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ABSTRACT. The use of carbon-fiber composite materials (CFRP) in critical
cases implies an increase in the resistance to the stability of their mechanical
properties. For the purpose of in-depth analysis of defects in the experiments, ciation: Lobanov. DS. Slovikov. SV,
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result of flaw detection of individual samples by ultrasonic diagnostics, data ppiiched: 01.07 2023
were obtained on the shape and size of defects such as "glueline defect" and
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without defects was carried out using the Vic 3D system, the AMSY-6 acoustic  which permits unrestricted use, distribution,
.. . . . and reproduction in any medium, provided the
emission system, and the FLIR SC7700M thermal imaging system. The tensile ool author and source are credited.
strength, elastic modulus, Poisson's ratio, and maximum fracture strains of the
studied CFRP without defects and with defects are obtained. The effect of
defective zones on the main mechanical parameters is determined. The
investigated defects lead to a decrease in strength and elastic characteristics by

at least 15% and 5%, respectively.
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INTRODUCTION

n many industries, the fields of application of composite materials have been expanding, including in particularly critical
areas of structures where the stability of mechanical characteristics is important and significant variations of mechanical
properties are not allowed. Often, composites are used where metals were previously used. At the same time, the fact
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that the mechanical properties of carbon-fiber composite materials differ widely from those of metals shows increased
requirements for the manufacturing process of composite parts minimizing the possibility of technological and operational
defects. Studies related to the assessment of the possibility and feasibility of repair and restoration operations for the most
dangerous operational defects, as well as their impact on the residual properties of products made of structural composites,
are presented in the works [1-2].

During the production of structural carbon-fiber composites and related products, different defects may occur, such as
glueline defects, buckling, cracks, delaminations, chips, scratches, porosity, reinforcement scheme irregularities, deviations
from the optimal polymerization regime and the nominal density of a binding agent. In their turn, defects affect the
mechanical behavior of materials. It is important to understand how the shape, location, and size of defects affect
mechanical properties [3-10]. So it follows that the determination of the effect of their shape, size, and location when they
occur both in the manufacture of structures and during operation is really relevant.

The papers consider the influence of internal defects, such as fiber microbuckling occurring during compression, on the
mechanical properties of fibrous composites [11-12].

When conducting studies of composite materials and structures, it is important for the completeness of the analysis to take
a comprehensive, versatile approach based on not one but several measuring and diagnostic systems that both identify
technological and operational defects and determine the effect of defects on mechanical properties.

In the presented study, such methods as ultrasonic diagnostics and thermal mapping are used to determine the parameters
of defects. When conducting ultrasonic diagnostics of defects during the study, the ultrasonic time-of-flight-diffraction
method [13-14] is used.

Thermal analysis is based on the active infrared thermography method [15-17].

To assess the mechanical behavior of materials, a digital optical video system designed to analyze deformation and
displacement fields and a system designed to record acoustic emission signals were used.

Optical methods based on the use of digital video systems and the digital image correlation method identify defects, assess
their size, and measure the amount of deformation in the observation area [18-21]. During loading, the video system registers
the fields of displacements and deformations on the surface of an object with two video cameras using the digital image
correlation method as a mathematical apparatus [22].

The acoustic emission method is based on the registration of elastic waves that arise during the deformation of samples.
The waves are recorded on the surface of the studied material samples by piezoelectric sensors, after which they are filtered
to extract information [21-23]. This method of studying damage processes that occur under the influence of loads is used
to identify destruction regularities [26-29)].

The relevance of this work is driven by the increasing use of composite materials in critical structures and the corresponding
increase in requirements for their mechanical characteristics, as well as the need to assess the impact of both technological
and operational defects on changes in mechanical properties and identify the possibility of identifying internal defects in
composites.

The novelty of the work to consist in obtaining new experimental data that allow assessing the impact of the presence of
internal technological defects of various types and geometry on the mechanical characteristics of the studied composite
materials, in performing defect identification based on an integrated approach using a testing system and non-destructive
testing systems.

The main purpose of this study is to assess the effect of the most common technological defects on the mechanical
properties, deformation regularities, and failure processes of structural carbon-fiber samples with the integrated use of
testing and measuring systems and non-destructive testing methods. At this stage of the study, the main tasks were: to
establish and work out the most effective diagnostic method and identification modes of the technological defects under
study, to determine and analyze the values of the main mechanical characteristics of carbon-fiber samples without internal
defects and with technological defects, such as "glueline defects" and "layer buckling”.

MATERIAL AND METHODS

nternal "glueline defects” of the layer of different geometric shapes and "buckling” of the inner layer were used as the

main technological defects of structural carbon-fiber composites in the samples.

The samples with embedded defect simulators are made of carbon-fiber composites based on equal-strength fabrics
by autoclave molding. All the studied samples were cut from one plate. The technological fluoroplastic separating film was
used as embedded defects. The defects were located in the middle layer.
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The samples were made of structural carbon-fiber composites VKU based on the epoxy VSE1212 binder with a laying
scheme [0/90]10, with internal technological defects ("glueline defects") implemented by the laid fluoroplastic separating
film with geometric shapes: circle 6 20 mm; square 20x20 mm; rectangle 10x40 mm. The internal technological defect
"buckling" is represented by a Z-bend of one layer (n5), 25 mm wide (Fig.1). All the defects were laid between the 5th and
6th layers, i.e. in the center of the package.
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Figure 1: Scheme of samples with internal "glueline defects" of the layer of different geometric shapes (a) and defect "buckling” of the
inner layer (b).

The ultrasonic flaw detection technique was implemented using the Harfang Veo 16-64 flaw detector with a sensor on a
phased-array antenna (PAA) (Fig. 2 a, b).

The method of diagnosing defects using a signal sensor based on phased-atray antennas ensures the accuracy of determining
the detected irregularities. An important feature of PAAs is a non-stationary amplitude-phase distribution that can be
controllably changed during research. The digital flaw detector system is based on a 16-bit architecture and provides high-
resolution images.

(b)

Figure 2: The ultrasonic flaw detector Harfang Veo 16-64 with a screen showing the "glueline defects" (@), and sensor on PAA 32
scanning defect in the sample ()
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The infrared thermography technique is implemented using the FLIR SC7700M thermal imaging system (spectral range: 3-
5 and 8-12 um; temperature sensitivity less than 18 mK at +30°C; temperatute range from -20 to +3000°C; frame refresh
rate 380 Hz; accuracy of at least 1% of absolute temperature). The process of diagnosing defects is shown in Fig. 3.
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Figure 3: The infrared thermography: @ — test scheme (1 infrared source, 2- test sample, 3 - image processing system, 4 - FLIR SC7700M);
internal defect monitoring: 4 — samples before heating, ¢ — samples after short heating

The thermography technique consisted in short-term heating of the sample surface by an infrared source for 10 seconds to
40-50°C, followed by cooling for 1-2 seconds and registering internal defects manifested due to the temperature field
gradient.

An example of registering a 10 mm wide and 90 mm long internal defect laid in 4 layers is shown in Fig. 3. In Fig. 3, b and
3, ¢, there is a wide sample with a defect on the left and a narrow sample without a defect on the right.

In the application of the technique shown in Fig. 3, the inner cavity of the sample that has an air space does not have time
to warm up in a short-term heating mode. When fixing the temperature field with the FLIR SC7700M infrared thermal
imaging system, the internal defect looks like a colder area with a temperature of 20.5°C, unlike the rest of the surface which
has a temperature of 30.0°C. It should be noted that the samples with "glueline defects" of different geometties and "layer
buckling" studied in this project were diagnosed. However, the "buckling" and "glueline defects" were not registered because
the laid fluoroplastic film simulating a "glueline defect" had a thermal conductivity similar to that of the material. There was
no temperature gradient in the atea of the defect. The situation is similar to the identification of the "buckling”" defect
because in this case it is imitated by the middle layer bend.

The study of the mechanical behavior of carbon-fiber samples under quasi-static tension was carried out on the Instron
5882 universal electromechanical system with a high-precision load sensor in conjunction with an infrared thermography
system, the Vic-3D digital optical system designed to analyze displacement fields and the Vallen AMSY-6 system designed
to record acoustic emission signals.
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The Vic-3D system includes Prosilica 50 mm cameras (resolution 4872 x 3248.16 Mp), the maximum shooting frequency
at a maximum resolution of 3 frames per second. In this work, the criterion of the normed sum of squared differences with
a zero mean is used since it is the least sensitive to changes in lighting during the test.

During loading, AE signals were recorded by the Vallen AMSY-6 system. The Vallen AMSY-6 acoustic emission system
has 8 independent channels designed to collect information.

The work used the AE144A broadband sensor (frequency range 100-500 kHz) and a preamplifier with a gain of 34 dB. The
threshold value for recording AE signals was 40 dB.

An energy parameter (E, eu) was used to analyze acoustic emission signals obtained during the mechanical testing of
composite materials [30—32].

The AMSY-6 system has the ability to record waveforms of signals, and a special software option analyzes waveforms,
spectral characteristics, and spectrum maximum frequency (SMF, kHz) [33-38]. The frequency values were obtained using
the Fast Fourier Transform algorithm, and the linear location of acoustic emission sources was implemented.

During the development of research methods, the testing and measuring systems were synchronized to record the load and
displacement values and then compare them with additional data. Based on the testing of the techniques, the parameters of
post-processing of digital image correlation were selected. The features of the useful signal extraction were worked out, and
the most widely used parameters of the acoustic emission signal were considered, which were later used for the visualization,
processing, and interpretation of the results obtained during the mechanical loading of composite material samples. The use
of linear signal location algorithms was tested. Thermograms in the field of defects in the process of quasi-static stretching
of structural carbon-fiber samples were considered.

RESULTS AND DISCUSSION

such as "buckling" and "glueline defects", were obtained.

The "layer buckling" defect is not as obvious as the "glueline defect”" and can easily be missed during diagnosis.
When a single pulse is passed, a "layer buckling" defect is displayed on the monitor of the ultrasonic flaw detector as a
slightly noticeable "step" of the lower reflecting surface. When 2 or more pulses are passed, the signal distortion is summed
up and the defect, including the boundaries of the beginning and the end of the defect zone (marked as black ellipses in the
figures), is observed more cleatly (Fig. 4 a, b). A "glueline defect" is registered by an ultrasonic flaw detector as shown in
Fig. 4 ¢, d, e. (the defect zone is marked by a black dotted line).

ﬁ s a result of flaw detection of the studied samples by ultrasound diagnostics, data on the shape and size of defects,

© @
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Figure 4: Description "layer buckling" defect when passing 2 (a) and 6 (b) pulses is displayed on the monitor of the ultrasonic flaw
detector; description "glueline defect": (c) —tectangle; (d) — circle; (¢) — square (the defect zone is marked by a black dotted line)

Based on the results of tensile tests, diagrams of the loading and deformation of carbon fiber samples were constructed
(Fig. 5).
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Figure 5: Typical deformation diagrams of carbon fiber samples without defects and with internal defects: without defects — black line;
"layer buckling" defect — green line; "glueline defect"” circle shape — blue line; "glueline defect” square shape — grey line; "glueline defect”
rectangle shape — red line

Fig. 6 shows examples of failure carbon-fiber samples (Reviewer B )with embedded defects pre-painted in a special way for
identification using the Vic3D deformation fields. It should be noted that all the tested structural carbon-fiber samples with
and without a "glueline defect" were complete failure either (Reviewer B )under the grips or near the grips of the test system.
The carbon-fiber samples with a "buckling" defect were failure in the(Reviewer B) working area along the boundaries of the
defect.

In the course of comprehensive studies, the data obtained by the AE signal registration analysis system during tensile tests
were analyzed. As a result, charts of the distribution of the cumulative energy parameter of AE signals (E, eu) on time (Fig.
7, a) and along the length of the measurement surface (I, m) were constructed (Fig. 8, a-¢).

The time distributions of the AE signals cumulative energy (Fig. 7, a) which may reflect the degree of accumulation of
defects in the structure of the material during deformation are considered. It was found that these curves have a stage
character. At the first stage, which coincides with a gradual increase in the load, the accumulation of defects occurs evenly.
At the second stage, at the moment preceding of failure, the rate of accumulation of defects increases, which is reflected in
the cumulative energy curve. This staging is typical for all samples. The cumulative energy of AE signals (Fig. 7, a) is
maximum for a sample without a defect. For samples with a "glueline defect", the cumulative energy curves are similar and
differ in the maximum value of the cumulative energy, where is the maximum value for samples with a «square» defect. And
the minimum for a sample with a «rectangle» defect. For example, the graph of cumulative energy with the loading diagrams
for a sample without a defect, for a sample with a "glueline defect" a square shape and defect "buckling" were shows (Fig.
7, b-d).

The measurement length was equal to the distance between the AE sensors and was equal to 0.12 m (Fig. 8). (Reviewer B)
The boundaries of the embedded defects in the figure are marked by red dotted lines. To determine the location of AE
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sources, linear location of signals was used, which is based on determining the speed of the sound wave in the material and
the difference time between the signal arrival at sensor 1 and sensor 2. The speed of the sound wave was determined
experimentally before testing,.

Figure 6: Types of fractures in CFRP specimens: 1 — without defects; 2 — "layer buckling" defect; 3 — "glueline defect", citcle shape; 4 —
"olueline defect ", squate shape; 5 — "glueline defect ", rectangle shape.

Analyzing the graphs, it can be concluded that peak values of the energy parameter were registered at the places of the final
failure of the samples. However, as for the samples with embedded defects, an increase in the energy parameter of AE
signals was also recorded either at the boundary of the embedded defect or directly in the defect zone.

For the tested samples, the dependences of the distribution of spectral maximum frequency values (I, kHz) of AE signals
for the entire loading time were constructed where the vertical axis was the number of registered signals (N, units). Examples
of such dependencies are shown in Fig. 9. All the values of the maximum frequency of the spectrum are grouped within 3
ranges: 50-75 kHz (range No. 1), 200-300 kHz (range No. 2), and 310-410 kHz (range No. 3).

Ecum'l 06’ eu F, kN Ecum'l 06; eu
12 ,——without a defect 60 1

— "rectangle" defect —Load, kN

9 |=——defect "buckling” 45 ——without a defect (Ecum, eu) 9
——"square" defect

6 |[——"circle" defect 30 6

3 15 3

0 : . 0 ; -

0 100 200 Ls 0 150 ts

80



&%: D. 8. Lobanov et alii, Frattura ed Integrita Strutturale, 65 (2023) 74-87; DOIL: 10.3221/1GF-ESIS.65.06

F, kN E.,10%eu F kN E_ w100 eu
60 - 12 45
—Load, kNd ; ——Load, kN 6
" Ll t . . -
45 HiIeeisel (Do, #n) L9 ——defect "buckling" (Ecum, eu)
30
30 - 6
-3
15
15 -3
0 T ! n 0 T 0
0 75 ts 0 100 ts
© )

Figure 7: Distribution AE cumulative energy on time for different samples (a) and distribution of the AE cumulative energy with load
diagram for a sample without a defect (b), a sample with a "glueline defect" a square shape (c), a defect "buckling” (d)
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Figure 8: Distribution of the AE enetgy for a sample without a defect (a), a sample with a "glueline defect", a citcle shape (b), a square
shape (c), a rectangle shape (d), a defect "buckling” (e)
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Figure 9: Distribution of AE signals frequency values for samples with various defects

Within all ranges, more signals were registered for the samples without defects than for those with "glueline defects". This
may be due to the fact that with the studied geometric sizes of defects, the volume of a binding agent in the sample decreases
by a significant amount, which leads to a decrease in the number of registered signals. For example, for the samples with a
circular defect, the number of signals decreased by 73+£15%, with a square one by 71+15%, and with a rectangular one by
57+10%. At the same time, for the samples with buckling, the number of registered signals is within the statistical range of
defect-free samples. Obviously, this phenomenon requires additional research to identify the dependence of changes in the
internal structure on the number of signals.

In addition, for the samples with a circular defect in frequency range No. 3, the smallest number of signals among all the
samples under consideration was registered. This is due to the round shape of the defect and the absence of stress
concentrators, in contrast to the rectangular and square forms of "glueline defects".

When analyzing thermograms of the samples with internal defects, it was found that the "glueline defects" of one layer are
not registered by the thermal imaging system during the tensile test until the failure of the sample, regardless of the shape
of the defect. For example, the evolutions of the temperature field for the samples without a defect (Fig. 10 a) and for the
sample with a "glueline defect", square shape (Fig. 10 b), are given. The internal "buckling" defect of the layer is cleatly
registered during tensile testing at a load value equal to 0.5-0.7 of the failure load (Fig. 10 ¢).
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Figure 10: Evolution of the thermogram: - without a defect, & - "glueline defect", square shape, ¢ - the internal "buckling" defect of the
inner layer .

Based on the test results, the main mechanical properties (tensile strength, modulus of elasticity, maximum deformations
during failure) wete obtained and presented in Tab. 1. 95% confidence intervals were obtained using the Student's method.

No Type of defect Elastic modulus, GPa  Tensile strength, MPa Max load, kN
1 "layer buckling" defect 64.7£2.0 830£49 39.5+2.4
2 "glueline defect", circle shape 68.2+0.4 815+40 45.4%2.1
3 "glueline defect", square shape 67.3£2.0 892192 48.914.8
4 "glueline defect”, rectangle shape 65.1£0.8 863160 47.1%£3.1
5 without a defect 66.1+1.0 954152 50.3%1.3

Table 1: Tensile properties of CFRP specimens.

According to the tensile tests of carbon-fiber samples, the effect of the type ("glueline defect ", "buckling") and geometry
(citcle, square, rectangle) of the defect was assessed. According to the results of tensile tests, it was found that the "glueline
defect" of any geometry in one layer does not affect the change in the mechanical properties of structural carbon-fiber
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composites during tensile. The "buckling” defect leads to a decrease in strength characteristics by at least 15%, and modulus
of elasticity — by 5%.

As a result of the analysis, deformation fields were obtained for different components during loading. An example of
deformation fields under the same loads for the samples with an internal "glueline defect" at P= (0.75 - 0.85) P max = 40
kN, and for the samples with an internal "buckling" defect at P= (0.75 -0.85) P max = 30 kN are shown in Fig. 11, where
yellow lines highlight the places of defective areas.
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Figure 11: Fields of deformations €y €yy €4y, on the surface of CFRP samples with internal "glueline defect", circle shape (), square
shape (b), rectangle shape (¢) and the "layer buckling" defect (d).

As a result of the analysis, the presence of deformation localization places was noted, which makes it possible to determine
the location of the "glueline defect" of each geometry (Fig. 11 4, b, ¢), as well as the boundaties of the "buckling" defect of
the inner layer (Fig. 11 4). The "glueline defect" is viewed mainly in the field of transverse deformations (the ¢ .. component).
The "buckling" defect is clearly registered by the fields of longitudinal and transverse deformation (the & and ¢,
components).

CONCLUSIONS

s a result of flaw detection of the samples under study by ultrasound diagnostics, the data on the shape and size of
defects, such as "glueline" and "buckling" defects, were obtained. The "layer buckling”" defect is not as obvious as
the "glueline defect" and can easily be missed during diagnosis.
As a result of the study, tensile testing of the samples with and without defects was carried out using the Vic 3D system, the
AMSY-6 acoustic emission system, and the FLIR SC7700M thermal imaging system.
Based on the tensile test results, the diagrams of loading and deformation of carbon-fiber samples were constructed. The
basic mechanical properties (tensile strength, modulus of elasticity and maximum deformations during failure) were
obtained. The data obtained by the AE signal registration analysis system were analyzed.
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When analyzing thermograms of the samples with internal defects, it was found that the "glueline defects" are not registered
by the thermal imaging system during the tensile test until the failure of the sample, regardless of the shape of the defect.
According to the tensile test results, it was found that the "glueline defect”" of any geometry in one layer does not affect the
change in the mechanical properties of structural carbon-fiber composites during tensile. The "buckling" defect leads to a
decrease in strength characteristics by at least 15%, and modulus of elasticity — by 5%.

As a result of the analysis, the deformation fields were obtained for different components during loading and the presence
of localization places was noted, which makes it possible to determine the location of a "glueline defect" of each geometry,
as well as the boundaries of a "buckling" defect of the inner layer.
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