeability of the lens used for manipulation of evanescent waves. It can be observed that the effective
magnetic permeability of the lens became high for a certain frequency range and it becomes negative for
other frequency range. At a resonance frequency of 105 MHz, the relative magnetic permeability is 24.

Figure 3. Design of device for testing.

The dependency of frequency for the effective magnetic permeability of a CSR has been determined
measuring the S parameters (Si1 and S21) and applying the effective medium method [56,57] using a
4395A Network/Spectrum/Impedance Analyzer Agilent (Agilent Technologies, Santa Clara, CA, USA)
coupled with an Agilent 87511A S Parameters Test kit . The dependence by frequency of impedance of
CSR given by S parameters [57] in Equation (4a) is presented in Figure 4.
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Figure 4. The dependency by frequency of CSR impedance.

The spatial resolution of the system (= the distance between two distinctively visible points) was
verified on a test block made from Plexiglas of 8§ mm thickness [49], containing in its center a 1 mm
diameter borehole in which a copper cylinder was inserted, by simulation (Figure 5a) as well as by
experimental measurement of the value of e.m.f. from scattering on the base of the Cu cylinder (Figure 5b).
The Cu cylinder can be considered as a point scatterer so that the response of the electromagnetic system
at the scanning of the region which contains the scatterer represents the point spreading function for the
sensor with the MM lens [53].

Figure 5. Point spread function for MM lens: (a) calculated; (b) measured.

The Plexiglas plate with the Cu cylinder are displaced with a XY displacement system Newmark
Systems Inc. (Santa Margarita, CA, USA), in front of the sensor with the MM lens, maintained in a fixed
position. The scanning step was 0.25 mm in both directions. In order to maximize the value of effective
magnetic permeability of MM lens, the working frequency used in measurements with the Agilent
4395A Network/Spectrum/Impedance Analyzer was 105 MHz. Super resolution is obtained due to the
manipulation of evanescent waves using the MM lens, reaching a value of approximately A/2000.
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3. Studied Samples and Experimental Set-Up

The study involved quasi-isotropic FRPC plates made by Tencate (Almelo, The Netherlands) [5],
having 150 x 100 x 4.2 mm?®, containing 12 layers of five harness satin carbon fibers woven with
balanced woven fabric [58]. The matrix is made of polyphenylene sulphide (PPS), a thermoplastic
polymer consisting of aromatic rings linked with sulphide moieties, resistant to chemical and thermal
attack, and the amount of gas released due to matrix ignition is substantially low. The carbon fibers are
T300JB type and their volume is 0.5 + 0.03 and the density is 1460 kg/m°.

Figure 6 presents the studied samples and the layout of five harness satin woven of carbon fibers. The
plates were subjected to impacts with energies of 2, 4, 6, 8, 10 and 12 J. The composite plates exhibit
electric properties that depend on the type of carbon fibers and on their volume fraction in the material,
having the transverse electric conductivity between 10 S/m and 100 S/m and longitudinal conductivity
ranging between 5 x 10> S/m and 5 x 10* S/m. The samples were impacted using a FRACTOVIS PLUS
9350-CEAST instrument (Instron, Norwood, MA, USA) with a hemispherical bumper head having 20
mm diameter and 2.045 kg weight, in order to induce delaminations. The impact data were recorded with
a DAS16000 acquisition system (Instron) with a sampling frequency of 1 MHz [59]. For higher energy
impacts, local deformations result in delamination propagation, deviation and/or breaking of the carbon
fibers. In both cases, the modification of local conductivity allows the damage detection using
electromagnetic methods [60]. Typical records of force vs. time during impact can give information
about the CFRP status (delaminated or not) [61]. Thus, only plates that show delamination were used in
the study, meaning the plates impacted with 6 J, 8 J, 10 J and 12 J.

(b)

Figure 6. Studied samples: (a) Photo; (b) SHS woven layout.

In Figure 7, images of both the plate faces impacted with 12 J energy are presented. Monitoring the
strain in the transverse direction of FRPC in a laminate configuration is indeed an essential issue. In such
structures, reinforcement fibers enhance the mechanical strength of composite in the plane of the
structure but they suffer from fragility in the transverse direction.
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(b)

Figure 7. Sample impacted with 12 J energy: (a) front side; (b) back side—inset: breaking
of fibers.

The carbon fibers of FRPC need to be “illuminated” with a TMz wave to obtain the evanescent waves.
The control of the distance between the surface of the plate and the conductive screen with circular
aperture is important for an improvement of the spatial resolution. According to [50], the manipulation
of evanescent waves can be performed with a MM lens. A conductive screen with a circular aperture
having a diameter d = 100 um was placed near the focal point at a distance of 75 um from the surface to
be inspected, which modifies the transmission through the lens and improves its quality without reducing
the value of the S21 parameter considerably.

The composite plates were fixed on a Newmark X-Y displacement system that assures the
displacement in plan with £10 um precision and rotation with £2”. That assures the scanning of
60 x 60 mm? with 1 mm steps in both directions. Electromagnetic inspection was made with sensors
with MM lenses, the frequency control is 105 MHz and the distance from the bottom of the sensor,
represented by the circular aperture to the surface to be inspected, is 75 um. Once the level of noise was
estimated, the optimal signal processing method is started. The scanning, the measurements, the
acquisition and the processing of data were commanded by a PC using programs developed in Matlab
2011b. The performances of the sensor with MM were verified using the same mock-up used in [49].

The signal are generated and processed by the 4395A Agilent Impedance/Spectrum/Analyzer coupled
through IEEE 488 interfaces with a PC which controls the displacement system. To obtain a superior
resolution, in front of the sensor with MM lens a circular aperture has been used (according to Section 2
presented above).

4. Experimental Results

At the scanning of the selected region of sample, the image delivered by the assembly
sensor-equipment is amplified. This is due to the diffraction on the aperture of the evanescent waves
generated by scattering on the woven carbon fibers. This assure that the structure of woven carbon fibers
became clearly visible. Considering an object placed in the plane z = 0 and described by the function
fo(x, v), at passing through an aperture, in the case of Fresnel diffraction (i.e., when the aperture is close
to the object), the image obtained at the distance z from the object will be fz(x, ) and can be calculated
using the algorithm presented in Figure 8, according to the principle of Fourier optics [54]:
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Figure 8. The image through an aperture due Fresnel diffraction.

To ensure that fz(x, y) might represent exactly the figure of Fresnel diffraction through the radius
aperture, between the Fourier variables and the spatial ones there must exist the relation:

a’u= 2a (11)
Ndx,
2a

dv =

"= My, (12)

where N and M represent the maximum number of measurement points along the x and y directions and
dxo and dyo are the scanning steps along the x and y directions, respectively.

Inverting the operation from Figure 8, the object fo(x, y) can be determined knowing the diffraction
figure £(x, y). The measurements effected with the aperture make the recorded signals represent f:(x, y).
Applying the procedure described above, the shape of the object that scatters the electromagnetic field
created by the emission coil can be determined.
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Figure 9. The measured signal delivered by the electromagnetic sensors with MM lens at
scanning of composite FRPC quasi-isoptropic in plane samples impacted with 6 J energy
(a) amplitude; (b) phase.

From the mechanics of composite materials it is known that due to an impact normal to the surface
of the composite, delaminations can appear, whose shapes are approximately concave, a fact visible in
Figure 9a. Therefore, the area of the delaminated surface can be determined, making the method effective
for the examination of FRPC. In Figure 9a,b we show the information regarding the amplitude and
phase for the signal induced in the reception coil of the sensor by the scanning of a region
60 x 60 mm? of the composite, which contains a delamination following an impact of 6 J energy. On the
border of the electromagnetic image, the structure of the woven fabric can be observed, while in the
central zone, the delaminated region is emphasized.
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Analyzing the phase information for composites impacted with the energies between 6 J and 12 J,
these are completely changed compared to the non-impacted composite. The layout of the carbon fibers
cannot be observed from the phase information but an important modification of the phase of e.m.f.

induced in the reception coil can be seen and is presented below.
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Figure 10. The measured signal delivered by the electromagnetic sensors with MM lens at
scanning of composite FRPC quasi-isoptropic in plane samples impacted with 8 J, 10 J and
12 J energy (a) amplitude; (b) phase.

The method presents the advantage of giving in one representation both the information about
amplitude and phase obtained from the sensor. This zone becomes electromagnetically detectable due to
the modification of the electrical conductivity on the transversal direction to the woven fabric plane as

consequence of the impact.
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Figure 10 presents the signal given by the same sensor at the scanning of a region of composite which
contains a delamination due to 8 J, 10 J and 12 J energy impact. Examining Figures 9 and 10, it can be
observed that for impacts with energies equal to 6 J and higher, the energy absorbed by the composite
increases with the increasing impact energy, so the area of delamination increases in the same manner.
It 1s visible that plastic deformations appear in the region of impact that lead to an increasing electrical
conductivity of the area. Fibers in electrical contact, debonding of fibers from matrix can appear as
consequences of the mechanical strength of the structures made from this composite.

eNDE using sensors with MM lenses is an emerging ND technique which combines the advantages
of conventional eddy current testing and evanescent waves detection giving a higher resolution than
eddy current. Our results aim to identify the location and approximate the dimensions of the damage in
future work.

5. Conclusions

In order to detect the intensification of evanescent waves, a MM lens was developed using CSR for
which an optimal working frequency was chosen so that the magnetic permeability shall be maximum
and it also concentrates the magnetic flux in the radiofrequency domain, without being disturbed by a
continuous intense magnetic field. The constitutive parameters of MM are determined using S parameters.
A special attention is granted to MM lenses based on conical Swiss rolls configurations, for an optimal
frequency which assures the concentration of the incident electromagnetic field and the evanescent
waves can be effectively manipulated.

The performances of the electromagnetic sensors with MM lens can be improved, regarding the
sensitivity and the spatial resolution, using the evanescent wave that can appear in the space between
carbon fibers as FRPC composite structures excited with a plane TMz polarized electromagnetic wave.

This type of sensor allows one to obtain information about the amplitude and phase of signals induced
in the reception coil of sensor while scanning a region of composite which contains a delamination and
about local modifications of the transverse electric conductivity in FRPC materials, as the results of
impact. In this way, the possibility to evaluate the state of the woven fabric and the damages due to
impacts with different energies can be substantially improved.

The delamination with low energies is netly visible from the signal due to the woven fabric structure,
the energy absorbed by the composite increases with the increase of the impact energy, so the area of
the delamination increases in the same manner. The use of evanescent waves and lenses with
metamaterials allows increasing the spatial resolution, due to the possibility of manipulating the
evanescent waves, by approximately A/2000.
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