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ABSTRACT. A need to timely reveal operational damages and technological
defects requires a prompt control of states of structures made from composite
materials and their consequent repairs aimed at service life extension. This
work is devoted to the experimental study of inelastic deformation and
fracture of specimens made from layer composite materials with prior
introduced technological defects related to a possible inappropriate
compacting and inappropriate bonding of material layers at a given restricted
domain. The analysis is carried on the evolution of inhomogeneous
deformation fields on the surface of carbon plastic specimens with an internal
“delamination-type” defect under complex stress state. The method of active
infrared thermography was used to identify the location and parameters of
defects configurations. The obtained experimental data will be used for
further tests related to sufficiency evaluation of signals received from the built-
in sensors under complex loadings.
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INTRODUCTION

prepregs with different technologies. Delamination, damage accumulation in polymer matrix, as well as fiber

breaking of fabric (at a later stage) are major types of damages for composites of this class which are prior to the
mechanical loss of load-bearing strength and operational performance of structural elements [1,2]. Delamination,
inappropriate bonding, inappropriate compacting, cracks, air holes or blow holes [3] have a technology-related origin and
refer to different material discontinuities.

I ayer composite materials are widely used to manufacture products for aviation and structural elements using woven
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A need to timely reveal operational damages and technological defects requires a prompt control of states of structures and
their consequent repairs aimed at service life extension [4-10]. The use of embedded optical fibers with Bragg gratings for
the analysis of mechanical behaviour and evaluation of material damage is of interest at this time in the field of monitoring
the state of structural elements made from composite materials [11-17]. In order to provide reliability of the monitoring
system during operations of real products, it is required to develop the evaluation methods of signal’s sufficiency received
from fiber-optic sensors under complex loadings [18].

To solve this problem, the methods were developed which aim at mechanical testing of composite specimens with prior
introduced technological defects with a joint use of monitoring systems of inhomogeneous deformation fields and
temperatures to detect damages with advanced technologies and methods of diagnostics [19-24].

In this paper, we consider the application of the correlation methods of digital images and infrared thermography to analyze
the mechanisms of deformation and fracture of specimens with an internal defect under tension with torsion. The obtained
experimental data make it possible to estimate the inhomogeneity of the deformation process under complex stress state.

EXPERIMENTAL PROCEDURE

Material and specimens with embedded defect
lat stripe specimen were prepared from the pre-preg of the serial VKU-39 carbon fiber with prior introduced
F technological defects for the experimental studies of the mechanisms of deformation and fracture of specimens of
layer composite materials with prior introduced technological defects that correspond to possible inappropriate
compacting and inappropriate bonding of the material layers at a set restricted domain.
Autoclave moulding from prepregs is used to produce specimens of composite plates, which is the most common
technology used in the aviation industry. The production process of specimens with introduced technological defects of the
“delamination type" is based on the use of a fluoroplastic film, which is laid according to the scheme of defects arrangement
(Fig. 1, a). The work considers two variants of laying the technological defects: 1 is a package of two defects in the form of
a square sized 20X20 mm?, 2 is the package of eight defects in the form of a square sized 10X10 mm?2 (Tab. 1). The total

surface area of the delamination is S, =800 mm? in both cases. Then the technological package was assembled to carry

out the polymerization process in the autoclave complex. To identify the location of the technological defects, non-
destructive testing of the workpiece was carried out using ultrasonic method.

Type of laying
defects

Scheme of laying
defects

1 and 2 lay,
2 and 3 lay,
3 and 4 lay,
7 and 8 lay,
8 and 9 lay,

12 and 13 lay,

13 and 14 lay,

14 and 15 lay
2 and 3 lay,
3 and 4 lay

Table 1: Type of laying embedded defects in the form of the artificial delamination in composite specimens.

Number of defects Defect size, mm?

Type 1 8 10x10

Type 2 4 20%20

Geometric parameters of the specimens correspond to the parameters of large-sized shell structures, which are used in
aircraft engines. The specimens are made using Zund G3-L2500 plotter according to the drawing shown in Fig. 1 (a). An
image of the specimen made from a composite material with an internal defect is shown in Fig. 1 (b). It is worth mentioning
that the defect is not visible on the specimen’s surface.

Testing equipment and testing program
Mechanical tests on tension with torsion were carried out using the biaxial (tension / torsion) servo-hydraulic test system
Instron 8850 (100 kN / 1000 N-m). During the tests, the dependences between the change of “load-displacement” and

“torque-torsion angle” were recorded using the built-in sensors of the test system.
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At the initial stage specimen blades without defects with proportional tension with torsion were tested with the control of
position and torsion angle at different ratios of the given displacement and the torsion angle (£=u#/@). The testing
parameters are given in Tab. 2. The specimens with defects were loaded at the selected ratio of the predetermined
displacement to the torsion angle (& =10.028) until ultimate fracture.
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Figure 1: (a) Sketch and (b) photo of specimen with embedded defect ‘delamination’.

Tension rate,

Ne Totsion rate, °/min mm /min k= u/ 1)
1 0 60 0
2 5.0 60 0.083
3 5.0 90 0.056
4 2.5 90 0.028

Table 2: Test parameters for proportional tension with torsion.

During loading, the displacement and deformation fields were registered on one of the surfaces of the specimens by using
the contactless three-dimensional digital optical system Vic-3D. The software of the vision-based system is based on the
method of digital images correlation [25]. The shooting is realized by a set of high resolution cameras (Prosilica, 16 Mp)
with a recording frequency of 3.5 Hz.

Post-processing of the obtained images was carried out using the criterion of the normalized sum of squared differences

(NSSD); to calculating the fields of longitudinal (e ), transverse (e, ) and shear deformations (e, ), the finite strain

tensor in the Lagrange representation is used. Whereas the axis Oy is directed along the specimen (along the axis of tension),
the axis Ox is perpendicular to the axis of loading in the specimen’s plane.

To identify the location and geometric parameters of technological defects of the “delamination type”, the method of active
infrared thermography was used, while the temperature fields were registered with the infrared thermal imaging system Flir
SC7700M. The thermal imager is equipped with a detector of the “cadmium-mercury-tellurium” type, has a resolution of
640 % 512 pixels, a recording rate of 115 Hz (at full resolution) and a sensitivity of <0.025 °C.
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Figure 2: Experimental set-up with the Instron 8850 biaxial servo-hydraulic testing system (1), the DIC measurement system Vic-3D (2)
and the infrared system Flir SC7700M (3).

As an example, Fig. 2 shows an image of the relative arrangement of the test and recording equipment. It should be noted
that the synchronization of optical recording systems with the test system controller during the test was carried out by means
of the Analog-to-Digital Converter unit (NI USB-6251).

MECHANICAL TESTING.

Procedure of defect identification
efore carrying out mechanical tests of the specimens with technological defects of the “delamination type”, it is
B necessary to determine the location and geometric parameters of the defects. The method of identifying the
technological defects is based on using the method of active infrared thermography [26]. The tested specimens were
heated with the incandescent electric lamp with the intensity of 150 W during 10 seconds at a distance of 0.1 m. During the
heating, the temperature fields were recorded with the FLIR SC7700M thermal imaging system.
Fig. 3 shows the analysis results of inhomogeneous temperature fields illustrating internal defects in specimens. The
temperature field is given in the values of the temperature change, where the value of AT is obtained by subtracting the
first frame from a series of images obtained during the imaging. The use of this method made it possible to visualize the
configuration of the internal defect, and also to register and evaluate the defect displacement relative to the center of the
working part of the specimen (Fig. 3, b).

Tension with torsion testing of specimen without defects

Mechanical testing of blade specimens without defects were made under proportional tension with torsion with different
ratios of the given displacement and the torsion angle in the range of £=0+0.083. The following ratio £&=0.028 was
chosen to carry out further studies of specimens with an internal defect. With this relation, great values of both the tensile
force and the torque are achieved.

Fig. 4 shows the curves of the “load-displacement” and “torque-torsion angle” dependences according to the built-in sensors
of the test system, obtained with the selected ratio u/@. As an example, Fig.4 (b) shows the image of the specimen after
testing. It is worth mentioning that the macrofracture of the tested specimens took place in the gripping part under the axial
load of P, =48.2 kN and torque M, =722 nm.
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Figure 3: Temperature fields on specimen surface with different type of laying defects: (a) type 1, (b) type 2.
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Figure 4: The ' P ~ #’ (a) and * M ~ @ (b) curves obtained in tension-torsion test of specimen without defects (& = 0.028).

Tension with torsion testing of specimen with embedded defects

In order to experimentally study the mechanisms of inelastic deformation and fracture of specimens of carbon fiber with
internal defects under complex stress state, mechanical tests are performed with the proportional tension with torsion with
the ratio £=0.028. To evaluate the development of the internal defect, tests were carried out with three reloadings and
repeated loadings. The reloading was performed until the level of the axial load was P =10 kN. In the case of the internal
defect formation under loading, a possible change of the images of deformation fields at the time of reloading is assumed.
Comparison of the configuration of the longitudinal deformation fields during reloading will allow to estimate the increase
in the region of delamination of the composite material.

Fig. 5 shows loading diagrams in the “load-displacement” and “torque-torsion angle” coordinates obtained by the tension-
torsion of specimens with internal defects sized 20X20 mm? and 10X10 mm?. The diagrams are also built based on the data
of the built-in sensor of the test system.
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Figure 5: The ' P ~ #” and * M ~ ¢’ curves obtained in tension-torsion test of specimen with embedded defects (£ = 0.028): (a) type
1; (b) type 2

It is of interest to analyze the evolution of inhomogeneous longitudinal deformation fields on the surface of the studied
specimens under loading. Fig. 6 shows the time dependence of the axial load for a specimen with a defect of 20X20 mm?

(Fig. 7). For the points £, —#, the evolution of the longitudinal deformation fields (e, ) is presented in Fig. 7. The axis Oy

is directed along the loading axis of the specimen. It is worth mentioning that there is an insignificant increase of thickness
in the region of the defect, which is associated with the characteristic property of the “delamination type” defect
development on the specimen’s surface. This thickening is recorded by the video system and illustrated in Fig. 7 as an image
of the distribution of the coordinate z (the axis Oz is perpendicular to the plane of the specimen). Points 7 —#; correspond

to the specimen’s reloading instances at P =10 kN.

In the region of the defect, the presence of inhomogeneity of the longitudinal deformation fields was observed, while in
this zone the level of longitudinal deformation is below the average value over the whole specimen. The degree of
inhomogeneity increases in the process of loading. To illustrate the observed defect, the dependences of longitudinal
deformations were built along the specimen (along the axis Oy) for points 7, —#, (Fig.8). The level of the axial load (P ) in
the specified points is equal to 10, 20, 30, 40 and 50 kN respectively. Vertical dashed lines show the boundaries of the defect.
Fig. 9 shows similar dependences of longitudinal deformations, built for points 7, and #] —#;. It should be noted that the

configuration of the curves e | ~ y at the instants of the specimen’s reloading at the level of axial load =10 kN does not

y
change, which indicates that the internal defect does not develop during the test.
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Figure 6: the load-time’ diagram obtained for specimen with embedded defect of 20X20 mm? (type 1).
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Figure 7: Evolution of the longitudinal strain fields at points #, —7, on the surface of the specimen with embedded defect of 20x20

mm? (type 1).
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Figure 8: Profiles of the longitudinal strain during uniaxial tension at points 7, —7, on the surface of the specimen with embedded
defect of 20X20 mm? (type 1).
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Figure 9: Profiles of the longitudinal strain during uniaxial tension at points 7, # — #5 on the surface of the specimen with embedded
defect of 20X20 mm? (type 1).

A similar analysis of inhomogeneous fields of displacements and deformations was made for the specimen with the internal
defect of a smaller size (with the material delamination size of 10X10 mm?). Fig. 10 presents the evolution of the longitudinal

deformation fields (e, ) and the distribution of z coordinate. The time dependence of the axial load for the specimen with
a defect of 20 X 20 mm? (Fig. 6) is also characteristic for the specimen with the defect sized 10X10 mm?. Evolution of ¢

fields is given for similar points 7, — 7, .

For the specimen with the defect of 10 X 10 mm?, the thickening of the specimen in the region of the internal defect is
more obvious because of a greater number of delaminations of the composite (Fig. 10). For this configuration of the defect,
a smaller degree of inhomogeneity of the longitudinal deformation fields was noted and, as a consequence, a minor effect
of the internal defect on the process of deformation and macrofracture of the specimen.

In contrast to the specimen with an internal defect of a larger size (20X20 mm?), the localization of longitudinal deformations
with a value above the average over the whole specimen was seen in the “delamination” region (Fig. 11). The degree of
inhomogeneity of inelastic deformation of the material increases in the process of loading. The analysis of curves in the
reloading points (7, and 7 —#3) also revealed no increase of the material delamination in the region of inner defect.

CONCLUSIONS

patterns of inelastic deformation and fracture of the specimens of the layer composite material with prior introduced
technological defects that correspond to possible inappropriate compacting and bonding of material layers at a given
restricted domain were obtained.

T hus, as a result of the mechanical tests under tension and joint tension with torsion, the experimental data on the
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Figure 10: Evolution of the longitudinal strain fields at points #, —#, on the surface of the specimen with embedded defect of 10x10
mm? (type 2).
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Figure 11: Profiles of the longitudinal strain during uniaxial tension at points #, — 7, on the surface of the specimen with embedded
defect of 10X10 mm? (type 2).
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The evaluation was made regarding the applicability of the method of digital image correlation (DIC) based on the use of
the contactless three-dimensional digital optical system Vic-3D to study the mechanisms of the development of internal
defects in composites under complex stressed state. Data are obtained on the evolution of the displacement fields and
deformation components in the loading process, which characterize the effect of internal defects on the behaviour of layered
carbon plastic and deformation mechanisms. The work uses the method of active infrared thermography to identify internal
defects in the specimens and determine the actual configuration of delamination.

Based on the results of the tests, it was concluded that the use of modern diagnostic tools during studies makes it possible
to detect internal defects and analyze the mechanisms of deformation and fracture in specimens of composite materials. It
is important to note the prospects of a joint use of optical systems aimed at recording deformation fields and temperatures
during the control and diagnostics of seminatural and full-sized elements of composite structures.

Based of the obtained experimental data, it can be concluded that for an effective evaluation of a defect development in a
composite specimen, it is reasonable to take into account the results not only of tension under static load but also under
compression, as well as cyclic effect.
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