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Abstract: In this paper damage assessment based on guided elastic wave propagation phenomenon is presented.
Guided waves are generated by piezoelectric transducer and registered by scanning laser doppler vibrometer
(SLDV). Signal processing is based on the analysis of full wavefield measurements gathered from dense mesh of
measurement points spanned over area of investigated samples. Full wavefield measurement approach allows crea-
tion of animations presenting the guided wave propagation in the structure. Moreover such approach is suitable for
analysis of interaction of guided waves with discontinuities located in structure. In the research attention is paid es-
pecially on analysis of phenomenon of S0/A0" guided wave mode conversion due to interaction with investigated
discontinuities-teflon inserts and impact damage. The presented work is related to glass fibre reinforced polymer
(GFRP) samples. In the research, auxiliary non-destructive testing (NDT) method is also utilized. The aim of
this method is to indicate the depth of discontinuity, and to prove that delamination was created in the case of im-
pact damage. Auxiliary method is based on terahertz spectroscopy (THz) where the analysis of propagation of e-
lectromagnetic waves in the terahertz band is conducted. THz spectroscopy method can be utilized for damage as-
sessment in the dielectric materials like GFRP.
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0 Introduction

Composite structures are more and more uti-
lized in different branches of industry. Nowadays
structures are made from various fibre reinforced
polymer (FRP) composite materials. Thus, the
up-to-date non-destructive testing (NDT) tech-
niques should handle with the wide range of these
materials and potential defect types that could oc-
cur in such materials. Typical damage in compos-
ite are matrix cracking and delamination caused
by impact™?! but attention should also be focused
on such problems like the performance of struc-
tural bonds, moisture content or thermal degra-
dation.

There are many NDT techniques that can be

utilized for damage detection and localization in
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FRP materials. Several NDT techniques like ul-
trasound testing (UT)™, active infrared ther-
), X-ray tomo-

mography'®, eddy currents

[4]

5

graphy'™, terahertz spectroscopy® and guided
waves based"™ have been utilized in the literature.
In addition to damage detection, another impor-
tant problem that needs to be addressed is the de-
tection of reduced mechanical performance of
bonded joints in composite materials. For this
purpose, research is conducted towards develop-
ment of extended NDT (ENDT) methods'.

The mechanical performance of adhesive
bonds in composite structures depends strictly on
the properties of the surfaces to be joined. Im-
proper preparation of the adherents may lead to

creation of weak bond that are not able to carry

the desired load. Therefore, a reliable tool is cru-
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cial to characterize and assure the quality of the
surface prepared for bonding as well as bonded
joints,

One such promising ENDT method for sur-
face assessment is the technique based on elec-

8]

tronic nose- Beside the problem of surface as-

sessment, the important task is to assess the

bonded

structures. The example of these techniques are
[9]

structural performance of composite

electromechanical impedance™” and laser-induced

shock waves'*,

Another popular methods that assess the
state of the structure in real time are called struc-
tural health monitoring (SHM). In this approach
a network of transducers (actuators and/or sen-
sors) permanently installed on investigated struc-
ture is utilized. The aim of the network is to ex-
cite and sense diagnostic signals (active system)
or only to listen to signals by the sensors (passive
system). Ref.[11] utilized sensor network of pi-
ezoelectric transducers for impact detection, and
employed Bayesian updating and Kalman filter in
order to isolate the influence of changing opera-
tional condition. Passive SHM systems are also
based on fibre Bragg grating (FBG) strain sen-
sors. Ref. [12] utilized FBG sensors for strain
sensing in wire steel strand structure. Results of
numerical research related to active SHM system
for detection of corrosion in pipes were presented
in Ref. [13]. Ref. [ 14 ] presented experimental
results related to active structural assessment
system for pipes, and investigated cases with dif-
ferent fluids transported through the pipe.

Guided wave propagation method can be used
in SHM when piezoelectric transducers are uti-
lized for elastic wave generation and sensing pur-
poses. This method could be used also as NDT
technique when non-contact measurements are
conducted using laser scanning vibrometer and the
guided wave excitation is realized using piezoelec-
tric transducer.

In this paper, we utilize NDT approach based
on analysis of full wavefield registered by scan-
ning laser doppler vibrometry (SLDV). We focus

on interactions of elastic waves with discontinui-

ties in the form of simulated delamination (teflon
insert) and impact on delamination. We also em-
phasize guided wave mode conversion SO/A0’ that
occurs at the discontinuity location.

Full wavefield measurement approach based
on SLDV allows visualization and analysis of
guided wave propagation in complex structures.
Beside this, detailed analysis of GW propagation
in frequency-wavenumber domain for the damage
Refs. [15,16 ] pro-

posed damage detection approach based on local

detection can be performed™.

wavenumber analysis. Ref. [17] proposed appli-
cation of scanning spatial-wave number filter for
damage detection in composite aerospace struc-
ture. In this case, instead of full wavefield ap-
proach, point-wise measurement approach solely
based on piezoelectric transducers was proposed.
Ref. [ 18] investigated problem of damage detec-
tion in composite aerospace structures. The au-
thors proposed damage detection algorithm based
on Gaussian mixture model-based path-synthesis
accumulation imaging which was tested under the
temperature variation. Ref. [19] proposed prob-
lem of barely visible impact damage detection
based on evaluating changes in group velocity and
amplitude (wave attenuation). Ref. [17 ] utilized
spatial-wave number filter for online characteriza-
tion of multi-impact in aircraft composite struc-
tures. Refs.[16,20] investigated problem of de-
lamination localization using full wavefield ap-
proach. Refs. [21-23] focused on wave trapping
effect in the delaminated region. SLDV technique
was also utilized for analysis of mode conversion

24 This phenomenon was also in-

phenomenon
vestigated in composite structures where S0/A0’
mode conversion due to interaction of SO mode
with delamination was observed™®?. Ref. [25] al-
so presented numerical results based on spectral
element method (SEM). Simulations of guided
wave propagation that take into account problem
of mode conversion were also conducted by Ref.
[ 26 ] using conventional finite element method
(FEM). This phenomenon was also investigated

in composite structures where S0/A0’ mode con-

version due to interaction of SO mode with delam-
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ination was observed™®. Ref. [27] also utilized
mode conversion phenomenon for damage detec-
tion, and employed 3D full wavefield measure-
ments based on scanning laser vibrometer with
mode conversion effect as an indicator of damage.

In this paper, we investigated interactions of
elastic guided waves with simulated delaminations
(teflon inserts) and impact damage. We also
present results of application of auxiliary NDT
method based on THz spectroscopy. The aim of
application of THz spectroscopy is to indicate
depth where discontinuity locates, and to prove

the presence of delamination.

1 Measurement Set-up

Experimental research was related to GFRP
samples in the form of panels with dimensions
500 mm X 500 mm and thickness 1.5 mm. Each
panel consisted of twelve layers of VV192T/202
IMP503 prepregs with orientations: [0/90/0/90/
0/90]s. At the manufacturing stage of each sam-
ple, teflon inserts were located between different
layers of prepreg. In sample No. 1, four circular
teflon inserts T1—T4 (each with a diameter of 20
mm) were located at different depths and angles
45°/—45°(Fig. 1(a)). In sample No. 2, four cir-
cular teflon inserts T1—T4 (each with diameter
20 mm) were located at different depths and an-
gles 0°/90°(Fig. 1(b)). In sample No. 3, four cir-
cular teflon inserts T1—T4 (each with a diameter
of 10 mm) were located same as those in sample
No. 2.

No. 3, different cases of impact damage were in

However, after manufacturing sample

duced additionally. In the first step, four im-
pacts, denoted as I11—14 (Fig. 2), at different lo-
cations and with different energies were made.
Impact energies 11—14 were equal to 2.5, 5, 10
and 15 J. In the next step, nine additional im-
pacts were made near the top edge of the plate
(Fig. 2). In this case, impacts had different ener-
gies ranging from 1 J up to 15 J (Fig. 2). View of
sample No. 3 is presented in Fig. 3.

Guided waves were excited by piezoelectric
transducer located in the middle of each sample,

on top sample surface (Figs. 1-—3).

PZT

T1

2
2

T4

(b) Sample No.2

Fig. 1 GFRP samples with different teflon insert locations

(a 20 mm diamater inserted)

157 127 8 4 1
14 103 6J 2]
PZT

T1
T3

Fig. 2 GFRP sample No. 3 with teflon inserts and impact

damage(a 10 mm diamater inserted)

Fig. 3 View of GFRP of or sample No. 3

Guided wave sensing process was conducted
in non-contact manner using 3D Polytec PSV-400
scanning laser vibrometer. Measurements were
taken at the bottom surface of each sample which
was covered additionally by retro reflective foil,
in order to enhance laser reflection. This allowed
reduction of the number of signals which would
be taken for averaging. Only one scanning laser
head of scanning laser vibrometer was utilized
(measurements were taken along laser beam ap-
proximating out-of-plane guided elastic wave ve-

locities ). Measurements were performed for



No. 2 Tomasz Wandowski, et al. Full Wavefield Analysis for Damage Assessment in--+ 267

dense mesh of points spanned over the area of in-

vestigated samples.

2 Results for Full Wavefield Analy-
sis

Fig. 4(a) shows the selected frame from ani-
mation of guided wave propagation in GFRP sam-
ple No. 1. In this sample, circular teflon inserts
with diameters of 20 mm were located in the man-
ner presented in Fig. 1(a). In this case, excita-
tion frequency was 200 kHz (tone burst excita-
tion, 5 cycles of sine modulated by Hann win-
dow). The aim of utilization of tone burst excita-
tion was to concentrate energy in narrow frequen-
cy band which allows reduction of elastic wave
dispersion effects. In Fig. 4 (a), propagation of
two fundamental modes, A0 and SO, can be no-
ticed. Modes can be distinguished by their differ-
ent wavelengths. Mode SO has longer wavelength
and higher velocity of propagation than A0 mode.
At the time of frame, as presented in Fig. 4(a),
SO mode reflects from the plate edges. Moreover,
in this frame, symmetric SO mode converts to
A0" mode in the locations of teflon inserts T1—
T4. AO' denotes antisymmetric mode generated
after SO mode conversion. Intensity of S0/A0’
mode conversion could be characterized by ampli-
tude of generated A0' mode. It could be simply
noticed that intensity of SO/A0" mode conversion
depends on the depth at which teflon insert is lo-
cated. This intensity is the lowest for insert T4
located deepest in the relation to panel thickness,
compare to Fig. 1(a).

Fig. 4(b) shows the selected frame from ani-
mation of elastic waves in sample No. 2. In this
sample, teflon inserts with diameters of 20 mm
are located in the presented in
Fig. 1(b). In this frame, SO0/A0" mode conver-
sion due to interaction of SO mode with teflon in-
The amplitude of A0’

mode also depends on the depth at which insert is

manner as

serts is clearly visible.

located. Smallest amplitude of converted mode is
in the case of teflon insert T4 located near the

bottom surface of the sample.

(a) Sample No.1 (b) Sam

Fig.4 S0/A0’ mode conversion at teflon inserts in GFRP

samples(excitation frequency of 200 kHz)

Reflections of A0 mode from the teflon in-
serts in sample No. 1 (Fig. 5(a)) and No. 2 (Fig.
5(b)) are clearly visible. Reflections are caused
by difference in acoustic impedance of material of

panel and inserts.

(b) Sample No.2

(a) Sample No.1

Fig. 5 A0 mode reflections from teflon inserts in samples(

excitation frequency of 200 kHz)

Fig. 6 shows selected frames from animation
of waves propagation in sample No. 3 with smal-
ler diameter of teflon inserts (10 mm) and impact
damage. Locations of all investigated defects were
presented in Fig. 2 and Fig. 3. Excitation frequen-
cy was 100 kHz. In Fig. 6(a), SO mode due to in-
teraction with impact damage 13 and 14 (Fig. 2),
converts to antisymmetric mode denoted as A0’.

When the excitation frequency was 100 kHz,
mode conversion effect was not visible in the case
of remaining discontinuities in the sample de-
scribed in previous section (teflon inserts T1—T4
and impacts I1—12). However, in this case, S0/
A0’ mode conversion phenomenon was observed
additionally on the edges of plate. Characteristic
wavelength change could be observed after reflec-

tion of SO mode from the plate edges. A0’ mode
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(a) SO/A0’ mode conversion at
impact damage

(b) A0 mode reflection from
teflon inserts
Fig. 6 Elastic waves interaction with discontinuities in

sample No. 3(excitation frequency of 100 kHz)

with shorter wavelength propagates just after SO
edge reflected mode (Fig. 6(a)). This was caused
by slight thickness change just near the plate ed-
ges(defects from manufacturing process). Mode
conversion always occurs for non-symmetric dis-
continuities in respect to the wave-guide thickness
[25,28].

In Fig. 6 (b), reflections of A0 mode from
teflon inserts T1—T4 (see Fig. 2) can be seen.
This was caused by different acoustic impedance
of material of GFRP panel and material of insert.

Next, measurements of guided wave propa-
gation in sample No. 3 were performed with the
excitation frequency of 200 kHz. Results in the
form of subsequent frames taken from animation
of guided wave propagation were presented in
Fig. 7. Propagation of SO and A0 modes is clearly
visible in Fig. 7. Frame presented in Fig. 7 (a)
was taken at time instant in which SO mode
reached the plate edges and already has propaga-
ted through areas with teflon inserts T1—T4. In
this frame SO/A0" mode conversion resulted from
interaction of SO mode with teflon inserts can be
clearly visible.

Interestingly, SO/A0’ mode conversion oc-
curs also for teflon insert T3 which is located at
the middle of plate thickness, symmetrically in
respect to the thickness (Fig. 2). Mode conver-
sion occurs always in the region without symme-
try. Existence of damage/discontinuity always
destroys the symmetry of sample and results in
mode conversion®*

In Fig. 7(a), teflon insert T3 was located be-

(a) First frame (b) Second frame

(¢) Third frame

(d) Fourth frame

Fig. 7 Elastic waves interaction with discontinuities in

sample No. 3(excitation frequency of 200 kHz)

tween the sixth and the seventh layer, in the mid-
dle of the thickness (symmetry). Besides, mode
conversion SO/A0’ is still clearly visible. It could
be explained by the fact that in real conditions any
kind of introduced discontinuity always destroys
the symmetry.

In Fig. 7(b), SO mode reflects from the plate
edges. Moreover SO/A0" mode conversion in the
areas of impact 13 and 14 is clearly visible.

Effects of mode conversion are also visible in
the location of teflon inserts T1 and T2 and barely
visible in the case of T3.

Mode conversion can also be clearly noticed
on the left edge of the plate. This was caused by
change in thickness near the edge of the panel,
which was defect from the manufacturing
process. In Fig. 7(c¢) S0/A0" mode conversions on
the all plate edges can be noticed. Explanation of
this phenomenon was given previously., Moreover
mode conversion is visible in the areas of impacts
with energies 1 J—15 J, near the top edge of the
plate compared with that in Fig. 2. Teflon inserts
also caused reflections of A0 mode, which are vis-

ible in the same figure. In Fig. 7 (d), S0/A0’

mode conversion on the piezoelectric transducer
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placed in the middle of the plate could be also
seen. Piezoelectric transducer is breaking the
symmetry for the propagating waves and there-

fore causes mode conversion.

3 Weighted RMS Energy Maps

In this section guided wave signal processing
algorithm is presented. Aim of algorithm is to
visualize discontinuities location. Algorithm is
based on calculation of weighted root mean square
(WRMS) indicator for full wavefield measure-
ments of guided wave propagation. As conse-
quence of application of WRMS algorithm, ener-
gy distribution related to propagation of elastic
waves and its interaction with discontinuities in
the structure is obtained. In the WRMS algo-
rithm, weight factor is utilized for the aim of
compensation of guided wave damping in the in-

vestigated samples.

The WRMS indicator can be calculated as

@)

k

where £ is the sample number and the weighting
factor w, is defined as
wy =k" m=0 (2)
In Fig. 8(a) WRMS energy map for guided
wave propagation in sample No. 1, with coeffi-
cient m = 0. 65 and the excitation frequency 200
kHz is presented. In this map, location of point
where guided waves were excited in the middle
with the largest energy concentration is visible.
Moreover, locations of teflon inserts T1—T3
are clearly visible. Location of insert T4 is not
visible. Besides, circular shape of inserts could be
also noticed. In Fig. 8(b), such a map for sample
No. 2 is presented. In this case, locations of all
teflon inserts T1—T4 are clearly visible. Fig. 8
shows that sensitivity of damage assessment algo-
rithm for teflon inserts located at angles 0°/90° is
higher than for inserts located at angles 45°/
—45°, This is caused by orientation of reinforcing
fibres. In all the samples, reinforcing fibres are
located at angles 0°/90°. Energy of waves is
mainly distributed along these directions what is

clearly seen in Fig. 8. This effect was also noticed

(b) Sample No.2

Fig. 8 WRMS energy map (excitation frequency of 200
kHz and m=0. 65)

and discussed in Refs. [24, 25].

Fig. 9 presents WRMS energy maps for
guided wave propagation with an excitation fre-
quency of 100 kHz. Fig. 9 Ca), shows WRMS
map with m = 0. 05. Locations of teflon inserts
T1—T4 and impact damage 13 and 14 are clearly
visible in the areas where the change of energy
distribution occurs. This map does not indicate
location of impacts 11 and 12 as well as impacts
near the top edge of plate. Fig. 9 (b) shows
WRMS energy map with the coefficient m=0. 75.
In this case, stronger changes in guided wave en-
ergy distribution in locations of teflon inserts
T1—T4 and impact damage 13—I4 are visible.
However, energy map does not indicate locations
of impacts Il and 12 as well as impact near the

edge.

(a) m=0.05

Fig. 9 WRMS energy map for sample no. 3(excitation) fre-
quency 100 kHz

Fig. 10 (a) shows WRMS energy map with
the coefficient m = 0. 75. Point of guided wave
generation (in the middle) with the largest energy
concentration is visible. Moreover, locations of
four teflon inserts T1—T4 as well as impacts 13

and 14 are clearly visible. Intensity of elastic wave
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energy due to interaction of waves with teflon in-
serts depends on its location in respect to the
depth of plate. Similar effects were observed in
Ref. [25]. Beside, locations of impact damage, lo-

cated near the top edges, are visible.

(a) m=0.75

(b) m=0.85

Fig. 10 WRMS energy map for sample No. 3 with excita-
tion frequency of 100 kHz

Five locations of impacts with energies 15,
14, 12, 10, 8 J (counting from the left to the
right in Fig. 2) located near the top edge of plate
can be distinguished (Fig. 3).

Fig. 10(b) presents WRMS energy map with
the coefficient m=0. 85. Slight change of value of
coefficient m improved indications of location of
mentioned discontinuities. This coefficient could
be used for the control of the contrast of the ener-
gy map. Its value should be selected by the trial
error method in such a way to obtain good con-
trast of damage and referential part of the sam-
ple. It should be noticed that in this area, S0/A0’
mode conversion on piezoelectric transducer oc-
curs. This effect can also influence distribution of

guided wave energy.

4 Terahertz Spectroscopy

In this section, results from terahertz spec-
troscopy are presented. Measurements were con-
ducted using Teraview TPS Spectra 3000 spec-
trometer which generates impulses of electromag-
netic wave in frequency range from 0.1 up to 3
THz. Impulses were sent repeatedly and interac-
ted with the structure of GFRP sample and dis-
continuities inside it (teflon inserts and impact
damage). This non-contact measurement system

allows us to perform measurements in reflection

and transmission modes. Results presented in
this paper were based on reflection measurements
only. Reflection mode is more feasible for analy-
zing real structures where access to the structure
is very often limited to only one side.

THz spectroscopy is based on analysis of
propagation of electromagnetic waves in the tera-
hertz frequency band. In THz spectroscopy,
differences of values of real part of refractive in-
dexes n of interfaces of material and defect are
very important. Electromagnetic wave propaga-
ting in the material is reflected from interfaces
with different values of refractive indexes n.
Imaginary part of refractive index is related to
electromagnetic wave attenuation.

THz spectroscopy method can be utilized for
damage assessment in the dielectric materials,
like GFRP investigated here. Application of THz
technique for detection of delamination can be
found Refs. [1,5]. THz spectroscopy could also
be utilized in order to detect and locate the mois-
ture content in GFRP samples®’’. Besides, Ref.
[30 ] utilized this method for detecting illicit
drugs in mail. THz spectroscopy could be also u-
tilized for detcting explosive materials®"**/, Ref.
[33 ] utilized THZ spectroscopy for quality con-
trol and counterfeit detection in electronic compo-
nents.

As result of the THz spectroscopy, three
types of data are obtained: Single signal at one
point (A-scan), set of signals along a line (B-
scan) and set of signals in certain area (C-scan).
B-scan allows investigation of the material struc-
ture in vertical cross-section, e. g., location of
defect along the thickness, determination of de-
fect thickness and length. C-scan shows the hori-
zontal cross-section of material at certain depth,
e. g. » planar location of defects, its length and
width, shape of defect.

Fig. 11 shows example of THz signals called
A-scans. Signal in Fig. 11(a) was taken from the
referential area of sample No. 3 without any de-
fect. Two strong reflections of electromagnetic
wave can be distinguished From the top surface of

the sample (interface air/GFRP) at time 18 ps,
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(b) Material with teflon insert
Fig. 11 THz signals (A-scans) for GFRP sample

and from the bottom surface of sample (interface
GFRP/air) at 42 ps. Small reflections visible be-
tween two large peaks are related to reflection of
THz wave at interfaces of composite layers. Sig-
nal in the Fig. 11(b) was taken from area of sam-
ple No. 3 including teflon insert. Beside the two
reflections from top and bottom surface of the
sample, additional reflection from the teflon in-
sert can be noticed at 30 ps. This reflection was
caused by different values of real parts of refrac-
tive indexes n for GFRP material and teflon. In
the case of GFRP material, real part of refractive
=2 7, while as refractive index for tef-
lon, ny=1.437 Y,

These differences cause reflections of electro-

index ng

magnetic wave and allow to visualize location of
such a material discontinuity.

In Figs. 12(a—c) shows B-scans for the areas
of sample No. 3 around teflon inserts T2, T3 and
T4, respectively. Vertical cross-section of the
GFRP sample is visible. Clear bottom line is re-
lated to the top surface of the sample and reflec-
tion of THz wave from it, while as the top line is
related to the bottom surface of sample. This

large contrast at the edges of panel is related to

(c) T4

Fig. 12 B-scan for area with teflon inserts

different refractive indexes of GFRP material and
air. Locations of the teflon layer at different
depths are also clearly visible. In Fig. 12(b), B-
scan was created for teflon insert T3 located in
the middle of plate thickness (the same number of
composite layer above and below teflon). Howev-
er, even in this location, it is clearly visible that
there is no perfect symmetry in respect to the
thickness. This is source of guided wave mode
conversion SO/A0" visible in Fig. 7 (a) and dis-
cussed in section 2. Moreover layered structure of
GFRP sample is clearly visible, it is possible to
distinguish all layers of the sample.

In Figs. 13(a—c), B-scans for the areas of
intact GFRP sample no. 3 and areas around im-
pacts 13 and 14 are presented. In the case of intact
sample (Fig. 13(a)) the top and bottom surface of
sample as well as layered structure are visible.

In the case of impact I3 with 10 J, energy
difference in certain contrast between layers are
visible (almost in the middle of the sample thick-

ness). This contrast could be related to delamina-
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(b) Impact I3, 10 J

(c) Impact 14, 15 J

Fig. 13 B-scans

tion of material. Delaminated region could con-
tain air which could cause change in electromag-
netic wave propagation due to differences of re-
fractive indexes of GFRP and it. Moreover, de-
formation of the top and bottom surface due to
impact could be noticed. In the case of impact 14
with 15 J energy. there is no clear contrast visi-
ble. It looks like there is no delamination. Only
deformation of sample due to the impact force ap-
plied is clearly visible.

Results of THz spectroscopy in the form of
B-scans showed that impact damage could be a
source of delamination or only plastic deformation
of sample in the impacted region. In both cases,
symmetry of sample is not perfect and this is
source of elastic wave mode conversion SO/A0Q’

discussed in section 2.

5 Conclusions

In this paper, interactions of elastic guided
waves with discontinuities in the form of simula-

ted delaminations (teflon inserts) and real impact

damage were investigated. Teflon inserts, with
diameters of 10 and 20 mm, were located at dif-
ferent depths of composite panels. Different im-
pact energies ranging from 1 J to 15 J were also
investigated. Teflon inserts caused SO/A0" mode
conversions, even in the case when inserts was lo-
cated in the middle of the sample thickness. In-
tensity of SO/A0" mode depends on depth at
which inserts are located. Mode conversion S0/
AO' was also observed for the impact damage
with energies from 8 J to 15 J. Besides, mode
conversion was observed near plate edges (thick-
ness change) and at location of piezoelectric
transducer. In both cases, as well as for investi-
gated defects (teflon inserts, impact damage).
there was no symmetry in respect to the thickness
of the waveguide.

Damage localisation algorithm based on
WRMS energy of guided waves indicated location
of four investigated teflon inserts T1— T4 (a di-
ameter of 20 mm) when they were located at an-
gles 0°/90° the same like orientation of reinforcing
fibres. Problem with indication of location of T4
insert (located deepest) and placed at angle 45°
occurred. Sensitivity of algorithm for angles 45°/
—45° is lower than that for angles 0°/90° (the o-
rientation of reinforcing fibres). Locations of im-
pact damage I3 with energy 10 J and 14 (15 ]) for
the excitation frequencies 100 kHz and 200 kHz
were successfully found. Location of impacts 11
(2.5 ]) and 12 (5 ]J) were not indicated. In the
case of excitation frequency 200 kHz, locations of
additional impacts near the top plate edge (Figs.
2, 3) for the impact energies 8—15 ] were clearly
visible. Smallest energy of impact that can be de-
tected by elastic waves was 8 J. Contrast of refer-
ential to damage area in the WRMS maps can be
controlled by weighting factor m.

Moreover, THz spectroscopy was utilized as
auxiliary method to exhibit the real location of
teflon inserts and to prove that delamination was
created by the impact. Results showed that teflon
inserts were located at correct depth according to
the manufacturing specification. Moreover, even

for teflon insert located in the middle of the plate
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thickness, there is no ideal symmetry. This fact
caused A0/S0" elastic wave mode conversion. Im-
pact force caused mainly plastic deformation of
material without separation/delamination of lay-
ers. Only in the case of impact I3 (10 J) delami-

nation was detected.
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