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ABSTRACT: Multilayer composite materials are used in advanced engineering as a material for heavy-
duty products. However, the use of multilayer composite materials requires consideration of their inherent
specific properties, such as anisotropy of mechanical characteristics and the possibility of the presence of
hidden defects in the form of discontinuity of the material along the interfaces of individual layers
(laminations). Evaluation of interlayer failures throughout the life cycle is critical to reducing composite
product safety risks. In this article, the analysis of interlayer defects in composites employs comprehensive
control, including several non-destructive testing methods: visual inspection, ultrasonic flaw detection,
active thermography, and numerical modeling. Interlayer defects obtained as a result of low and high-speed
impact on multilayer composite materials are considered. It has been found that the results from numerical
modulation of interlayer defects and from non-destructive inspection of defects such as laminations,
obtained by different methods, agree satisfactorily.

Keywords: Composite materials; Defects; Delamination; Non-destructive testing; Visual inspection;
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1. Introduction

Composite materials consisting of a polymer matrix reinforced with fibers are multilayer structures.
Due to the low ratio of weight to modulus of elasticity and stiffness, corrosion resistance, special
performance, and economy, the field of application of such materials is constantly expanding. Today, they
are widely used in the aerospace industry [1,2], wind energy [3], automotive [4], construction [5], and other
fields. The use of polymer composite materials (CM) and honeycomb panels requires consideration of their
specific properties, such as anisotropy of mechanical characteristics and the possibility of hidden defects
(laminations, cracks, inclusions) [6,7]. Non-destructive testing methods [8] and destructive testing methods
are used for qualitative analysis of CM product parameters. Modern diagnostics is based on non-destructive
control methods and is aimed not only at identifying defects, but also at predicting the terms of trouble-free

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
[ (https://creativecommons.org/licenses/by/4.0/).




Adv. Mat. Sustain. Manuf. 2026, 3(3), 10012. doi:10.70322/amsm.2026.10012 20f9

functioning of composite structures under operating loads, taking into account the identified defects. Micro-
damages of the material are usually permissible defects in the operation of the structure. In the normal state,
such defects have almost zero opening, but become unacceptable during operation. Ref. [9] has developed
a device using an eddy current method capable of detecting fine metal inclusions ranging from 0.1/0.2 mm
to 15 mm at depths of up to 30 mm in a polymer composite material, with an error of less than 10%.
Detection of defects that appear during the loading of structures with power loads and become unacceptable
during operation is not possible to detect with traditional technologies. The authors of the work [8] showed
that one of the most difficult tasks of non-destructive testing (NDT) of structures made of polymer
composite materials is to identify the type of defect detected: non-puncture, delamination, foreign inclusion,
crushing of honeycomb aggregate, porosity in the material, efc. Experimental studies presented in [10]
consist in determining the area of internal delamination of samples with pre-applied impact damage, and
studying the effect of the area of internal delamination on cyclic strength. The result of the flaw detection
is an image of the scanned carbon fiber sample in AutoScan. Image analysis determines the locations and
boundaries of the bundles. Defects are displayed on a graph indicating the time and amplitude of the
reflected signal. The paper [11] discusses the possibilities of diagnosing the quality of structures operating
under the most common loads: quasi-static force loads and dynamic shock loads based on the analysis of
dynamic temperature fields. The accumulation of microdamages is accompanied by the release of energy
(acoustic, warm, electromagnetic), which makes it possible to detect the zones in which these damages
accumulate most intensively. The method of non-destructive testing, including radiographic and ultrasonic
testing, allows for increased accuracy in defect detection [12]. Ultrasonic testing and X-ray computed
tomography can be used to assess damage in composite structures [13]. This allows, firstly, to determine
the locations of stress concentrations and potentially dangerous areas, and, secondly, to identify potential
sites of product destruction without subjecting the products themselves to destruction.

Upon impact, depending on its strength, several main types of damage to multilayer KM can occur,
including delamination and fiber rupture. Of significant scientific and practical interest are studies of
products made of composite materials under the influence of shock effects [8,14]. In order for such
composite structures to be durable and reliable in operation, it is necessary to be able to predict the
consequences of accidental impacts. If, for metal structures, defects from impact effects and their
consequences have already been extensively studied and incorporated as additional safety factors during
design, then this issue is relevant for structures made of composite materials. In the event of detection of
such defects, decisions should be made regarding the possibility of operating the product. Defects from
low-speed and high-speed shock loads cannot be detected by traditional technologies. Therefore, complex
control is often used for a qualitative analysis of the parameters of products from KM, including several
methods for monitoring and assessing the permissible areas of defects. In order to determine the appropriate
method for detecting various defects, it is necessary to conduct an analysis and a comprehensive assessment
of interlayer defects using non-destructive testing methods.

In the work for the analysis of interlayer defects in KM after impact damage, a comprehensive control
is used, which includes several methods of non-destructive testing: visual inspection, ultrasonic flaw
detection, active thermography method, and comparison of the results with numerical modeling. Such an
integrated approach is presented for the first time for the analysis of interlayer defects in multilayer
composite materials after impact damage.

2. Development and Modeling

Multilayer plates are made of 20 layers with different laying of fibers in the layer. The samples were
manufactured at a temperature of 20-22 °C according to GOST 33347-2015, made of glass fabric with
epoxy binder of grade ED-20 (GOST 10587-84) and PAPA hardener (TU 2413-357-0203447-99) under a
pressure of 50 kg/cm? and an exposure of 7 days. The samples have a square shape with a length and width
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of 300 mm and a thickness of 4 mm. After testing for low-speed (speed 346 m/s) and high-speed (speed
884 m/s) impact, a visual analysis of the plates was carried out. When studying the dynamic properties of
materials, several types of impacts are traditionally distinguished—Ilow-speed, high-speed, however, there
are no generally accepted clear boundaries of these ranges. According to the literature, a speed of about 300
m/s is assumed for low—velocity impacts [15]. The limits of the ranges may shift slightly depending on the
materials of the striker and the obstacle, as well as on the experimental conditions. 5 plates of 20 layers of
fiberglass after high-speed impact and 3 plates of 20 layers of fiberglass on the front and back after low-
speed impact were considered. The dimensions of the damage were determined by visual inspection from
the back and front of the plates (Figure 1). A bright light source was used for visual inspection [16].

back

Figure 1. Visual inspection.

The ultrasonic inspection device KM ELISA GMIUC002-14 (Irkutsk National Research Technical
University, Irkutsk, Russia) was used to assess internal damage. The device determined the damage
boundaries and defect depth for each layer. The device detected laminations starting from a depth of 0.15
mm (thickness of one layer—0.2 mm). Control of the sample was carried out from the back and front sides
of the multilayer plate. Table 1 shows the damage patterns of the plates at an impact speed of 884 m/s for
four samples, No. 2—-5. The maximum diameter of the through piercing (d) of the plate at a hammer speed
of 884 m/s is equal to d = 5.72 mm, the maximum diameter of the lamination (di) is equal to di = 48.8 mm,
which is 88% higher than the diameter of the piercing. Table 2 presents diagrams of plate damage at an
impact of 346 m/s of three samples, No. 6—8. The maximum diameter of through penetration of the plate at
a speed of striker 346 m/s is equal to d = 9 mm, the maximum diameter of lamination is equal to di = 93.6
mm, which is 90% more than the diameter of penetration. The stratification area considerably exceeds the
plate penetration area.
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Table 1. Depth and dimensions of damages formed by an impact 884 m/s, detected by ultrasonic method and visual inspection.

Ne Sample 2 3 4 5

face

back

Table 2. Depth and dimensions of damages formed by an impact of 346 m/s detected by the ultrasonic method and visual inspection.

Ne Sample 6 7 8
29

face

back

58,7 14 68,1 MM

Figure 2 shows the results of non-destructive testing of sample No. 1 of a 20-layer fiberglass plate
during high-speed impact. Defects on the front and back sides are presented, the boundaries of the defect
detected by the ultrasonic method are marked with a dotted line along the depth of occurrence.

From the front side, the depth of the defect is determined at a depth of 2.9—3.4 mm, between the 13th
and 16th layers of a multilayer plate made of CM, the area of maximum lamination is marked with a thick
line and is 5.7 cm?.



Adv. Mat. Sustain. Manuf. 2026, 3(3), 10012. doi:10.70322/amsm.2026.10012 5of9

I
~—~m
I

\
\
1
|

|
|
1
]
)

315 MM

back

Figure 2. Detection of interlayer defects by ultrasonic inspection.

On the back side, the depth of the defect is determined by 0.5 mm, which corresponds to the location
of the defect between the 18th and 19th layers, the area of maximum stratification is marked with a thick
line and is equal to 8.2 cm?. On the front side of the plate, three zones of the interlayer defect (b) can be
distinguished: I—a through hole equal to the diameter of the striker; II—multiple strand splitting region;
[II—the area of dissection, which can only be detected by ultrasound. Four zones can be distinguished from
the back: zone [IV—through hole; V—area of multiple splitting of threads; VI—visible stratification area,
which can be detected visually; VII is the region of dissection detected by ultrasound.

The results of numerical modeling are presented in Figure 3. The dimensions of the bundles obtained
by numerical modeling in the LS-DYNA v195 software complex and experimentally under high-speed
impact are shown. Dimensions of defects: maximum diameter of delamination d = 48.8 mm (ultrasonic
flaw detection method, sample No. 3); diameter of the defect obtained by numerical modeling of d = 45
mm. The discrepancy is 7% (Figure 3a). Defect area and damage dimensions practically coincide (1-2%
discrepancy), as shown in Figure 3b.

() (b)

Figure 3. Lamination dimensions in multilayer CM, obtained experimentally and numerically: (a) defect length, (b) defect area.
Red arrows indicate the dimensions of complete destruction from the impact, blue arrows indicate the dimensions of the interlayer
defect. The defect size difference is 7%.

Table 3 shows the results of numerical calculation of the damage area S (mm?) for different layering
options of the 10-layer CM plate and the residual speed after impact at low-speed impact v (m/s).
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Table 3. Results of numerical calculation of damage dimensions and residual velocity after impact.

Ffsg::?n Nl Ne2 Ne3 e 4 Nes Ne 6
+ =+ =+ =+
the Layer [0]10 [£45]s [02/+452/902]0; [0/90/::45]0; [£30/90]330 [0/90]10
S [mm?] 1732.9 1589.1 1620.5 1546.7 1835.4 1839.6
v [m/s] 310 315 312 316 309 307

The relationship between the lamination area and the residual speed of the striker was obtained: the
larger the lamination area, the lower the residual speed, and the lamination area depends on the angle of
placement of fibers in the layer [14,17]. Figure 4 shows the results for determining the stratification area
and the depth of the defect obtained from numerical modeling under high-speed impact. Defect area S = 6
cm?, interlayer defects are considered by layers. When combining the layers (from 1 to 5 layers) obtained
by modeling (Figure 4a), we achieve good convergence with the experimental results (Figure 4b).

1-2 layers 2-3 layers 3—4 layers 4-5 layers Experiment

() (b)

Figure 4. Numerical modeling of defect, comparison with experiment: (a) numerical modeling of defect by layers, (b) result of
experiment.

The active thermography method is based on recording the temperature change of the object under
external thermal excitation. The external heat source applied to the material may be halogen lamps, inductive
coils, ultrasonic waves, or other thermal energy sources. Excitation causes a thermal response on the surface
of the object, which is recorded by an infrared camera (IR) with subsequent processing of the obtained images.
A general view of the IR imaging procedure using active thermography is shown in Figure 5.

Figure 5. Process of IR imaging by active thermograph.

Four 800 W infrared halogen lamps (2) were used for thermal excitation at the control object (1). The
object surface temperature dynamics are recorded using an IR camera (3) in the form of a sequence of its
IR images (thermograms—(4)). Furthermore, the information obtained on temperature dynamics (4) is
processed using image processing algorithms. This approach allows us to quantify the identified
inhomogeneities, introduce objective criteria for the defects in the controlled area, and evaluate the
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parameters of the detected defects from the corresponding differences in brightness on the graph (peaks or
recessions). Detection of delamination type defects and processing of results are shown in Figure 6.

The disadvantage of using the active thermography method is the need to ensure uniform heating of
the surface under load, a highly contaminated or glossy surface creates interference and complicates the
interpretation of the results. Since the heat wave is sharply attenuated in depth, therefore, the thickness of
the controlled layer is usually limited to 10 mm. Also, in order to accurately determine the location of the
damage, it is necessary to pre-calibrate the sample with a predetermined damage at a certain depth.

100-, ' . . . .
o | » ko ) 0/ o l, MM
Figure 6. Defect detection, results processing.

3. Conclusions

The results of a comprehensive study of internal defects in samples subjected to impact damage were
obtained using diagnostic and numerical methods. To analyze interlayer defects in samples from KM after
impact damage, a comprehensive control is used, which includes several methods of non-destructive testing:
visual inspection, ultrasonic flaw detection, active thermography method, and comparison of the results
with numerical modeling. All methods were independently and comprehensively evaluated for their
effectiveness in detecting interlayer defects in multilayer composites. Each method has advantages in
certain aspects, but practically none of them allow for comprehensive detection of all possible defects or
damage. Stratification areas and the depth of defects are determined in various ways. With the help of visual
inspection, the size of the damage on the back and front of the plates was determined. Using the ultrasonic
flaw detection method, internal damage was assessed at a maximum depth of 3.4 mm. The dimensions of
the bundles obtained by numerical modeling in the LS-DYNA v195 software system are shown, a
comparison with experimental results is given. The active thermography method is integral, enabling
control of the entire surface of the plate and making it comparable in efficiency to visual control. It has
been found that the results from numerical modulation of interlayer defects and from non-destructive
inspection of defects such as laminations, obtained by different methods, agree satisfactorily. The final
result of detecting an interlayer defect depends not only on the size and nature of the defect but also on the
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technology of non-destructive testing and the laboratory equipment itself. Non-destructive testing
technology depends on the actual conditions of testing, on the characteristics of instruments for non-
destructive testing and flaw detection, the location of damage, the availability of structures and types of
tested materials. All these factors should be taken into account when assessing the state of composite
materials after dynamic loads.
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