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Abstract. The increasing use of composites in such modern fields as
aviation and space technology, shipbuilding, oil and gas industry, etc.,
determines the importance and relevance of developing effective high-
precision methods for long-term forecasting of the defining characteristics
of composite materials and structures made of them (residual life, strength,
reliability, durability). A study of the promising possibilities of applying
modern provisions of the kinetic theory of strength to develop optimal
models of durability of composite materials and structures made of them
under the influence of extreme environmental factors has been carried out.
Based on the application and development of mathematical and computer
modelling methods, effective methods for predicting the defining
characteristics (residual life, strength) have been developed.

1 Introduction

Polymer composite materials (PCM) and structures made of them in recent decades
have been an integral part of modern technology in many areas that determine scientific and
technological progress [1 — 5]. In recent decades, when developing samples of modern
technology, including high-speed transport, considerable attention has been paid to the
problem of creating reliable methods for quantifying the operability of structures made of
polymer and composite materials (CM). The importance of developing effective high-
precision methods for assessing the durability of CM under the influence of extreme
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environmental factors is due to the fact that CM and structures made of them are beginning
to be widely used in critical products of modern aviation and space technology,
shipbuilding, oil and gas industry, etc. [6 — 9]. The preservation of the working capacity of
the material is determined by the long-term ability to resist aging, which is associated with
a combination of reversible and irreversible physical and chemical transformations under
the influence of extreme environmental factors [10 — 15] . The impact of extreme
environmental factors can be associated with temperature factors, humidity, exposure to
solar and penetrating radiation, mechanical stresses and other factors, both individually and
in various combinations [1-3, 8, 10].

The widespread use of composite materials in modern technology determines the
importance and relevance of developing effective high-precision methods for long-term
forecasting of the defining characteristics of composite materials and structures made of
them (residual life, strength, reliability, durability) [14-16] . When deciding on the use of
the material in modern technology, from a large number of possible sample options, it is
necessary to choose a sample with such a composition that can provide the optimal
combination of the necessary indicators. Under the influence of extreme environmental
factors in various combinations, the properties of composites change over time, which, as a
rule, affects their performance. At the same time, the speed and nature of changes occurring
in composites at both the micro and macro levels will also depend on the number of factors
affecting the material and the intensity of these influences.

The basis for making a decision on the use of polymer composite materials in modern
technology is the totality of its required indicators at an acceptable cost and the ability to
resist aging . In modern technology, the dominant position is occupied by materials that can
function without replacement for 20-30, and in necessary cases for more than 50 years.
When using materials in aviation and space technology, penetrating radiation is an effective
activator of aging, which, unlike light, is able to initiate transformations in the entire
volume of the material. Therefore, the use of polymer composite materials in aviation and
space technology makes it even more relevant to study the resistance of polymers to
radiation [3,14-18].

The mechanism of polymer aging has not been sufficiently studied yet. There is no
established quantitative relationship between the influence of various types of external
influences on the rate of the prevailing aging process. For a satisfactory prediction, it is
necessary to have simple and reliable relationships between the kinetic parameters of
physical-chemical processes and the macro properties of materials that determine their
operational suitability. These, as well as other issues, constitute an important scientific
problem that stands in the way of creating scientifically based approaches to predicting
changes in the properties of PCM during their storage and operation. The importance and
relevance of developing effective methods for predicting changes in the properties of PCM
is explained by the fact that without data on the nature and speed of changes in the
mechanical, electrical, thermophysical properties of polymers in the operating conditions of
products, it is impossible to ensure a rational choice of materials and thereby increase the
reliability of structures made of polymer and composite materials.

Based on the current provisions of the kinetic theory of strength, the possibility of
constructing optimal models of durability of composites of optimal structure and
complexity under the influence of extreme environmental factors has been investigated.

2 Construction of generalized multiparametric models of
durability based on modern provisions of the kinetic theory of
strength



E3S Web of Conferences 446, 03001 (2023) https://doi.org/10.1051/e3sconf/202344603001
HSTD 2023

In general, polymer, composite materials, composite structures can be affected in
various combinations simultaneously by several different factors associated with hardening
processes, exposure to solar radiation, moisture saturation, exposure to ultraviolet radiation,
exposure to extreme climatic factors, exposure to operational loads of both cyclic and non-
cyclic nature, etc. Each of these factors has an independent effect the degree of damage to
the polymer, composite material, composite structure.

We denote the defining property of the material by R (residual life, durability,
reliability, etc.), and its initial value by Ro. Denote the total number of factors affecting the
material, and leading to its damage and premature aging through p. We denote

F/(uj‘l,ujyz,...,u/‘[ ;0),(j=1,2,...,p) by the model describing the effect of the j-th

factor on the defining property of the material, Uj s Ujgsensll - the system of undefined

parameters of the model, lj — the number of undefined parameters of the model. We will

assume that various physical factors have an influence on the composite, independent of the
influence of other factors. And we will also assume that the changes caused by the
influencing factors are summed up. Then, when introducing these assumptions, it can be
assumed that a generalized durability model describing the simultaneous impact of several
factors on the material can be represented as:

P
R=R + Y F(u,.u,,.....u, 1) )
j=1

In these notations; # . ,u u;, - parameters describing the nature of the impact
>

j’l b ],2 2%
of the j-th factor on the composite, t- time. In accordance with the modern provisions of the
kinetic theory of strength, it was assumed that the effect of each of the factors Fj on the
material will activate 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 functions Fj, describing the effect of the j-th factor on a composite

composite, can be represented as a decomposition in a series according to some system of

basic functions ¥ (ﬂ b ’t)’(k =12.3.-) , that most fully characterize the features of the
process of increasing the damage of the material under the influence of extreme
environmental factors. Choosing as a system of reference functions when presenting
descriptions of factors affecting PM, CM Fj , in the form of series, a system of exponential
functions describing the nature of processes occurring at the molecular level, in accordance
with the Arrhenius equation, it is possible to construct the following universal forecasting
model describing at the physical level the processes occurring in composite materials,
structures under the simultaneous influence of several destabilizing physical factors:

RGt)=R + iwz/ak/ (uj,l""’uj,l/ )V/u I:’ka (uj,l""’uj,l/ );t:l 2)

j=1 k=1

In these notations:
a, (“,‘,1""»”,-,1, )’ﬂkj (“,,1 sl ),(j -1,2..., p;k =0,1,2,...) undefined parameters of the

model describing the impact of the j-th factor. The value of Nj corresponds to the number
of terms when decomposing the j-th factor into a series according to the system of basic
functions, in particular according to the system of exponential functions, if the
corresponding physical factor Fj describes the aging processes.
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Within the framework of the developed models, it is possible to solve the problems of
predicting the residual resource both under the influence of an indefinite number of extreme
factors, and the problems of predicting the residual resource under the influence of strictly
defined pre-known factors, for example, under the influence of a factor associated with
climatic effects and a factor associated with hardening processes.

The principle of multiplicity of forecasting models is formulated, which was the basis
for the development of optimal forecasting models of optimal structure and complexity. In
accordance with the principle of multiplicity of forecasting models, the model most
adequate to the real predicted time dependence of the defining property of a composite
composite R* (t) is a model of optimal structure and complexity. A model of optimal
structure and complexity is understood to be a model containing the optimal number of
terms that allows solving the forecasting problem with the required accuracy.

An extreme problem, from the solution of which a model of optimal structure and
complexity can be determined, can be formulated as follows.

R ((u ) ;t) = arg min{Ru(u”;t)} J(Rn (u";t)) 3)

1<n<o
In these notations: #” - vector of parameters of the prediction model of the parametric
family corresponding to the value of parameter n: u" = (u, ,u,,...,u. );J(R (u";1)) ; -

estimation of the degree of deviation of this model R (u";t), the multiparametric family

corresponding to the value of parameter n (1<n<w), from the real time dependence of the
defining property

R;R. ((u ) ;t) - prediction model of the multiparametric family of optimal structure

¥

and complexity; (u ) - vector parameters of the prediction model of the optimal structure

and complexity corresponding to the optimal number of parameters equal to n*.

3 Application of optimal generalized durability models for the
study of promising opportunities to increase the accuracy of
forecasting the defining characteristics of composites

A study of the possibility of using the methodology being developed to study the
promising possibilities of increasing the accuracy of predicting the determining
characteristics of polymer composite materials (PCM) under extreme conditions has been
conducted [13-16] . The application of optimal generalized models of durability is
investigated to identify the determining factors that have a significant impact on the
stability of the estimation of the accuracy of the forecast in the predicted time interval

[tmi“ ’t"“*x]. On the basis of the developed approach based on the principle of multiplicity of
forecasting models and the concept of models of optimal structure and complexity,
qualitative patterns of dependence of optimal models of durability of optimal structure and

complexity are investigated R'(¢) = R(u ; t) (0<z<t_,0<t<t_ ).A parametric family

of forecasting problems was considered, in which the parameter is the current size of the

retrospection interval 1(0 <<t ) In these notations, Y, - the optimal vector of

T

indeterminate parameters is defined, which determines the optimal model of the durability



E3S Web of Conferences 446, 03001 (2023) https://doi.org/10.1051/e3sconf/202344603001
HSTD 2023

of the optimal structure and complexity R (¢), which corresponds to the value of the

parameter 1. Qualitative analysis allowed us to establish important patterns of the structure
of optimal models of the durability of the optimal structure and complexity when changing
the size of the retrospection interval t. The analysis made it possible to identify areas of
stability and instability in the retrospection interval. A qualitative comparative
characteristic of these areas was carried out, a qualitative analysis of the structural features
of the areas of stability and instability was carried out. A study of the behavior of optimal
durability models in these areas has been conducted, a comparative assessment of the
boundaries of these areas, as well as their mutual location, has been carried out. Fig. 1
shows the results of computational experiments on predicting the residual life of polymer
fiber composites (PFC) based on the developed methodology. The combined effect of the
hardening factor and the aging factor on the composite was considered.

Ropt(tau Wt

Fig. 1. Three-dimensional graph of the dependence of the parametric family of optimal models on the

durability of the optimal structure and complexity R’ (Tr it ) depending on the parameter 7, - the

size of the time interval of retrospection (0<tr <tmax). The strength measured in Mpa is considered as
the residual resource R of the investigated PFC type CM. The studied interval for studying changes in

the residual resource of the PCM is tmax = 15 years. Notation: 7 _ - the size of the time interval of
retrospection in years (0<tr <tmax); t — time.
To construct optimal generalized models of the durability of the optimal structure and

complexity based on the developed methodology, the results of physical experiments
conducted to measure the residual life of PFC were used as initial data [19]. . The strength

of PFC — R was considered as a residual resource. Here R, is the initial strength value.
Measurements of the residual resource were carried out at intervals of 1 year. We introduce
a generalized persistence indicator &, (f) , which is the ratio of the residual resource of PFC
at time t to the initial value of the residual resource R :k,(¢)=R(t)/R, -

As a result of the computational experiments carried out according to the developed
methodology, 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 7, . The upper bound tmin of the retrospection interval [0,z ]

during multivariate computational experiments was taken as a parameter of the problem.
According to the developed methodology, for each current value of the parameter - the
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upper limit of the retrospection interval t min » the task of constructing an optimal model of

the durability of the optimal structure and complexity was solved R" ((u"‘ ) t) (3). For

each current value of the parameter, based on the constructed optimal model of the
durability of the optimal structure and complexity, the problem of constructing the
predicted dependence of the residual resource of the PCM on the predicted time interval
was then solved [r .,z ] [13-16] . In accordance with the fact that the introduced

multiparametric family of durability models { R" (u”; z)}x is presented in the form of a
superposition of Arrhenius equations, which in the resulting form has the form of series (2),
and reflects the nature of destructive processes described at the micro level, and the optimal
durability model of optimal structure and complexity R" ((u ) t) belongs to this multi-
parametric family, then, in accordance with Based on the results obtained in [14-16] , it
should be expected that this model in the introduced parametric family will most adequately

describe the real time dependence of the residual resource on the prediction interval
[¢.. .t ] The conducted computational experiments confirm these conclusions.

Based on the conducted computational experiments, it was found that at the

retrospection intervals, the size of which 7, is insufficient to identify the fundamental laws

of the micro- and macrostructure of CM, determining the nature of the change in the
residual resource of CM for a long period, the dependence of the parametric family of

optimal models for predicting optimal structure and complexity R (TV 3t ) depending on
the parameter 7, has an unstable oscillatory character, while the amplitude of the
oscillations decreases as the parameter 7, increases. For the retrospection intervals, the size

of which 7, is already sufficient to identify the fundamental laws of the micro- and

macrostructure of the PCM, which determine the nature of the change in the residual
resource of the CM for a long period, the dependence of the parametric family of optimal

models for predicting optimal structure and complexity R’ (Tﬁ 3t ) on the parameter 7,

acquires a monotonous stable character and smoothly approaches the real dependence of

the residual resource as the parameter 7, increases. At the same time, it was found that for

I

the studied CM, after seven years of observations (7, =7), the dependence of the

parametric family of optimal forecasting models of optimal complexity R*(r,_ ;t) ,

depending on the parameter 7, , acquires a monotonous stable character and differs

roo
insignificantly from the real dependence of the residual resource.

Thus, depending on how adequately it is possible to take into account in the durability
models the essential fundamental laws inherent in the physical-chemical processes
occurring at the micro and macro levels, which have a decisive influence on the change in
the residual resource of materials, the success of the effective solution of forecasting
problems largely depends. Thus, an objective assessment of the size of the retrospection
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intervals 7, , at which these fundamental patterns are already fully manifested, becomes

important for solving the problems of effective forecasting.
The conducted computational experiments allowed us to establish that the dependence
of the parametric family of optimal forecasting models of optimal structure and complexity

{R* (r’_ 3t )} , depending on the parameter 7, characterizing the size of the retrospection

interval, is oscillatory. The nature of the oscillatory process largely depends on the extent to
which the fundamental patterns that characterize the processes occurring at the micro and
macro levels and have a decisive influence on the change in the residual life of the
composite are manifested in the studied time period. The study of various types of stable
and unstable oscillatory processes, which lead to parametric families of optimal models of

the durability of the optimal structure and complexity {R* (r’_ 3t )} when the parameter 7,

changes, is given.

4 Conclusion

Based on the application and development of mathematical and computer modeling
methods, effective methods for predicting the defining characteristics (residual life,
strength, reliability, durability) of composites in extreme environmental conditions have
been developed. A study of the promising possibilities of applying modern provisions of
the kinetic theory of strength to develop optimal models of durability of composite
materials and structures made of them under the influence of extreme environmental factors
has been carried out.

The possibility of evaluating on the basis of physical experiments the determining
parameters of physical-chemical processes occurring at the microlevel can allow in a single
form to investigate the essential features of the influence of various types of external
influences on the speed of the prevailing aging process, as well as to develop functional
relationships characterizing the corresponding quantitative relationships describing the
influence of various types of external influences on the speed of the prevailing aging
process.

It is shown that the application of the principle of multiplicity of forecasting models and
multiparametric models of optimal complexity in the framework of refined formulations of
inverse problems of forecasting the residual resource in the variational formulation can
significantly increase the accuracy of solving forecasting problems.
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