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Abstract: Composite materials find increasing applications
in modern industry and transport. However, they may lose
desirable mechanical properties due to external mechan-
ical excitations, ultraviolet radiation, moisture penetra-
tion, or other factors. Therefore, an effective way to assess
the condition of materials is necessary. In this article, a
nondestructive evaluation of glass fiber-reinforced compo-
site subjected to five-stage static bending is presented. For
this reason, pulsed excitation terahertz imaging was uti-
lized, and a data processing/exploration scheme was pro-
posed. The proposed, novel approach consists of an efficient
data registration algorithm based on surface approximation
(for surface roughness and unevenness elimination) and a
parametrization scheme applied for the signals gained from
the time response of the glass fiber-reinforced polymer
layer. Obtained parameters enable the global description
of the evaluated material state and prediction of failure
effectively, even in the early stages of destruction.

Keywords: nondestructive testing, terahertz imaging, com-
posite materials, layered structures, deformation, bending

1 Introduction

Polymer composite materials are increasingly prevalent in
various structural applications due to their exceptional
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properties such as high strength-to-weight ratio and corro-
sion resistance. As these materials are subjected to mechan-
ical loads during service, it becomes critical to ensure their
structural integrity through efficient and accurate nondes-
tructive testing (NDT) methods. NDT techniques allow for
the assessment of internal states and the detection of poten-
tial defects without causing any damage to the material,
thus playing a vital role in maintaining safety and reliability.

Several NDT techniques are commonly employed for
evaluating polymer composites. Ultrasonic testing (UT) is
one of the most widely used methods, relying on the propaga-
tion of ultrasonic waves through the material. By analyzing
the reflections of these waves from internal discontinuities
or boundaries, UT can detect surface, subsurface, and
internal defects. This method is extensively used across
industries like aviation, energy, and metallurgy, particularly
for examining materials such as metals and polymer-based
composites [1-3].

Digital radiography (DR) is another effective NDT tech-
nique, providing enhanced defect detection through digital
imaging. Unlike traditional radiography, DR enables more
efficient and repeatable inspections, making it suitable for
applications in sectors like foundry, automotive, and avia-
tion [4,5].

Laser shearography offers a different approach by
using optical techniques to detect subsurface discontinu-
ities. It works by observing surface strain fields and is
particularly valued for its high efficiency and ease of auto-
mation, making it ideal for use in industries like automo-
tive and shipbuilding [6-10].

Thermography is also a significant NDT method, which
involves heating the composite material and analyzing the
resulting temperature distribution with thermal imaging cam-
eras. This technique can identify structural defects based on
thermal emissivity changes, though it often requires advanced
image processing to address surface heterogeneity [11-15].

Recently, terahertz (THz) imaging has gained attention
as a promising NDT technique for composite materials. The
THz region of the electromagnetic spectrum lies between
infrared radiation and microwaves [16,17]. THz waves can
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penetrate these materials with minimal attenuation, pro-
viding valuable insights into their internal structure. In
addition, THz radiation is nonionizing and safe for biolo-
gical tissues, broadening its potential applications [18,19].
In recent years, a significant effort has been made to
research the use of THz radiation in NDT of compo-
sites [20,21].

Despite the advantages, the high cost of THz imaging
equipment has limited its widespread use in industrial
settings. However, the technique’s ability to detect early-
stage damage and provide detailed information about the
internal state of materials makes it a valuable tool for
research and specific industrial applications.

In this article, the THz inspection will be utilized for
the nondestructive evaluation of gel-coated glass fiber
composite subjected to static bending.

2 Examined material and
measuring system

The subject of the study is the composite structure shown
in Figure 1. Part of it is a sandwich composite with a foam
spacer, while the external laminates are made of a compo-
site of glass fiber and polymer resin. The sandwich compo-
site transforms into a regular laminate, while the area of
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interest in this analysis is the area of the nonsandwich
laminate (located near the transition) where the highest
stresses and the probability of defect occurrence caused
by the sample bending process occur, as shown in Figure 1.

The sample was subjected to a five-stage static bending
process. It was assumed that five stages were the minimum
number that would allow us to notice both very small
changes at the beginning of the process and very advanced
damage (preventing further work of the element under any
mechanical load) at its end. The first stage indicates a non-
bending sample, while the fifth stage indicates a condition in
which there are visible delaminations and cracks in the
resin and delamination of the gel coat. Between individual
states, the deformation of the sample was increased and
then brought to its basic shape, in which configuration
THz measurements were performed. This procedure allows
for more uniform measurement conditions (in a flat sample,
the focus of the THz beam is at one depth, which is impos-
sible to maintain in a sample deformed by bending — for a
given sample, it allows for a uniform signal-to-noise ratio
and no blurring of the signal at other depths).

The nondestructive evaluation of MUT was performed
using the measuring system, shown in Figure 2. The main
element in this system is a time domain THz spectroscope
(THz TDS) TeraFlash pro of Toptica. The spectroscope and
the connected photoconductive antennas are responsible
for excitation and detection in the time domain of

gel coat

GFRP laminate

load

Figure 1: Photo and schematic view of the material under test (MUT) and its setup during deformation application.
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Figure 2: Photo of the measuring system.

picosecond electromagnetic field pulses. The antennas and
the system of four curved mirrors (Figure 3) constitute the
measuring head that is moved during the inspection.
The head allows measurement only in the reflection
mode - the THz beam is formed in such a way that after
passing through two input mirrors, there is a focal point at
the lowest point of the head. If there is a tested material at
this point, as a result of reflection, the beam is directed to
the system of output mirrors, the task of which is the best

reflector

Material under test Focal point

Figure 3: Simplified scheme of THz measuring head.
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possible coupling of the THz beam with the aperture of the
PCA - Rx receiving antenna (PCA - photoconductive
antenna). The measuring head is attached to the x—y posi-
tioning system enabling spatial scanning of the tested mate-
rial. Control of the measurement process, initial signal
processing, and visualization of results are carried out on
the measurement computer.

3 Material state assessment
algorithm and measurements
results

The evaluated material was successively scanned using the
system and procedures presented in the previous section.
Figure 4 shows an example of a B-scan signal obtained
from a single scan along the region of interest (ROI) in
the x direction, corresponding to stage 1 of the damage.
The beginning of the interaction of the THz pulse and
MUT is a straight line for ¢ = 150, resulting from the reflec-
tion of the pulse from the flat gel coat surface. It is also the
largest pulse in terms of amplitude, which results from the
largest difference between the characteristic impedances
of neighboring materials (air and gel coat). The reflection
from the gel coat/glass laminate boundary (tp = 280) is no
longer as uniform (due to the uneven surface of the lami-
nate covered with gel coat) and is no longer characterized
by such a large amplitude as before (due to the smaller
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Figure 4: Exemplary B-scan measurement result. Time delay is expressed
in time steps (1 time step = 78.125 fs; a whole range of time delay shown
in the vertical axis is 50 ps) and x position is expressed in space steps (1
space step = 0.25 mm; a whole range of position shown in the horizontal
axis is 17.5 mm).
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change in characteristic impedance of this boundary and
smaller energy of the interacting impulse). The reflection
from the end of the tested material — the glass laminate/air
boundary is the least represented due to its high blur (tp =
480...580) and relatively low amplitude. This is because the
pulse recorded in the case of this reflection propagated
along the longest path (passing through the material thick-
ness twice — including scattering on the nonhomogeneous
structure of the glass fiber). Despite the aforementioned
factors reducing the signal-to-noise ratio of the response
of individual boundaries between layers, it is possible to
determine areas in the signal (time windows) that corre-
spond to the interaction with individual material layers
(gel coat and glass laminate). This constitutes the basis
for the material condition assessment algorithm developed
and presented later.

Examples of measurement signals obtained in the
experiment for individual stages of material degradation
are shown in Figure 5. In the second stage, very slight
(hardly noticeable) changes occur. A clear change is notice-
able from stage 3. Then there is a loss of continuity of the
gel coat layer (crack visible in the photo), which is reflected
in the part of the signal responsible for reflection from the
air/gel coat boundary. Changes also begin to appear in
the part of the signal corresponding to the interaction
with the glass laminate layer. The aforementioned effects
within both layers intensify as the experiment continues in
stages 4 and 5.
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Figure 5: Exemplary B-scan measurement result.
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As damage to the gelcoat layer is very easy to detect,
either using the THz method or even visually, this work
focused on the evaluation of the glass laminate layer,
which determines the mechanical and strength properties
of the technical infrastructure elements containing the
tested connection. The material evaluation algorithm is
proposed in Figure 6. The algorithm is designed to statisti-
cally evaluate the glass laminate layer, so analysis is
mainly required for this layer. Unfortunately, it is hidden
behind a layer of gel coat, the condition of which may
affect the readings of the laminate layer. Therefore, the
first step in the algorithm is to determine the time delay
tp resulting from reflection at the air-gel coat boundary.
This will be the starting (reference) point for further deter-
mination of the time window corresponding to the inter-
action of the THz pulse with the glass laminate layer. The
problem with determining the reference point occurs in the
case of severe deformation and delamination of the gel coat,
which is shown in Figure 5. A deformed fragment of the gel
coat may confuse the procedure of determining the time
window and lead to incorrect analysis. Therefore, the pro-
posed algorithm includes a material surface approximation
block. It allows the elimination of fast-changing components,
leaving only slowly changing components resulting from the
actual geometry of the material. The work uses a third-
degree approximation polynomial, but the approximating
function can be freely selected for various shapes of the
material surface, depending on the application. The results
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Figure 6: Material condition assessment algorithm.
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Figure 7: Material surface approximation results - determination of the time delay corresponding to the reflection of the THz pulse from the material

surface (gelcoat).

of the approximation of the surface of the tested material for
individual stages of material degradation are presented in
Figure 7.

After appropriately determining the reference plane (the
air/gel coat boundary, ignoring any local changes in geometry
resulting from delamination or cracking of the gel coat), the
algorithm proceeds to determine time windows corresponding

to the interaction with the glass laminate. The gelcoat/laminate
boundary (beginning of the time window) is detected as the
center of the peak (position of the maximum value) resulting
from the reflection from the aforementioned boundary. The
end of the analyzed time window is determined similarly
based on the diffuse pulse (resulting from reflection from the
laminate/air boundary). Then, for each measurement point
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Figure 8: Selected parameters (p; and p,) of B-scan signals calculated in region of interest over the time window correlated with response of glass

fiber material.

(x, y), the signal contained in the time window is parameterized

— selected statistical parameters are determined:

* p; — The normalized average peak-to-peak value of the
signal calculated over the entire ROI surface for a time
window correlated with the response of the glass laminate.

* p, — The normalized minimum signal value calculated
over the entire ROI surface for a time window correlated
with the response of the glass laminate.

The last part of the proposed algorithm is the assess-
ment of the structure condition based on parameter values.
In the first two stages, the material showed no signs of
degradation. In stage 2, the applied bending degree was
mainly within the elastic range of the stress—strain curve.
Starting from stage 3, material degradation in the bending
zone begins to be visible both visually and in response to the
THz examination. Therefore, the middle value between
stages 2 and 3 was adopted as the thresholds of selected
statistical parameters determining the degradation state
of the bent glass laminate. The method of selecting the
threshold value can be determined in many ways and will
be the subject of further research. The distribution of
selected parameters for various stages of material damage
is presented in Figure 8. Parameter p; has low values for
stages 1 and 2 but starts to increase noticeably in the case of
higher stages (3-5), which enables relatively easy detection
of the damage state. Parameter p, has a quasi-monotonic
nature with a steady increase in the whole range of degra-
dation, which enables us to predict the damage state before
it happens. Such a combination of information constitutes a
reliable tool for material assessment.

4 Conclusions

THz imaging with pulsed excitation has great potential for
use in dielectric testing of composite materials. Due to cer-
tain similarities in the physical phenomena occurring, it is
often possible to use (with certain modifications) defect
detection methods developed for UT. Moreover, THz inspec-
tion in the reflection mode enables noncontact measure-
ments with access to only one side of the test material,
which is particularly important in the practice of industrial
NDT inspections. The work proposes an algorithm for testing a
composite structure made of fiberglass subjected to bending,
enabling automatic assessment of the state of the laminate
under the gelcoat layer. For this purpose, the approximation
of the surface of the tested material was used (enabling the
reduction of the impact of deformations/cracks in the gelcoat
on determining the time window related to the impact of the
glass fiber material) and the statistical analysis of the received
B-scan signals.

As a result of the proposed algorithm and the analysis
performed, parameters enabling the assessment of the
internal condition of the composite material were obtained.
Parameter verification, especially of the p; parameter, allows
for the assessment of whether the material remains within
the elastic range—-indicating that damage from the bending
process is either absent or minimal-or if the material has
begun to exhibit irreversible effects from deformation, such
as internal cracks in the resin polymer and delamination.
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