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COMPUTER PREDICTION AND ANALYSIS OF FUNCTIONAL
PROPERTIES OF SYNTHETIC TEXTILE MATERIALS

M. A. Egorova, I. M. Egorov, and A. A. Kozlov UDC 539.434:677.494

Methods of mathematical modeling, computer prediction, and systems analysis of functional properties
of synthetic textile materials are reviewed. The developed models and methods are used to describe
the functional properties and prediction of workwear deformation processes.

A great variety of micro- and macro-structured textile materials are used in textile and light industries. They
can be tentatively divided in terms of type of structure of textile materials into two groups.

The first group consists of materials having a simple macrostructure, i.e., various types of synthetic
fibers. The second group includes materials having a more complex macrostructure comprised precisely of a
combination of simple components. This group includes all kinds of fabrics, tapes, braids, yarns, tows, artificial
leathers, etc.

Active methods of investigation of physicomechanical properties of polymers began in the mid-twentieth century.
These investigations are founded on experiment-based phenomenological theories.

One of the developed directions is based on the concept of activating nature of mechanical impacts at the point
of action of nondestructive loads and deformations. The mathematical models describing relaxation are based on inclusion
of relaxation time [1] and, consequently, of delay time for describing creep.

At present, the first group of materials, for which mathematical models that satisfactorily describe their
physicomechanical properties were constructed, is studied most.

For example, we may choose in this case a model based on the assumption that the relaxing particles are
distributed in a normal fashion in terms of intrinsic relaxation and delay times. This model, as some others, makes it
possible to calculate from the experimental “families” of relaxation and creep curves the main physicomechanical
characteristics of synthetic materials belonging primarily to the first group [2].

However, as experimental check showed, the accuracy of determination of physicomechanical characteristics
decreases when these methods are used for the second group of materials. This fact, just as the fact that the second group
of materials, which are more widespread than the first group, is studied less, created the ground for finding new
mathematical models of viscoelastic properties that take account of the complex macrostructure of the studied objects.

The main problem that needs to be solved for designing devices for personal protection from mechanical impacts
consists in determination of the scores of evaluation of the physicomechanical properties of impact-resistive paddings
and their quantitative values that are adequate for injury risk criteria.

Experiments showed that the mathematical model of viscoelastic properties of materials having a complex
macrostructure should be constructed with due regard for the wide diversity of distributions of particles forming the
material of monofilaments based on intrinsic relaxation and delay times [3].

Such a distribution, on the one hand, must be close to normal and, on the other, must have a delayed convergence
of the distribution function to its asymptotic values, which corresponds to a broadened relaxation spectrum. As distribution
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Fig. 1. Fig. 2.

Fig. 1. Function of time of relaxation T, of cloak fabric.

Fig. 2. Function of time of delay t_ of cloak fabric.
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Fig. 3. Tensile-test diagram of cloak fabric.

of this type, it is preferable to select distribution based on the function of normalized arc tangent of logarithm (NAL) of
reduced time [4]:

(p(t):%+l-arctg{i-lnLJ (1)

where 7 is the current time, 7, is the base time, and llbp is the structural parameter.

A distinctive feature of this distribution is affiliation of the NAL function to the class of elementary functions,
which considerably simplifies integrodifferential transformations.

The methods of determination of viscoelastic properties and subsequent prediction of viscoelastic processes
based on use of NAL function as applied to such textile materials having a complex macrostructure as yarn, fabrics,
tapes, drapes, tows, etc., as evident from checking, yield results close to experimental.

Let us consider use of the mathematical model with NAL function [5]:

ESI :EO _(EO_Eoo )'(pg[

(p(Gt)=l+l-arct L-lnL
2om by 14 )

Dy, =Dy+(D_~E) ¢,

Oy —+— arctg(— ln—) 3)

where 7is the time, 1/b_is the parameter of relaxation process intensity, 1/b  is the parameter of creep process intensity,
T, is the relaxation time, T, is the delay time, E = o/¢ is the relaxing module, E is the modulus of elasticity, E_ is the
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Values of Components of Deformation and Mechanical Work
of Deformation

€, % ‘ &0 % I g —€9, % ‘ a, GPa ‘ a,, GPa ‘ a,, GPa
2 1,43 0,57 091 0,56 0,35
2,23 1,73 2,63 1,38 1,25
6 2,91 3,09 547 2,43 3,04

modulus of viscoelasticity, D_, = €/G is the compliance, D, is the initial compliance, D_ is the ultimate equilibrium
compliance, € is the deformation, G is the stress for determining the viscoelastic properties of technical-purpose materials.

The sample chosen was cloak (raincoat) fabric based on polyester fiber with water-repelling finish from the
Department of Garment Design and Technology. This fabric is used as the material of the upper part of shock-resistant
helmet liner intended for protection of head from impact of accidentally falling objects.

The “families” of relaxation and creep curves of cloak fabric were obtained experimentally on a stress relaxometer
by a quick method using mathematical models (2) and (3).

As aresult of processing, the following physicomechanical characteristics of cloak fabric were obtained: E, =
5.93 GPa, E_=0.82 GPa, ”b,,g =0.043,D,=0.17 GPa!,D_=1.22 GPa', llbpc =0.139, relaxation time t_(Fig. 1), and
delay time t_ (Fig. 2).

The physicomechanical characteristics are used further for predicting complex deformation processes. The
prediction is made as a solution of equations of nonlinear viscoelasticity:

t

O, :EO'ez_(EO_Eoo )J‘St_x(p'&vds 4)
0
!

81:DO'Gz_(Doo_DO)J‘Gz—x(p,cxds (5)
0

where the integral kernels @, and @_. are derivatives of the NAL function (1) [6].

The efficiency of the methods of prediction of deformation processes was checked by calculation of the stretching
process with a constant rate of deformation and by comparing with the experimental diagram obtained on an Instron-
1122 tensile tester.

The stretching was done at the base of a 200 mm sample at the rate of 100 m/sec, which corresponds to the rate
of change of deformation €=0.00083 ¢! (Fig. 3).

Predictions of more complex deformation-relaxation processes and reverse relaxation processes are made
analogously using equations (4) and (5).

The calculated tensile-test diagram was used to determine the elastic component of deformation by the equation [7]:

e,0=E'o, (6)
or
t
€0=¢ —(1—EooE61 )J‘St_x(p'avds )
0

For a fixed point of the tensile-test diagram with coordinates € and G, the specific mechanical work (per unit
volume) is calculated by the equation

t
a, Z‘[Gt de (8)
0

or
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Let us breakdown the specific mechanical work into the potential (elastic) component [8] a, = 0.5E;*&f and
dispersing part a, = a, — a,. The results of calculation of the specific mechanical work a , its elastic component a_,
dispersing components a , and the elastic component of deformation of cloak fabric are given in the table below.

As evident from the table, if the elastic component of deformation and mechanical work dominate at the initial
stage of deformation, then the dispersing components characterizing the viscoelastic and plastic components of deformation
begin to dominate with increase of deformation.

Modeling of viscoelastic properties gained further impetus in the form of computer methods [9], which made it
possible to automate computation process. This not merely improves the accuracy of computations, i.e., of prediction,
but also simplifies the process of selection of the best normalized function for the foundation of the mathematical model
out of the proposed ones, i.e., from the magnitude of deviations of the calculated points from the experimental [10].

The study was financed within the ambit of the assignment of the Russian Presidential Grant No. MK-1210.2020.8
and the Russian Presidential Stipend No. SP-3895.2021.5 TO offered to young scientists and postgraduates.
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