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ABSTRACT. Modern technological make it possible to produce three-
dimensional (3D) reinforcement for polymer composite materials. The tasks
of experimental research and analysis of the deformation process of new
composite materials for aviation purposes taking into account the nonlinearity
of mechanical behavior become actual.

The paper presents an experimental study of the mechanical compression
behavior of composite material specimens made of 3D woven carbon fiber
preforms using the pressure impregnation technology (Resin Transfer
Molding method with a pairwise interlayer reinforcement and a longitudinal
layer). Compression mechanical tests were carried out on specimens using a
universal system of electromechanical testing Instron 5882 and a system of
3D analysis of displacement and strain fields on the surface. Tests were
conducted in accordance with ASTM D 3410 recommendations and using
specialized tooling. Consideration of nonlinearity parameter during
experimental data processing is proposed. The importance of determining the
values of critical deformation in compression as a parameter characterizing
the moment of the beginning of fracture is noted. The comparison of
strength, elastic and deformation properties of carbon-fiber composite
materials made using the same technology from fibers and binders from
different manufacturers is carried out. The experimental diagrams "stress-
strain" and their approximating dependences taking into account the
nonlinearity function @ are obtained. The type of functions @ of the studied
materials is defined, the linear approximation of dependence of functions @
on strain is substantiated. Values of strength limits, elastic modulus,
nonlinearity coefficient and critical damage were obtained, statistical
processing of the obtained results and their analysis were carried out.
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INTRODUCTION

ecently, the innovative development of advanced industries is often associated with the substitutive application of

composite materials (CM). In particular, the current development trends in the field of production and application

of reinforced plastics based on high-strength fibers for aviation industry are given in works [1-3]. In [4] the feasibility
and experience of using perspective polymer composites in constructions of nodes and parts of aviation power plants and
rocket and space equipment are considered. The works [5, 6] are devoted to consideration of innovative development of
advanced technologies to be implemented in automated processes of manufacturing three-dimensional reinforced aerospace
composite structures.
Modern technological capabilities make it possible to produce three-dimensional space-reinforcing fillers for polymer
composites. 3D structures made of composite materials are used in various industries in the production of critical parts and
structural elements. In this case their considerable strength in transversal direction is realized, which, in contrast to layered
structures, provides conservation of fibrous plastics in the process of their operation. The works [7, 8] consider the
application of various volumetrically reinforced polymer composites in technical applications.
Because of the widespread use of composite materials in the production of industrial products, there is a need for various
studies of their mechanical behavior. So, in [9] the methods of tests of composite materials under nontrivial loading
conditions are considered and analyzed. The problems of determining the mechanical characteristics of composite materials
in conditions of fatigue and complex stress-strain state, under the action of static loads and different temperatures are solved.
Experimental studies of the effect of operating conditions on the mechanical properties for different classes of polymer
composites are described in [10-13]. Later, the obtained data are used in structural calculations in the systems for
mathematical modeling of the operating conditions of the materials used [14, 15]. At the same time, the design of structures
requires both the characteristics of the rigid elastic material and the strength to adequately estimate the technically
permissible strength ranges and calculate the strength criteria.
A complete and adequate analysis and description of the strain diagram requires the use of the concept of strain
damageability of the material, at least to the limit of time resistance, and possibly even more. Damage to materials occurs
both during production and during use of the product. The size and location of the defects affect the mechanical properties
of CMs [16-19]. A common method of quantitative description of the damage process is the use of the damage coefficient
[20, 21]. In modern models, considerable attention is also paid to the phenomena of damage accumulation during material
deformation [22, 23].
The purpose of this work is an experimental study, analysis and formation of a database on nonlinear deformation of new
composite materials. The novelty of the work is associated with the development and improvement of methods for
experimental studies of deformation patterns, obtaining new experimental data on mechanical behavior and describing the
nonlinearity of the behavior of structural CMs before the beginning of destruction.

RESEARCH MATERIALS

n this study, mechanical compression tests were carried out on polymer CMs with woven carbon fiber filaments in an

epoxy binder matrix. The samples were made of materials made of Umatex UMT49 carbon filament (Dipchel LLC,

Russia), VSE-59 binder (FSUE VIAM), Torayca TS800H carbon filament and Toray TC350 binder (Toray Composite
Materials America, Inc.).
The Properties of epoxy resin and carbon fibers are presented in the Tab. 1.
Samples of 3D carbon plastics in 4 combinations (types) of reinforcing knitted preforms and binders were investigated:
T800-T350, T800-VSES59, UMT49-T350 and UMT49-VSES59. Samples were cut from the plates in two directions (along
the base of the 3D fabric and along the weft) in 5(6) samples of each type. The material slabs are made according to the
schemes of weaving 3D woven preforms with impregnation by Resin Transfer Molding (RTM) [24] with layer-to-layer
interlacing and transversal sealing (Layer to layer interlocked with warp). The overall process of board molding consists of
several stages, the first of which is the stage of forming the preform - a reinforcing fiber system of a given structure. Next,
the "dry" preform is placed in special equipment (rigid die and punch with hermetic connection) for impregnation (RTM
itself) and final molding. The impregnation process is cartied out by a vacuum compressor through a system of nozzles, and
is monitored by binder sensors. At the end of the impregnation process, the binder supply is stopped, the punch compresses
the workpiece with a predetermined pressure to ensure a predetermined ratio of component volume fractions, and excess
binder is expelled through binder sensors.
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. . Strain at . Dry T, Wet T
. Elastic Tensile . Density, Cure, 5 3
Material modulus, GPa  strength, MPa Fa:;lure, g/cm? °C by ?(l:\/[A ), by Dol\c/[A)’
0
T800 294 5490 1.9 1.81 - - -
UMT49 260 4900 1.8 1.78 - - -
T350 - - 1.30 177 191 160
VSE59 - - 1.24 176 188 159
Table 1: Materials properties.
METHODOLOGY

primary defects occur in the areas of the lowest values of the fracture strain limit. For metallic materials, this is
usually referred to as the "elastoplastic deformation region" or "plasticity with hardening" on the strain diagram;
for CMs in compression, this is the area of accumulation of dispersed damage.
The peculiarity of the mechanical behavior of CM requires that the nonlinearity of the mechanical behavior of the material,
as a function equivalent to the reduction of the effective cross section of the sample, be taken into account [20, 21]. Then,

D uring quasi-static compression of bulk-reinforced CMs, initially the matrix cracks and then the fibers fail. The

the dependence of stresses (0) on strains (€) can be represented by the formula:
o(&) = E(1- (&) )

where @ is a function characterizing the nonlinearity of the mechanical behavior before the beginning of failure, E — elastic
modulus.

If we assume that the dependence of the function @ on the strain is linear, then the dependence is valid:
w(e)=ke ©)

where £ is the nonlinearity coefficient.
The adequacy of this hypothesis for the studied materials will be shown below.
Then formula (1) is a polynomial of the second degree:

o(¢)=Ee - Eke’ 3)

The experimental data can be approximated by the method of least squares by formula (3).

In compression tests it is difficult for the experimenter to accurately determine the strains on the material specimen. Finding
an extensometer in the loading area is either technically impossible (extensometer dimensions are larger than the working
area of the specimen), or the specimen is damaged when it fails. Using an extensometer according to the standard
recommendation for such materials leads to unacceptable errors [25]. Estimation of strain by the external elements of the
loading system also leads to large errors that often do not allow estimating the damage parameter in the experiment. At
present, three-dimensional digital optical systems based on the method of digital image correlation are widely used in
scientific research [26-28]. One of such systems is the Vic-3D system [29-31], the use of which removes the problem of
exact determination of the strain before the specimen fracture under compression.

The compressive strength, defined as the ratio of the maximum load to the cross-sectional area of bulk-reinforced
composites, is often not an indicator of the strength of the material under study. Since there is often a situation when the
test sample has already received critical damage to the matrix and fibers, and the force is still increasing. Only a sharp change
in the strain rate, as well as a violation of the continuity of the field fixed by Vic3D due to a crack, indicates that the material
is destroyed.

It should be emphasized that the limit of applicability of the description of the mechanical behavior of structural carbon
plastics by the formula (3) is obviously the critical damage (critical strain). Reaching the critical damage (i.e., significant
destruction of the matrix) comes before reaching the compressive strength limit, which is defined as the time resistance.
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The fact of these irreversible failures is a sharp change of strain in the compression diagram or, more often, the destruction
of the strain field, which indicates the occurrence of a significant crack in the material.
When analyzing the stress-strain diagram, such a criterion may be the deviation from the theoretically found function:

e, =06 (g)<o(e)+6,

where & () —is the derivative of the curve approximating the experimental values, d, - is the error of the expetimental data,

mainly related to the combined etrror (rattle) of the measuring instruments - force sensor and Vic-3D extensometet.
It is also possible to fix a jump change in the strain value by an amount greater than the measurement error:

; 0,
£, =¢ <& +0,

where &"— strain values on the curve approximating the experimental data, 7/ — time moment of collecting information from
sensors of measuring, J; — measurement error equal to the error of the extensometer Vic-3D.

If the critical damage @, represents the limit value of the nonlinear function, after which the failure progresses avalanche-
like, cracks form on the surface and the deformation of the sample by the Vic-3D system cannot be fixed (the continuity of

the deformation field of the Vic-3D system is broken), then since @ is proportional to strain:

W, =kE

o [

EXPERIMENT

he tests were performed on an Instron 5882 electromechanical system in accordance with ASTM D 3410
recommendations [32]. Standard shaped specimens and recommended tooling were used for the tests (Fig. 1).

2)
Figure 1: Sketch of sample (a) and photo of tooling (b) according to ASTM D3410: a= 4.5+0.2mm, b=25.120.3mm.

Sample thickness "a" and sample width "b" were measured using a Mitutoyo digital micrometer head, the error of the device
is £0.004 mm. The traverse travel speed is 1.5 mm/min. The accuracy of load measurement is 0.5% of the measured value.
The strain was determined using a three-dimensional digital optical system Vic-3D (Fig. 2) equipped with two cameras with
a resolution of 4 megapixels.

The strain was recorded using an additional software module of the "virtual extensometer" video system. Its principle of
operation is similar to the contact extensometer and consists in tracing the mutual displacement between two points on the
surface of the samples according to the applied force. The appearance of tooling with the compression test fixture installed
is shown in Fig. 2 in accordance with ASTM D 3410.
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Figure 2: Image of the specimen in the Instron 5882 tooling (a) and Vic 3D system setup (b: 1- Instron 5882, 2- Vic 3D, 3- tooling
ASTM D 3410) for compression tests.

Figure 3: Fracture examples of T800H samples.

Tests are performed in accordance with ASTM D 3410. And as a result of the test the following characteristics are
determined: maximum load in compression (kN), ultimate compressive strength (MPa), modulus in compression (GPa),
fracture classification according to ASTM. According to the test results for each group of specimens the diagrams "stress -
strain" are plotted, the mathematical expectations of the required values are determined with a confidence interval for the
95% probability.

Marking of the samples is done as follows:

- "T'800-T350" is a combination of Torayca - T800H carbon filament and Toray TC350 binder in a sample,

- «UMT49-BCDO59» — UMT49 carbon filament and VSE-59 binder are used,
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- T800-VES59 - Torayca - T800H carbon filament and "VSE-59" bindert,

- "UMT49-T350" - carbon filament UMT49 and binder brand TC350,

- "0" indicates that the sample is cut along the warp, "90" along the weft.

Examples of sample fractures are shown in Figs. 3 & 4 and in general they have a similar character. There is no such type
of fracture as delamination, which, for example, is typical in compression according to ASTM D 3410 of the same samples,
but made by the more common prepreg technology.

10 mm

UMTA49- VSE59-90

UMT49-T350-0

UMT49- VSE59 -0

Figure 4: Fracture examples of UMT49 samples.

Evaluating the production technology of these samples, it is worth noting its high stability, as all samples had a very small
variation of "load-displacement" diagrams, which could be caused by the presence of manufacturing defects, such as voids
that occurred during pressure impregnation.

RESULTS AND DISCUSSION

eight types of samples. For each sample, an approximating curve for function (3) is constructed using the least

squares method, taking into account the nonlinearity. The mathematical expectation of the parameters of this
function (the elastic modulus E and the nonlinearity coefficient £) for each of the eight types of samples is determined and
an approximating curve is constructed based on them (indicated by a black dotted line in Figs. 5 & 6) on each set of diagrams.
For the samples of materials used in this study, not taking into account the nonlinear behavior leads to the fact that under
loads, for example, 80% of the destructive load, the strain error is more than 14% of the current value.
Approximation of the stress-strain relation of each test specimen by Eqn. (3) gives a sufficiently accurate description (not
less than 0.996 coefficient of approximation reliability) of mechanical behavior on the stress-strain diagram. However, in
spite of the complete certainty of the values required for the integral approximation of the experimental strain curves by the

T he results of the conducted studies in the form of stress — strain dependencies are presented in Fig. 5 and Fig. 6 for

polynomial (3), the identification and analysis of the functions @ themselves, characteristic for this class of composite
materials, appears to be an independent and very important task. It is also necessary to substantiate a linear approximation
of these functions.
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Figure 5: Stress-strain diagrams for samples T800H (solid line - test data dotted line - approximation of test data).
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Figure 6: Stress-strain diagrams for UMT49 samples (solid line - test data dotted line - approximation of test data).
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The construction of experimental functions @ is based on the processing and analysis of strain diagrams, which are an array
of pairwise values (coordinates of points) of conditional stresses and strains obtained using the built-in force sensor and the
ViC-3D system, respectively.

The type and nature of the function @ will be determined by recalculating the coordinates of the points of the strain diagram
according to the formula (1). In this case, the left boundary of the range of the function's existence will be determined by
the inequality:

a)(g)zl—(ij>0

Eeg

where o and e are coordinates of the points in the strain diagram. The right boundary is defined by the critical value of this
function defined above.

Examples of functions @ of the materials under study and their linear approximations are shown in Fig. 7. The analysis of
o functions is complicated by small strain values of the sample material and the size of the strain field recorded by the video
system (25x17 mm), which is comparable to the error of strain of movements of the digital optical system of £2 mcm, since
it leads to "sawtooth" curves in the diagrams. However, the analysis and practice of experimental work show that the
fluctuations are primarily associated with the reaction of the recording equipment in the area of small values of the measured
quantities to the change of structural phases of the CM deformation process. Three phases of deformation and damageability
of materials can be distinguished: elastic deformation without macro manifestation of damageability, steady growth of
damageability and overcritical, avalanche-like, uncontrolled growth. Thus, the increased amplitude of fluctuations at the
initial stage of the function @ indicates the reaction (excitation) of the recording equipment to the transition from elastic
deformation to the obvious, noticeable growth of the function @. Then the bounce stabilizes, and the nonlinearity function
w steadily increases. The general trend of the functions o, free from fluctuations, is most adequately approximated for these
materials linearly by formula (2).
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Figure 7: Examples of function @ (point) and their linear approximation (dotted line): a) T800-T350-0, b) UMT49-VSE-59-0.

The mechanical characteristics determined during the study are presented as histograms in Fig. 8. Estimates of the values
were obtained by Student's method, where the confidence intervals were determined with a 95% probability.

As a result of tests carried out on samples manufactured (produced) using the same technology on the same equipment
from components similar in their properties, as a result we have a different scatter of test diagrams and we assume that this
is influenced by the interaction of fibers and matrices from different manufacturers, which is manifested in stability (small
scatter) of stress-strain diagrams.

In general, it should be noted a rather high stability of the technology of material manufacturing. Moreover, the samples
were made from different slabs. There is also less stability of production technology from raw materials of LLC "Dipchel"
and FSUE "VIAM" - the confidence interval of variation of values is 10% more than for samples from raw materials
produced by Toray.
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Figure 8: Mechanical parameters of the studied CM samples (0,90 - reinforcement directions).
CONCLUSIONS

n the course of the study, the ultimate strength, modulus of elasticity and the maximum value of strain of the material

for 4 types of composite materials were determined.

Evaluating the production technology of the investigated composite materials, we can conclude that the mechanical
behavior of the samples made from the raw materials of Toray production is more stable (which was estimated by the value
of confidence intervals of variation) and it is 10% higher than that of the samples from the raw materials of LI.C "Dipchel"
and FSUE "VIAM".

To analyze of mechanical behavior during compression of a CM, it is proposed to use a function @ describing the nonlinear
dependence of stress on strain up to the critical value @, The function @), it is proposed to approximate linearly.

In evaluating the material, it is proposed to determine the nonlinear mechanical behavior and the value of the critical strain
in compression.
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