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Abstract. The paper investigates the issue of promising ways to predict the
durability of polymer composites under extreme conditions. A study of the pos-
sibility of predicting the durability of the material, based on the information ob-
tained in the first years of operation. Based on the modern provisions of molecu-
lar kinetic theory (MKT), the issue of matching the defining parameters of math-
ematical models calculated because of solving forecasting problems within the
framework of the formulated variational formulation, considering the results of
experimental measurements at the macro level, with the corresponding defining
parameters of physical models describing molecular interactions at the micro-
level, was investigated. The results of computational experiments are presented.

1 Introduction

In recent decades, increasing attention has been paid to the problem of creating reliable
methods for quantifying the performance of products made of polymer and composite ma-
terials [1-3]. The importance of developing effective high-precision methods for long-term
forecasting of the defining characteristics of composites (residual life, strength, reliability,
durability) is since composite materials and structures made of them are an integral part of
modern technology in such areas that determine scientific and technological progress as avi-
ation and space technology, shipbuilding, oil, and gas industry, etc. [2—4].

Currently, the problems of mathematical modeling of problems of long-term forecasting
of the durability of structures made of polymer composites under extreme conditions, under
the influence of extreme climatic environmental factors, are solved in significantly simplified
formulations that do not consider a significant number of factors that have a significant impact
on the accuracy of the solution. As a rule, the applied forecasting models have a small
number of uncertain parameters, which does not allow achieving the necessary degree of
adequacy of the model of the real situation. At the same time, an integral part of the problem
of developing effective methods for predicting the defining characteristics of composites is
solving the problem of effectively constructing globally optimal solutions that evaluate the
effectiveness of the constructed solutions to forecasting problems.
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The specificity of the studied problems of predicting the defining characteristics of poly-
mer composite materials (PCM) under extreme conditions leads to the fact that for these
problems the extrapolation approach in the traditional formulation is ineffective. As noted
in several papers [5-8], a fundamental improvement of the extrapolation approach can be
achieved based on the choice of a mathematical model with a focus on physical representa-
tions. The paper investigates the prospects of predicting the durability of polymer composites
in extreme conditions. A study of the possibility of predicting the durability of materials,
based on the information obtained in the first years of operation.

2 Application of the basic provisions of the molecular kinetic theory
for the construction of generalized durability models

The development of generalized models of the durability of composites under extreme con-
ditions is based on the main provisions of the modern molecular kinetic theory (MKT). This
is because chemical transformations in composites can occur both at intermolecular and in-
tramolecular levels.

It is known from the Boltzmann distribution for the kinetic energy of molecules that the
number of molecules with energy E greater than the activation energy E,, is proportional to
the exponent exp(—E,/RT). As a result, the rate of a chemical reaction is represented by
the Arrhenius equation obtained from thermodynamic considerations, which has the form in
functional and differential forms:

k = koexp(—E,/RT), d(nk)/dT = E,/RT™. (1)

Analysis of the Arrhenius equation (1) in differential form shows that the greater the acti-
vation energy E,, the faster the reaction rate constant k increases with increasing temperature.
In these notations, R is the Boltzmann constant. The frequency factor k, characterizes the col-
lision frequency of reacting molecules (the number of active collisions of particles per unit
volume in the reaction mixture). The frequency factor ky expresses the fraction of particles
whose energy is equal to or greater than the activation energy E,. The activation energy E,
is an excess of energy relative to the average energy of the particles at a given temperature,
which is necessary for the reacting particles to enter a chemical reaction and is determined
by the properties of the reacting particles, their energy state.

Following the main provisions of the MKT, the study was based on a physical model in
which the nature of the change in time of the determining property of the composite R under
the simultaneous influence of several extreme factors is determined by elementary chemical
reactions at the molecular level described by the superposition of Arrhenius equations de-
scribing various types of molecular interactions initiated by the influence of various extreme
factors Fy, I, ..., F, on the composite.

If various physical factors have an impact on the polymer composite, independent of the
impact of other factors, and the changes caused in the composite are summed up, it can be
assumed that a generalized durability model describing the simultaneous impact of several
factors can be represented as:

R=Ry+ Fj(ujJ,uj’z,...,Mj’zj;l‘). 2)

p
Jj=1

By the current provisions of the MKT, it was assumed that the effect of each of the F;
factors on the composite activates at the micro-level a set of destructive elementary processes,
the chemical reactions occurring in which can be described in the form of a superposition
of Arrhenius equations. Each of the Arrhenius equations that make up the superposition
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describes a certain type of elementary chemical reaction, with its inherent parameters—the
frequency factor characterizing the frequency of collisions of reacting molecules, and the
activation energy.

3 Variational formulation of forecasting problems of defining
characteristics of composites

Following the formulated provisions of the MKT, each factor F; can be represented as a
superposition of the Arrhenius equations in the following form:

N;
Fj(uj,l,. ..,uj,[/;l‘) = Zakj(uj,l,. ..,Mj![j) [exp(ﬂkj(ujsl, . ..,I/tj)[j)l‘) - 1] , 3)
k—1

j=1,2,...,p; OStSTmaX-

N; is the number of elementary destructive processes, the course of chemical reactions
in which is activated when the j-th factor is exposed to the composite, u;,,uj,,...,u i
parameters describing the nature of the impact of the j-th factor on the composite.

The parameters ay; = ay;(u;,, uj,,...,u;;) express the fraction of particles whose en-
ergy is greater than or equal to the activation energy required to initiate the k-th elementary
chemical reaction (k = 1,2, ..., N;) when exposed to the composite factor F;; the parameters
Brj = Brj(uj > uj,, ..., ujy,) are related to the activation energy, i.e. with an excess of energy
relative to the average energy of the particles at a given temperature, necessary for reacting
particles to initiate the k-th elementary chemical reaction (k = 1,2, ..., N;) when exposed to
the composite factor F;. The excess energy associated with the activation energy is deter-
mined by the properties of the reacting particles, their energy state.

Variational formulation of forecasting problems of defining characteristics of compos-
ites: Based on short-term tests conducted on the time interval of retrospection [0, T, ], it is
necessary to find optimal parameters uj, u5, ..., u, of a generalized durability model R(u*; 1)
that deliver a global minimum to the efficiency criterion (4) on a set of multiparametric gen-
eralized forecasting models {R(u; 7)} that allow forecasting with an error not exceeding the
predetermined maximum permissible error of the forecast yz** (5):

m

~ 1 ~ 12 .
$=85w0 =~ [Ruu....up:) = Ri| = min, )
i=1

max  |[R(r) — R*(1)| < y&™*. 5
Tinin <1<Trmax | @ ( )| =Tk )

In these notations: R; = R;(Q)—measured values of the defining characteristic R at time
points t,1,, ..., t,, considering measurement errors Qi, Qa,..., Q,. R'(?) real-time depen-
dence. Vector of undefined parameters u*(Q) delivers the global minimum of the total stan-
dard error § (4):

S('(Q): Q) = min S (: Q). (©)

4 Problems of matching mathematical parameters and physical models
within the framework of the formulated variational statement

Based on the modern provisions of the molecular kinetic theory, the question of matching the
defining parameters of mathematical models calculated because of solving forecasting prob-
lems within the framework of the formulated variational formulation, considering the results
of experimental measurements at the macro level, with the corresponding defining parameters
of physical models describing molecular interactions at the micro-level, was investigated.
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Several fundamental principles and concepts were introduced that allow for optimal coor-
dination of the defining parameters calculated based on the constructed mathematical models
at the macro level with the defining parameters of physical models describing molecular in-
teractions at the micro-level.

Such concepts and principles as the principle of a multiplicity of forecasting models,
forecasting models of optimal structure and complexity, maximum permissible accuracy of
the forecast, etc. are introduced. Within the framework of the formulated variational state-
ments of forecasting problems, a parametric family of generalized durability models {RY(; 1)},
(1 < N < o) has been studied, in which the parameter is the number of terms N in the de-
composition of the durability function into a series. Within the framework of the introduced
parametric family of generalized durability models {R"}%_ ., a forecasting model of optimal
structure and complexity is constructed, which is understood as a model containing the opti-
mal number of terms that allows solving the forecasting problem with the required accuracy.

The problem of constructing a model of optimal structure and complexity is reduced to
solving the following extreme problem:

N* «N*, * _ . N/ *N. I
e R N S
max  [RY(u™;t) = R ()| € Ymax» 1 <N < oo,
Tonin <1< Timax

In these notations, N*is the optimal number of parameters of the prediction model of
optimal structure and complexity RY"; u*N—the optimal vector of parameters of the optimal
forecasting model of the parametric family corresponding to the parameter N; yy.x—the
maximum allowable error in solving the prediction problem.

By the principle of the multiplicity of forecasting models, it is considered that if in each
multiparametric family of generalized forecasting models there is a model that is most ade-
quate to the real predicted time dependence R*(f), then this model in the considered paramet-
ric family is a model of optimal structure and complexity.

The physical problems of restoring the parameters of destructive chemical reactions ini-
tiated by the action of extreme environmental factors are formulated in mathematical form
within the framework of refined variational formulations of inverse problems of predicting
the defining characteristics of PCM. Following the formulated principle of the multiplicity
of forecasting models and the introduced concept of optimal forecasting models of optimal
structure and complexity in the variational model [9—11], the task of restoring uncertain pa-
rameters can be reduced to finding the global minimum of the functional J, assessing the
degree of adequacy of the model describing the impact of extreme environmental factors on
the composite

I{{(o1016500 o, )Y ) = i (i) ®)

To construct the global minimum in the extreme problem (8), combined methods of
searching for the global extremum have been developed, based on the combined application
of necessary and sufficient conditions of the extremum and methods of full search.

5 Results of computational experiments based on generalized
durability models

Figure 1 shows the results of computational experiments on predicting the residual life of
polymer fiber composites (PFC) within the framework of the developed methodology. The
simultaneous effect of two factors was considered: the hardening factor and the aging factor.
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Figure 1. Optimal durability functions constructed based on optimal generalized forecasting models
for retrospection intervals, the sizes of which are sequentially 3, 5, 7, 9, 11, and 13 years

As initial data for the construction of generalized models of the durability of the optimal
structure and complexity based on the Arrhenius equations, the results of physical experi-
ments on measuring the residual life of PFC were used.

Based on the computational experiments carried out according to the developed method-
ology, optimal multiparametric generalized models of the durability of the optimal structure
and complexity were constructed with a sequential increase in the size of the time interval
of retrospection.

The graph shows simultaneously all the optimal durability functions calculated based on
the developed methodology, respectively, for the retrospection intervals, the sizes of which
are sequentially 3, 5, 7, 9, 11, and 13 years. Experimental values are marked with diamonds
on the graph. In the given designations: R3—forecast of the residual resource according to
the data for the first 3 years of exposure, RS—according to the data for the first 5 years, etc.

Conducting computational experiments based on the developed methodology can help
achieve a balance between exposure time and the accuracy of the forecast results.

6 Conclusion

The developed methodology for matching the parameters of mathematical and physical mod-
els at the micro and macro levels allowed solving the problem of restoring the parameters
of physics-chemical processes occurring at the molecular level and leading to destructive
changes in composites and deterioration of their characteristics over time.

An objective assessment of the parameters of destructive elementary chemical reactions
in composites based on the conducted physical experiments made it possible to build effective
generalized forecasting models for the long term, to conduct a constructive analysis of the in-
fluence of individual extreme factors on the durability of the composite, to give a comparative
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assessment of the degree of influence of one or another extreme factor on the durability of the
composite. Knowledge of the parameters of destructive elementary chemical reactions in the
composite initiated by the action of extreme environmental factors, their comparative con-
structive analysis, can allow us to develop a methodology for the synthesis of new materials
with increased durability.

The work was carried out within the framework of tasks of the Institute of Oil and Gas Problems of
the Federal Research Center and the Institute of Problems of Mechanics of the Russian Academy of
Sciences.
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