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ALGORITHMIC AND SOFTWARE OF THE SYSTEM PROFILING THE ACTIONS
OF USERS OF THE INFORMATION SYSTEM

E. V. Anashkin®, M. N. Zhukova

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
*E-mail: a.yegoriy@gmail.com

The paper describes the software of the system for profiling the actions of users of the information system. This pro-
filing system is aimed at solving the problem of trust in users of information systems. The system should regulate access
to protected resources by analyzing user behavior. The algorithmic component of the system is represented by a user
behavior model and a general system operation algorithm. The user behavior model is based on the apparatus of
Markov chains Sofiware implementation allows in practice to obtain the foundations of the proposed approach to work.
At the development stages, the choice of software architecture is carried out. The client-server architecture was chosen
as a reasonable decision. The software component of the user activity profiling system consists of five separate software
modules. At the end of development, a brief testing of the components is carried out. The novelty of this work lies in the
proposal of an approach that uses the profiling of user actions as an additional determining factor in managing access

to objects, as a way to strengthen the basic measures “Controlling access of subjects to access objects” in the order
system of FSTEC of Russia.

Keywords: user behavior analysis, access control, UBA, information security software.
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B pabome npusodoumcs onucanue aneopummuiecko2o u BPoSPaAMMHO20 0OeCneyenus CUCeMbl NPOPUIUPOBAHUS
Oeticmeutl noiv3oeameneti UHPOPMAYUOHHOU cucmembl. JJannas cucmema npoQuUIUposanusi HanpasieHa Ha pewenue
npobnemvl ¢ O0ogepuem K Noab3osamenim uugopmayuonuvix cucmem. Cucmema OO0N’CHA pe2yauposams OOCHYN
K 3auuiyaeMvbl;M pecypcam nymem aHaiu3a no8edeHus noavb3ogamenei. Aneopummuyeckas cOCmasnsiowas Cucmembl
npeocmasnena Mooenvio NoseoeHUs NOoab308aAmens U ooWuUM aieopummom pabomel cucmemvl. Moodenv nosedenus
noavb308amens CMpoumcs Ha base annapama MapKosckux yenei. Ilpocpammnas peanuzayusi no3eosiem Ha npaxKmuke
noayuums noomeepicoeHue pabomocnocobnocmu npediazaemoz2o nooxooa. Ha smanax paspabomxu ocyuecme-
Jslemcsi  6bl00p  apXUMEKMYpbl NpOZPAMMHO20 obecneuenus. B kauecmge 000CHO8AHHO20 peuienusi 6blOpana
apxumexkmypa muna «kiuenm — cepgepy. llpocpammnas cocmaensiiowas cucmemvl NpOQUIUPOBAHUSL OeliCmEull
noavzosamenel cOCMOUm U3 NAmu OMOEIbHbIX NPOSPAMMHLIX MOOyrel. B konye paspabomxu npoeodumcs kpamxoe
mecmuposarue pabomvl KOMnoueHmos. Hogusna 0annou pabomul 3aKI0YAEMCs 8 NPEONONCeHUU N00X00d, KOMOPbLil
ucnonvzyem npoguauposanue Oelicmeuil noavzosamenel Kax OONOJTHUMENbHbIL onpedensiiowuil  axkmop npu
YNpaeieHuu O00CMYNOM K 00bekmam, Kak cnocob ycuneHus 0a308blx mep «YnpagneHue 00Cmynom cyObeKkmos
K obvexmam docmynay 8 cucmeme npukazos @®CTIK Poccuu.

Kniouesvie cnosa: ananus nogedenus nonvsosamenei, konmpoas oocmyna, I110 C3U, UBA.

Introduction. The development of information secu- In some information systems, the issue of trust in us-
rity in information systems offers various options for so- ers is limited to the password authentication procedure.
lution to the issue of trust in system users. The system trusts a user if the user knows the password.
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However, there are several cases where password authen-
tication as a trust criterion is not enough. The first case is
password theft or brute-force attack. The use of disgraced
accounts is the second most popular method used by cy-
bercriminals to conduct attacks aimed at stealing confi-
dential data [1]. The second case is the presence of an
internal attacker or insider on the information system.
According to the study, 90 % of information leaks in Rus-
sia occur with an internal attacker (63.5 % in the world)
[2].

Another option can be called a “communist” ap-
proach, which includes creating white and black lists:
approved and prohibited programs, web resources,
actions, etc. However, in the current conditions of de-
velopment of information technologies, when new pro-
grams are being developed every day, new malicious
resources are being created, and their tools are modified,
it is problematic to create a full-fledged and comprehen-
sive list. The same applies to business, the organizations
themselves cannot always determine and fix the set of
software, services and resources that they need to im-
plement business processes today and tomorrow [3].
Even if a program is on the white list, it may have a vul-
nerability that could be exploited by a malefactor to cir-
cumvent restrictions of prohibitive policy. Thus, this
approach is not sufficient to provide the environment
for trust.

Another approach, called “ZeroTrust” [4], is based on
distrust of the system components to each other, as well
as the system does not trust the user. In this key, to con-
firm trust, it is proposed to use profiling of user actions in
the system.

Profiling employee actions will make it possible to
quickly identify all atypical actions that go beyond the
usual behavior. This will help to identify the guilty party
aiming at punishment or additional training. This will also
allow detecting cases of the use of disgraced accounts,
because, in order to circumvent behavioral analysis, a
malefactor must accurately simulate all the actions of the
employee who owned the disgraced account.

The scientific novelty of the work lies in the fact that
among the scientific works that have appeared over the
past 10 years, one can find a considerable number that
affect user behavior for solving a different spectrum of
tasks. To ensure enterprise protection, profiling of user
actions occurs within the framework of access to the
server [5]. In the paper [6], to protect cloud services, it is
proposed to use fuzzy logic to calculate the level of trust
in users based on their behavior. Another area of applica-
tion for analysis of user behavior is security auditing and
anomaly detection in databases [7]. In this paper a method
of a one-class support vector machine is applied. Another
work [8] is aimed at protecting information stored in da-
tabases. Its goal is to automate the adjustment of security
policies and rules for accessing database tables. To do
this, the operating rules are used, initially set by the secu-
rity administrator to users, and user behavior is deter-
mined by access patterns. The following work analyzes,
using Markov chains, the sequences of Unix-systems of
variable length, which are entered by the user in the ter-
minal server [9]. Also, user behavior is added to malware

467

detection [10]: wherefrom users download files, and
wherefrom they lunch files, along with what file they
lunch, that affects the calculation of the host's
security level, as well as the accuracy of the detection
system.

Nevertheless, despite the available variety of activities
related to behavior profiling, there is a shortage of works
that would fully cover user behavior in desktop operating
systems for workstations. In this connection, this work
proposes its own view of the system for profiling user
actions in the OS of the Windows family.

The novelty of this work lies in the proposal of an ap-
proach that uses the profiling of user actions as an addi-
tional determining factor in managing access to objects,
as a way to strengthen the basic measures “Controlling
access of subjects to access objects” in the order system
of FSTEC of Russia No. 17, 21, 31,239 [11-14].

Description of the system profiling the actions of
users. User actions profiling system (hereinafter referred
to as UAPS) can have a different architecture and direc-
tivity, which depend on the protected object that
is an information system (hereinafter referred to as IS).
For example, for cloud ISs, UAPS is needed that supports
a cloud architecture, and UAPS with an autonomous
architecture is needed for an IS consisting of a single
AWP.

In accordance with the official statistics for the re-
gions of the Russian Federation for 2019, half of the em-
ployees at the enterprises are equipped with personal
computers [15]. Therefore, the largest group is made up
of ISs with a multiuser environment.

Tracking the actions of employees of the organization
who are users of the IS, each of whom works at a separate
personal computer, requires the installation of an UAPS
on each of these computers. However, the computing
power of these computers may either not meet the system
requirements for installing a separate autonomous copy of
the UAPS on them, or significantly affect the perform-
ance of the system and make it difficult to perform work
duties and tasks.

To reduce system requirements and increase ergo-
nomic parameters, the architecture of the “client-server”
type was chosen as the architecture for the UAPS soft-
ware. In this case, there is a separation of the functional
capabilities of the UAPS into two components. The
minimum required functionality is implemented in the
client part. This reduces the system requirements for the
personal computers of employees. Functions requiring
high computing resources are moved to the server side.
The server part allows performing centralized computing
operations.

The UAPS architecture is shown in fig. 1

The client part consists of two mandatory compo-
nents:

— agent programs;

— file system drivers.

The agent program has the following functional pur-
pose:

— collection of system events from the Windows event
service;

— interpretation of a system event into user action;
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—recording user actions in the database;

—receiving control signals from the server;

— transmission of a control signal to the file system
driver.

Mini-filter driver of the file system [16] is required to
intercept operations with file resources and prohibit ac-
cess to the resource in case of receiving a corresponding
control signal from the agent program.

The server part includes the following components:

— database;

— web interface;

— the decision module.

The database stores the actions of all IS users that
come from the installed agents.

The web interface serves for remote management and
introduction to user profiles, their latest actions and other
information.

The decision module calculates the correspondence of
the current incoming user action with the profile. If the
degree of compliance falls below the threshold value, the
decision module sends a signal to the agent program to
block access to the user.

Algorithmic support. Its own algorithmic support has
been developed for the operation of the UAPS. The key
element of the UAPS is the user behavior model, on the
basis of which the UAPS makes decisions about the char-
acter of user actions. Markov chains are chosen as the
mathematical apparatus used to construct a model of user
behavior. The user behavior model consists of three
Markov chains:

— “action-action” chain builds the probabilities
of performing certain actions, after performing a certain
action;

— “time-action” chain fixes the probabilities of per-
forming actions at a certain time.

— “time-time” chain shows at what time the user is
likely to take the next action.

To use the apparatus of Markov chains, a formula is
needed that will correlate the probability of a state with
the specificity of the user.

Several formulas have been proposed as options for a
suitable formula:

Ir.p .
Ho=H,  +Ste LiD (1)
Lmax L
e T
L,-D
H =H,  +P-—4—, )
Lmax
L,-D
H =H_+P-—4—, 3)
Lmax+LT
L.-P L,-D
H=H, +Lt—-—4 " 4)
LLA LLT

where H; — current user specificity, H;.; — specificity in the
previous step, Lt — length of a chain of typical actions
(number of typical actions in a row), L, — the length of
the current chain of atypical actions, L, — maximum
chain length (adjustable value: length of the sequence is
enough to determine the specificity), P — probability of
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such an action, L, — length of the chain of atypical actions
(the number of atypical actions in a row), D — reduction
ratio (for example 0,1), L;4 — length of the last chain of
atypical actions, L;7 — length of the last chain of typical
actions.

The range of values of specificity H, should lie in the
segment [0; 1]: 1 — typical, 0 — not typical. The exponents
in (1) are chosen to reduce the rate of increment of speci-
ficity to 1. Formulas (1), (2), (3) and (4) satisfy the fol-
lowing conditions:

— The longer the chain of typical user actions is, the
higher and more stable the specificity should be. Resil-
ience is a resistance to a sharp decrease in specificity in
the event of an atypical action;

— the more likely the action, the higher the specificity;

— one atypical (but not dangerous) action should not
invert the specificity.

After the development of the internal model of the
UAPS, a general algorithm of the UAPS was designed. A
diagram of the general algorithm of the UAPS operation
is shown in fig. 2.

The work of the UAPS is carried out in two stages: the
training stage and the working stage.

At the training stage, the system accumulates actions
that the IS user performs. During this period, such com-
ponents as the agent program on the client side and the
database on the server side interact with each other.

After a time period of training, the UAPS administra-
tor must initiate the creation of a profile for the user using
the web service. When a profile is created, an interaction
occurs between the web service and the database.

After creating the profile, the UAPS goes into the
working stage. At this stage, all new incoming user ac-
tions are sent to the decision module. The decision mod-
ule calculates the correspondence of the current user ac-
tion with behavior profile. If the calculated compliance
coefficient is less than the threshold value, then the deci-
sion module sends a control signal about the need to block
access to controlled objects of the file system. Having
received a control signal, the agent program sends a
command to the file system driver to block access to con-
trolled objects of the file system.

Agent component. The development of the Agent
component was carried out in the C # programming lan-
guage [17] in the Visual Studio Community 2019 devel-
opment environment. The project name of the developed
program is Julia Agent. The class diagram of the devel-
oped program is shown in fig. 3.

The agent program is installed on the system as a ser-
vice that starts when a user logs on to the system. When
installing the program, a script is also executed that con-
figures the Windows audit policy and additionally installs
the Sysmon service [18]. The agent program window at
startup is shown in fig. 4.

The program window provides the following informa-
tion:

— the server to which the agent has successfully con-
nected;

— the name of the account whose activity is currently
being tracked;

— the number of events received from the Windows
event log.
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When minimized, the program is hidden in the notifi-
cation window.

Further, to assess the information technology aspect,
we measured the impact of the Julia Agent program on
the system resources. The measurements were carried out
on a system with the configuration shown in tab. 1.

If there is no user activity, the program exerts the fol-
lowing average network load: 42 bytes per second sent,
26 bytes received per second.

208 €08

Driver

When user activity appears, the network load in-
creases.

In this case, the total network traffic averages 1250
bytes (1.226 KB) per second.

The average load on the CPU agent process is 0.08 %.

The amount of memory used when the program is
running is 6,812 KB (6.65 MB).

When interacting with the hard disk, the program
reads an average of 1089 bytes (1.65 Kb) per second.

Database

=

Web service

)

Decision module

-

Server

Front-end

Back-end

Fig. 1. Structural architecture of the user actions profiling system
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The obtained average indicators of the use of PC re-
sources are listed in tab. 2.

Thus, in all aspects, the program has a low consump-
tion of system resources.

Web Service component. The development of the
Web Service component was carried out in Python [19] in
the PyCharm Community Edition development environ-
ment using the Django framework.

The web service designed for remote control of the
UAPS by the security administrator provides the follow-
ing set of capabilities:

— display of the latest actions of all users;

— displaying a list of all system users;

— formation and viewing of a user profile.

Fig. 5 shows the main page of the web service, which
displays a list of recent user actions. The administrator
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can select the number of actions to display using the cor-
responding control located above the actions table.

When you select the “Users” item (Russian:
[Tonp3oBarenn) in the administration panel menu, a page
opens containing a list of users connected to the UAPS,
which is shown in fig. 6. At the time of testing the
Users component, two users have been registered in the
system.

After selecting a specific user, the page of this user is
opened. This page allows you to:

— see for how many days the statistics of actions were
collected;

— generate a user profile if the profile does not exist
yet;

— open user profile, if it exists;

— view recent user actions.
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Table 1
System characteristics for testing
System component Characteristic
Central processing unit AMD Ryzen 7 2700: 3.2 GHz § core
Random access memory (RAM) 16 Gbyte
Mass storage device SSD Samsung 860 Evo 250 Gbyte
HDD WD Blue 1 TByte
oS Windows 10
Table 2
Average indicators of resource use by the “Agent” component
Resource indicator Average load value
Network load idle 42 byte/s — outcoming

26 byte/s — incoming

Network load when active 1250 byte/s
CPU utilization 0.08 %
Memory occupied by RAM 6.65 Mb

Hard disk load 1089 byte/s — reading

Julia UBA

& c @ @ ® 127001

Julia Dashboard TrnagHan ) Search

Bpems Cybnexr [leiictBue Mucrpyment Obbext Mecto
23.05.2020 10:52:17 HOnmua  3asepiueHve Nporpammsi C:\Program Files (x86)\Google\Chrome\Application\chrome.exe DESKTOP-JETPEIT
23.05.2020 10:52:17 HOnua  3aBeplueHWe Nporpammsi C:\Program Files (x86)\Google\Chrome\Application\chrome.exe DESKTOP-JETP6IT
23.05.2020 10:52:16 HOnua  3aeepiueHue NporpamMmbl C:\Program Files (x86)\Google\Chrome\Application\chrome.exe DESKTOP-JETP6IT
23.05.2020 10:52:14 HOnua  3asepiueHue Nporpammel C:\Program Files (x86)\Google\Chrome\Application\chrome.exe DESKTOP-JETP&IT
23.05.2020 10:52:13 (Onua  3asepiueHue NporpaMmbl C:\Program Files (x86)\Google\Chrome\Application\chrome.exe DESKTOP-JETP6IT
23.05.2020 10:52:13 HOnua 3anyck nporpammsl C:\Program Files (x86)\Google\Chrome\Application\chrome.exe DESKTOP-JETP6IT
23.05.2020 10:52:11 HOnua 3anyck nporpammsl C:\Program Files (x86)\Google\Chrome\Application\chrome.exe DESKTOP-JETP6IT
23.05.2020 10:52:11 HOnna  3aeeplueHue NporpaMmbl C:\Program Files (x86)\Google\Chrome\Application\chrome.exe DESKTOP-JETP6IT
23.05.2020 10:52:10 HOama  3anyck nporpammel C:\Program Files (x86)\Google\Chrome\Application\chrome.exe DESKTOP-JETP6IT

23.05.2020 10:52:10 HOnua 3ageplueHKe nporpammb C:\Program Files (x86)\Google\Chrome\Application\chrome.exe DESKTOP-JETP&IT

Fig. 5. Web service home page
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This page is shown in fig. 7.

After clicking the “To generate user profile” button
(Russian: CdopmupoBath mnpodmins moms3oBarens), the
process of creating a user profile is started based on the
currently available statistics. A profile consists of a visi-
ble and a hidden part. The displayed profile contains:

— a list of 10 most frequently used programs;

—a list of the 10 most frequently used network re-
sources;

— a list of 10 most used files.

The top programs used by the user are shown in fig. 8.

The most used network resources are shown in fig. 9.

Top file resources used are shown in fig. 10.

The hidden part of the profile is a model of Markov
chains written to a JSON file. The contents of the hidden
part are shown in fig. 11.

Driver component. The development of the Driver
component was carried out in the C programming lan-

5 Lo~

Fnamman

Julia Dashboard

guage [20] in the Visual Studio Community 2019 devel-
opment environment.

The driver reads from a special configuration file a list
of file resources to which access must be controlled. Then
the driver compares any access to the system files with
the list of monitored resources. If the file is included in
the set of controlled resources, then the driver further
checks the value of the flag variable, which serves as an
indicator of trust in the user. By default, the flag is not
selected, which means trusting the user and granting ac-
cess to resources. The “Agent” component can change the
flag by sending the appropriate control signal to the
driver.

To check the operation of the file system driver, a con-
trol signal has been simulated to deny access to the “New
text document.txt” file (Russian: «HoBbBIi TEKCTOBBIH
nmokyMeHT.txt»). The driver successfully blocked access to
the text file, as shown in fig. 12.

CratucTuka aelicTeuii Yegor cobpaHa B TedeHuM

Chapmmponars npoduns noassosatenn

MNocneaHue ageictema nonszoeatens Yegor

Bpama AeAcTane HHETRYMEHT
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21052020 22:5742  OocTyn k CeTesomMy pecypoy

21.05.2020 22:57:38  OocTyn k ceTepoMy pecypcy

CAProgram Files\Mozilla Firefox\firefox.exe
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Fig. 7. User specific page
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Database component. A ready-made software prod-
uct, PostgreSQL 12 DBMS [21] is used as the Database
component.

To store data related to user activity, an uba database
has been created, which has a structure in accordance with
the diagram in fig. 13.
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Database component implements the conceptual data
model of user action, which has the following form:
[TIME] [DATE] [SUBJECT] [ACTION] [OBJECT] from
[LOCATION] using [TOOL].

Decision module component. The development of
the Decision module component was carried out in Py-
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thon in the PyCharm Community Edition development tion. Then the decision module loads the profile of the
environment. given user.

The decision module receives a notification from the The user profile is a calculated Markov chain. From
database component if a new record (new user action) is  the Markov chains, the decisive module learns the prob-
added to the database. Then the decision module loads a  ability of such an action by a given user.
new record from the database. From this entry, the deci- Thereafter the specificity of the user is calculated by
sion module recognizes the user who performed the ac-  the formula (1).

It
% "action to_action": {

"3anyck nporpares C:\\Program Files (x86)“\\AII Technologies\\ATI.ACE\\Core-Static\\MMLoadDrv.exe": {
OTPaMMEL Program Files\\Mozilla Fir %Y x.exe™:
\\DOzera\\Yegor\\Downloads\\mexmm or\\ne

oo e

) o

\hZEpb_dnllih,

i I
= "Cozmasme jaiina C:\\Users\\Yegor‘\\AppData\\Local\\Temp\\tmpexnTga4cpycharm-management\\setuptools-40.8.0\\setuptools\\tests\\test_archive_util.py": {
"Cosgenme dajima C:\\Users\‘\Yegor\\AppData‘\Local\\Temp\\tmpexn7gadcpycharm-management\\setuptool ‘\3etuptools\\tests\\test_dep_util.py":

Mo R

104.244.42.193": |
152.199.19.161": .

=
T

o

o

o

o

o
oo oo

o

o

8
2
o
1
B
[}

gl

oo

o

o

o
mowomomom o

lt-in-£19.1el00.net": B

\\Program Files (x86)\\Microsoft Visual Studic\\Installer\\rescurces\\app\\ServiceHub\\Services\\Microsoft.VisualStudio.Setup.Ser
1q-in-£102.1e100.net": .

ec2-52-35-83-137.us-west-2.compute . aMazonaws . com” :

o

Fig. 11. Snippet of hidden user profile

Puc. 11. OTpBIBOK CKPBITOrO MPOQHUIIS TOJIb30BATEIS

DaBKa @ ba "Fs " yCnewHo OCTaHOBJ

C\Users\User\Desktop\HoBwi# TekcToBsIA AOKYMEHT. txt
! OToyTCTBYIOT paspelleHa Ha oTKpeITHe 3Tor0 Gaitna. Obpatutecs
BAagensuUy $aiina uam a34MYHWCTPaTOPY CeTM.

o

‘yz DebugView on \\DESKTOP-GIIGJ3T (local) — o X

File Edit Capture Options Computer Help

zdd ] @- A EBT 7 A

>

$ Time Debug Print

3...1 Returned: 0

3. posSt create is r ing

3.. Compare: \Device rddiskVolume3\Users\User\Desktop\Hopsdi TexcroBsii goxymest.txt and \Device\HarddiskVolume3\U...
3. !1!Access denied!!!

3.. ned: 4

3.. : \Device\HarddiskVolume3\Users\User\Desktop\HoBuif TeRCTOBLI ONOKYMeHT.TXTt and \Device\HarddiskVolume3\U...
3.. ess denied!

3.. 4

3. o re: \Device\HarddiskVolume3\Users\User\Desktop\Hoeaiz TexcToBml gorymMexT.txt and \Device\HarddiskVolume3\U...
3. !'Access denied!!!

3 Returned: 4 v

Fig. 12. The observed behavior of the file system driver confirms the correct operation of the component

Puc. 12. HaGmonaemoe noBeneHue paiiBepa (aiiioBoii cucTeMbl MOATBEPkKIaeT KOPPEKTHOCTH pabOTHI KOMIIOHEHTA
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workstations

id

SERIAL
wior kstation_name CHARACTER WVARYING(255)

object_types

subjects
i INTEGER
actions
accourt_name CHARACTER WVARYING{255)
id SERIAL
subject INTEGER Va )
action SMALLINT Vo » objects
instument  INTEGER Fa id SERIAL
object INTEGER Fa object_type SMALLINT Vs
wor kstation INTEGER Va L extra_data  TEXT
timestamp CHARACTER(12) object_name CHARACTER WARYING(255)

id SMALLSERIAL
type SMALLINT

description CHARACTER WVARYING(255)

Y

action_types

id

SMALLSERIAL
description CHARACTER WARYING(255)

Fig. 13. Database component schema

Puc. 13. Cxema komnoneHnTa «ba3a TaHHBIX»

To apply formula (1), the decision module storages
the following variables for each user:

— the last user action;

— the current specificity of the user;

— the length of the chain of typical actions;

— the length of the chain of atypical actions.

The parameters that are the same for all users are:

— the maximum chain length;

— the reduction factor.

These parameters in the decision module are specified
as constant variables.

Conclusion. The client-server architecture was chosen
as the software architecture for constructing a system for
profiling user actions. The choice is based on the need to
provide ergonomic parameters and statistics on the num-
ber of computerized workplaces in organizations. The
system software is broken down into several main com-
ponents:

— Agent;

— Driver;

— Database;

— Web Service;

— Decision module.

The software of each component has been successfully
designed and developed. The development results have
been verified. The software implementation of the com-
ponents of the user profiling system has shown the viabil-
ity of the proposed approach to access control based on
user behavior analysis.
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STRUCTURE, NETWORK PROTOCOLS OF THE INTERNET OF THINGS
FOR QUALITY PRODUCTION CONTROL

U. A. Vishnyakou*, B. H. Shaya, A. H. Al-Masri, S. H. Al-Hajj

Belarusian State University of Informatics and Radioelectronics
6, P. Brovky St., Minsk, 220600, Republic of Belarus
*E-mail: vish2002@list.ru

The subject of research is the model and structure of the Internet of things (IoT) network for product quality control
in industry and agriculture. The purpose of the article is to analyze communication protocols and structures of IoT net-
works. The method of analysis and structural design of IoT networks is applied. The field of application is automation
of monitoring products of enterprises of the aerospace industry. The article provides an overview and analysis of exist-
ing IoT technology; it considers the protocols and composition of loT networks, and provides variations in the struc-
tures of building such networks. 4 levels of loT architecture are described, as well as the communication protocols are
used. The directions of building the Internet of things network for product quality control are defined. A multi-agent
model of such system is presented, for the implementation of which the structure of the loT network is given.

The structure of a multi-agent system (MAS) for monitoring product quality in industry and agriculture includes
many agents, such as product quality agents, communication agents, database agents, agents for analyzing information
received from sensor agents, and decision-making agents. This MAS implements functions to ensure the required class
of product quality and it is based on building a local network of the Internet of things. The research proposes an algo-
rithm for processing information in such an IoT network. Analyzers (sensors) product qualities will be periodically
polled and their values will be recorded in the server database. The decision-making subsystem sends data on product
quality compliance to the enterprise administrator on a mobile device. The server structure is implemented using cloud
IoT platforms, for which a brief overview is provided. The one loT network implementation is developed using LTE NB-
IoT technology. This approach can be used in the aerospace industry for product quality control within automation 4.0.

Keyword: IoT network model and structure, monitoring the products quality of aerospace enterprises.

CTPYKTYPA, CETEBBIE TIPOTOKOJIbI CETA HHTEPHETA BEIIEN
JJISI KOHTPOJISA KAYECTBA MPOAYKI NN

B. A. Bummskos*, b. X. aiis, A. X. Anme-Macpu, C. X. Ans-Xamku

Benopycckuii rocytapcTBEHHBIH YHHBEPCUTET HHOOPMATHKH U PAIHOICKTPOHUKH
Pecny6ninka bemapycs, 220600, r. Musck, yi. [1. Bposku, 6
*E-mail: vish2002@]list.ru

IIpeomemom uccrnedosanuil saeusiemcsi mooens u cmpykmypa cemu Uumepnema eeweii (UB) 015 konmpons kavecm-
84 NPOOYKYUU 8 NPOMBIUAECHHOCIU U CETbCKOM Xo3siticmee. Llenb cmamvu — RPOAHATUZUPOBANb NPOMOKOIbI KOMMYHU-
Kayuu u cmpykmypwi cemeii UB. Ilpumenen memoo anaiuza u cmpykmypHozo npoekmuposanus cemeti UB. Obracmoio
NPUMEHEHUs. ABTSAEMCS AGMOMAMU3AYUS MOHUMOPUHEA NPOOYKYUU NPEONpUSMULl aspokocmudeckoli ompaciu. B cmamve
npugeder 0630p u aHAIU3 Cywecmeyrwux mexuonrozuti UB, paccmompenvt npomokonsl u cocmag cemeii B, npugede-
Hbl sapuayuu cmpykmyp nocmpoenus cemu MB. /lano onucanue 4 yposneti apxumexkmyp, a maxice UCHOIb3yIouWuxcs
npomoxonos cesazu. Onpedenenvt Hanpagienus nocmpoenust cemu UB 0ns konmpons kavwecmea npodykyuu. [Ipedcmas-
JIeHA MHO20A2EHMHAsL MOOeTb MAKOU CUCmeMbL, 0/l pealu3ayuy Komopou npusedena cmpykmypa cemu UB.

Cmpyxkmypa mynvmuacenmuoti cucmemvl (MAC) 01 Monumopunea xauvecmea nNpooOyKYuu 6 NPOoMbIULIEHHOCIU U
CENbCKOM XO3AUCMBE GKAIOHAEH MHONCECMBO ALEHMO8, MAKUX KAK A2eHmMbl KA4ecmeda NpoOyKyuu, d2eHmvl Ces3u,
azenmul 6A3bl OAHHBIX, A2EHMbL AHANUZA UHDOPMAYUL, NOTYHEHHOU 0N A2EHMO8 0amMYUKO8, A2eHMbl NPUHAMUsL peuie-
nui. Jannas MAC peanuzyem gynkyuu no obecneuenuio mpebyemMo2o Kiaccd Kayecmea npooyKyuu U OCHOBAHA HA
nocmpoenuu noxkanvroi cemu UB. Ilpeonoocen ancopumm obpabomra ungopmayuu ¢ maxoti cemu loT. Ananuzamopwi
(Oamuuxu) xawecmea npooyKyuu OVOym NepUoOUYecKU ONpaueamovcs, UX 3HAYeHus OyOym 3anucbléamscs 6 0aszy
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Odannvix cepeepa. Iloocucmema npunamus peutenuil 6yoem 6vl0a8amb OaHHbIE 0 COOMBEMCMBUU KAYeCMEd NPoOyKYuu
aoMuHUCMpamopy npeonpuamus Ha Moounvroe ycmpoticmeo. CepgepHas CmpyKmypa peanu3yemcs ¢ UCnoNb306aHUeM
001auHbIX nAamM@popm unmepHema sewell, 0 KOMopwix npugeden kpamxuil 003o0p. Peanuzayuu cemu IoT paspabamvi-
saemcs ¢ ucnoavzoganuem mexronoeuu LTE NB-IoT. Omom nooxo0 mooicem 6vimb UCHONBb30BAH 68 AIPOKOCMUYECKOU
ompacau Onisg KOHMPOA KA4ecmea npooyKyuu 8 pamkax asmomamusayuu 4.0.

Kniouesvie cnosa: modens u cmpykmypa cemu uHmepHema 6eujeti, MOHUMOPUHZ KaAyecmeda NpOoOVKyuu npeo-

NpUAMUL A3POKOCMUYECKOL OMPACTL.

Introduction. Internet of Things (IoT) is a technology
that automates input, processing, and optimization based
on the obtained values of process characteristics reflected
in indicators from industrial and home sensors. IoT tech-
nology allows a user to receive data and report on the
status of equipment or processes in real time, track the
work of industrial and agricultural enterprises [1]. There
is a wide range of wireless connection standards available
for IoT networks. Each of these standards and protocols
has its own strengths and weaknesses [2; 3].

Communication in the IoT network consists of orga-
nizing an Internet connection with data storage facilities
on a remote server and application software, for integrat-
ing wireless sensors and actuators with upper levels (serv-
ers, mobile devices). The received information is proc-
essed and analyzed using intelligent software in the cloud,
that is on a remote multi-access server platform. The use
of such cloud technology and services simplifies not only
the software, but also the hardware implementation of
10T, deals with the issues of minimizing individual de-
vices and increasing their energy efficiency [4-8].

Analysis of the use of IoT networks in the aero-
space industry. Leaders in the aerospace and defense
industries must work faster to meet the growing demands
of modern reality. This follows from the increase in de-
fense spending, the development of space technologies,
and the geopolitical situation [9]. One of the breakthrough
technologies in this direction is [oT. Augmented reality in
integration with analytical data extracted from IoT data in
real time allows developers to apply data analysis tech-
nologies where they are needed [9].

The use of 10T technologies in the aerospace industry
is advisable in three main areas: using operational data in
product development; providing high quality and timely
data for maintenance and repair of equipment; optimizing
the production process [10]. The approach discussed be-
low can be applied in this industry.

Communication standards in IoT networks. At
short distances, IoT networks use such communication
standards as Bluetooth, ZigBee, and less popular proto-
cols: Thread, WirelessHART, MiWi, SNAP, and others
[2]. All of them use non-licensing bands of the radio fre-
quency spectrum from the so-called ISM band (Industrial,
Science, Medical), allocated for the needs of industry,
medical equipment and scientific equipment. In practice,
this frequency range, taking into account the restrictions
adopted for it, is also used for organizing communication
channels within cells and clusters of IoT cellular net-
works. For long distances, Wi-Max and LTE protocols are
used (see table).

IoT network structures. IoT communication tech-
nologies that enable the exchange of information
and management teams are diverse [4]. The 2.4 GHz re-
gion is used worldwide for Wi-Fi and other personal LAN
protocols. The wireless communication standards used in
this area (Bluetooth, ZigBee, Wi-Fi, and several others)
have been popular in many areas for several years [3].
Implementation of such solutions is available because
there are a large number of chips and complete modules
that can be integrated and used in the development of an
IoT device.

Most of the standards for short-range wireless com-
munication systems relate to the organization of the so
called «personal network» - the one that is built around a
user. Such network is sometimes abbreviated as PAN
(Personal Area Networks), although other names are
common, for example, WLAN (Wireless Local Area
Network). PAN is a data transmission network that con-
nects personal electronic devices of one user (phones,
pocket personal computers, smartphones, laptops, wire-
less headsets, and others.). Typically, such networks have
a coverage radius of 10 to 30 meters (although in good
conditions, all of them can provide a long range of com-
munication).

Communication protocols used in IoT networks

Name of protocols Transmission rate Frequency band Communication range
RFID 424 Kb/s 135 KHz >50 sm
13.56 MHz >50 smMm
866-960 MHz >3 m
2.4 GHz >1.5m
NFC 106-6780 Kbod 13.56 MHz < 10 sm 13.56 MHz < 10 sm
ZigBee 20/256 Kb/s 900 MI'y 2.4 I'Tg 10 m
Bluetooth 1 Mb/s 2.4 GHz 10 m
BLE 10 Mb/s 2.4 GHz >10m
UWB 50 Mb/s broadband 30m
Wi-Fi (IEEE 802/11ac) up to 6.77 Gb/s 2.4/5 GHz 100 m
Mobile networks 3G/4G (LTE) up to 150 Mb/s 800/900/1800/2400 MHz More ten Km
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Devices for organizing a short-range personal network
are sometimes optimized for certain applications using
protocols called «application profiles» or using similar
identifiers. These protocols are adapted to specific areas:
health, sports, control and industrial automation, monitor-
ing of buildings and structures, and others.

For simple point-to-point RF links, higher-level speci-
fications have been developed: protocols for network,
transport and even application layers. The final choice of
wireless technologies will include software solutions re-
lated to the set end goal and the area of use of data from
certain end sensors.

The disadvantage is that technologies with different
communication protocols in the radio frequency environ-
ment are not reliable enough, since several devices use the
same frequency spectrum band and interfere with each
other.

The Internet of things belongs conceptually to the next
generation of networks, so its structure is similar to the
well-known four layer of NGN architecture, which in-
cludes smart sensors, transport environment, services and
applications [1; 7; 8].

Large network sizes in IoT. A number of applica-
tions that use IoT networks require long distances from
monitoring objects to processing services. Such networks
with limited capacity and significant distances belong to
the LPWAN class (Low-power Wide-area Network-
energy-efficient long-range network) [11]. The areas of
application of these networks are as follows: medicine
(monitoring and diagnostics of patients at home or away),
control of natural resources (water quality, indicators for
oil and other minerals), industry and trade (monitoring
and control in distributed organizations that occupy large
territories), agriculture (condition and location of live-
stock, product quality, and control in crop production).

LoRaWAN network technology is used to transmit
small amounts of information over long distances. The
technology was developed for distributed control net-
works, machine-to-machine interaction (M2M). A net-
work based on this technology is one of the most promis-
ing wireless implementations that support collecting in-
formation from sensors, devices, and sensors. In various
regions, this network uses radio frequencies in the non-
licensing range (30-300 MHz), (300 MHz — 3 GHz) and
800-930 MHz.

LoRa technology is more detailed at the physical lev-
els that are the lowest in the network structure from both
the LoRa consortium and the IoT technology. At the top
levels of the network, the company defines specifications
that depend on the implementation location. Information
is transmitted via LoRa channels to the gateways to which
sensors and devices are connected. IoT devices are con-
nected to cloud or on servers via gateways.

LoRa defines testing and certification requirements for
the compatibility of various LoRa devices on the network
in order to implement a security policy. To maintain in-
formation security in the network in General and informa-
tion in particular, LoRa technology uses special commu-
nication keys: at the network level, and at the level of
software applications. This is due to the fact that radio
signals are distributed over a large area of the network
[11]. Although LoRa technology is relatively new for

developers, the latter are offered ready-made chips, indi-
vidual modules, and a variety of test tools.

Two solutions are good suggestions for developers of
IoT networks in the framework of fourth-generation LTE
mobile communication technology: the relatively low-
speed NB-IoT standard and the faster, but also expensive
Cat-M1 standard. This gives flexibility to choose devel-
opers. NB-IoT technology is part of GSMA's Mobile IoT
initiative and it is more suitable for our implementation.

Platform for Internet of things. IoT platforms are
developed by large Internet companies to automate the
creation of application projects for IoT networks. These
platforms represent a service that manages network de-
ployment, sensors, and transmitted data. [oT network plat-
forms manage hardware and software components, sup-
port network security, implement authentication technol-
ogy, and support user interaction. There are several hun-
dred service providers on the IoT platform market with
various offers, ranging from software and hardware to
SDKs and APIs [12-14]. The typical composition of
many IB platforms includes:

— IoT network gateway for converting the format of
transmitted information;

— authentication and sensor management tools, user
interfaces;

— cloud service models (infrastructure, platform, etc.)

— use of additional applications.

Models and structure of IoT network for produc-
tion quality control. We use a multi-agent approach to
create a model of IoT network for monitoring production
quality for various companies [15]. In this multi-agent
structure, we will distinguish a set of agents for produc-
tion quality sensors, agents for converters, agents for stor-
ing quality production indicators, agents for processing
production quality indicators to obtain conclusions, agents
for monitoring these indicators and conclusions. This
multi-agent model is represented by the set:

IOchm = qu: Ac; Amq; Apmq’ Aqur Aimqr MAi}a

where loT,.,, —a IoT network model, 4,, — a set of sensor
agents (from portable analyzers of production quality),
A. — the set of agents converters (gateways), 4,,, — agents
storage of quality indicators, A4,,, — agents of their proc-
essing, A4nq —agents to make decisions about the quality
of production, 4;,, — agents interface to display indica-
tors, M; — monitoring agents (mobile devices to monitor
production quality indices).

Based on this model, the structure of the production
quality monitoring system network is developed [16]. It is
composed of portable analyzers for production quality of
the monitored industry (agricultural) companies. These
analyzers usually output the results to a computer or
printer via a serial port (avtomatization 3.0). In our struc-
ture, these indicators are fed to the gateways-converters.
The latter are necessary for converting and transmitting
the captured production quality indicators to the cloud
environment (CC). Its structure realizes elements of av-
tomatization 4.0.

In the cloud environment, we use the server that con-
tains databases and knowledge, tools of security, solver,
and a notification service. The database stores data
received from company, taken quality characteristics
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by time (number, time of day, checked parameters and
others), from different enterprisers. This data is sent to the
database. The knowledge base contains rules for evaluat-
ing the quality of production. Data and knowledge bases
are sent to the solver, which, based on the accepted indi-
cators of the rules for processing quality indicators from
the knowledge base, issues solutions for certain quality
parameters. These decisions are also recorded in the data-
base. The site serves as a means of displaying
captured and obtained results on the quality of production
for user.

On each of the mobile devices, specialists installed an
application that allows them to display information of
interest from the cloud database through the site. On a
cloud server a user can install a software system for mak-
ing decisions about changing the quality production con-
tent to improve its characteristics according to the rules
from the knowledge base.

Conclusion.

1. The concepts, models, and IoT part show the varia-
tion of the architectures of network construction IoT. The
research describes 4 levels of IoT architectures, as well as
the communication protocols used for IoT networks. It
also briefly analyses the use of IoT networks in the aero-
space industry.

2. The model of multi-agent system for quality control
of production is developed. The structure of the IoT net-
work is proposed, which includes production quality ana-
lyzers, gateways and a cloud structure where the server
platform is rented. The server database stores the quality
indicators of control production. These indicators can be
monitored from specialists' mobile devices.

3. The proposed system is realized on IoT platform.
The most popular IoT cloud platforms are considered. As
a communication network for transmitting information
from company sensors to the cloud platform, the 4th gen-
eration LTE network with its variant for the IB-NB — IoT
network is chosen. This approach can be used in aero-
space industry enterprises.
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METHOD OF EQUIVALENT STRENGTH CONDITIONS IN CALCULATIONS
OF BODIES WITH INHOMOGENEOS REGULAR STRUCTURE

A. D. Matveev

Institute of Computational Modeling
50/44, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
E-mail: mtv241@mail.ru

Plates, beams and shells with a non-uniform and micro-uniform regular structure are widely used in aviation and
rocket and space technology. In calculating the strength of elastic composite structures using the finite element method
(FEM) it is important to know the error of the approximate solution for finding where you need to build a sequence of
approximate solutions that is connected with the procedure of crushing discrete models. Implementation of the proce-
dure for grinding (within the micro-pass) discrete models of composite structures (bodies) requires large computer re-
sources, especially for discrete models with a microinhomogeneous structure. In this paper, we propose a method of
equivalent strength conditions (MESC) for calculating elastic bodies static strength with inhomogeneous and microin-
homogeneous regular structures, which is implemented via FEM using multigrid finite elements. The calculation of
composite bodies’ strength according to MESC is limited to the calculation of elastic isotropic homogeneous bodies
strength using equivalent strength conditions, which are determined based on the strength conditions set for composite
bodies. The MESC is based on the following statement. For all composite bodies V,, which are such a homogeneous

isotropic body V® and the number of D, if the safety factor n, of the body VP satisfies the equivalent conditions of
strength pn,(1+38,) < n, (1—6§) <pn,(1-3,), the safety factor n, of the body V, meets the defined criteria for

strength n, < ny <n,, where n;, n, specified, the safety factor n, (n,) complies with the accurate (approximate) solu-
tion of elasticity theory problem is built for body V|, (body yb ) 8, <(nmy—m)/(n,+mn); 8, is the upper d, error

estimation of the maximum equivalent body stress ye, corresponding to approximate solution. When constructing
equivalent strength conditions, i. e when finding the equivalence p coefficient, a system of discrete models is used, di-

mensions of which are smaller than the dimensions of the basic composite bodies models. The implementation of MESC
requires small computer resources and does not use procedures for grinding composite discrete models. Strength calcu-
lations for bodies with a microinhomogeneous structure using MESC show its high efficiency. The main procedures for
implementing the MESC are briefly described.

Keywords: elasticity, composites, equivalent strength conditions, multigrid finite elements, plates, beams, shells.

METO/I DKBUBAJIEHTHBIX YEJJIOBI/Iﬁ INPOYHOCTH B PACYETAX
TEJI C HEOJHOPOJHOMU PEI'YJIAPHOU CTPYKTYPOU

A. 1. MarBeeB

WucTHTyT BEIUHCTUTENRHOTO MoAenupoBanus CO PAH
Poccutickas @enepamms, 630036, r. KpacHospck, AkageMropoaok, ctp. 50/44
E-mail: mtv241@mail.ru

Inacmunvl, 6anku u 060104KU ¢ HEOOHOPOOHOU, MUKPOHEOOHOPOOHOU PecyNAPHOU CIPYKMYPOU WUUPOKO NPUMEHS-
JOMCsl 8 ABUAYUOHHOU U PAKEMHO-KOCMUYECKOU mMeXHUKe. B pacuemax Ha npoYHOCmb YRpYeux KOMHOZUMHbIX KOHCHI-
PYKYULl ¢ NOMOWbIO Memood KoHeuHvix daemenmos (MKD) eascno 3namv nocpeunocms npubaudCenHHo20 peuleHus,
018 HAXOHCOEHUSL KOMOPOU He0OX00UMO ROCPOUMb NOCAEO008AMENbHOCHb NPUOTUICEHHBIX PEULeHUll, YMO CEA3aHO
¢ npumenenuem npoyedypbl UsMenbyeHUsi OUCKpemHblx Mooenel. Peanuzayus npoyedypel usmenvuenus (6 pamxkax Mux-
POnooxo0a) OUCKpemHbIX MOOeiell KOMROZUMHBIX KOHCMPYKYuil (men) mpebyem bonvuux pecypcogé IBM, ocobenno
07151 OUCKpEemHbIX MoOeel ¢ MUKDOHEOOHOPOOHOU cmpyKmypoul. B dannotl pabome npeonodicern Memoo 3K8UBALEHIMHbIX
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yenosuti npounocmu (MOVII) ona pacuema Ha cmamuyecKylo nPOYHOCHb YIPYeUX mei ¢ HeOOHOPOOHOU U MUKPOHEOO-
HOPOOHOU pe2ylApHOL CMPYKMYypou, KOmopulil peanuzyemcs ¢ nomowppio MKD ¢ npumenenuem MHO20CemOUYHbIX
KOHEUHbIX 21emMenmos. Pacuem na npounocmo xomnoszumuwix men no MOVII ceodumcs Kk pacuemy Ha npouHOCHb
VAPY2UX U30MPONHBIX OOHOPOOHBIX MENl C NPUMEHEHUEM IKGUBATICHMHBIX YCII0GULL NPOYHOCIU, KOMOPble ONPedeisiion-
€5l HA OCHOBE YCNI0BULE NPOYHOCMU 3A0AHHBIX OJis KOMNO3umHblx mel. B ocnose MOVII nescum credyrowee ymeepoicoe-

b
Hue. ﬂﬂ}l BCAKO2O KOMNO3UNHO20 meija VO cyujecmeyrom maxkoe u3omponHoe OOHOPOOHOE meno V° u uucno p, ¥mo

b
ecau Koad)qbuuueﬂm sanaca n, meia V ydoeﬂemeopﬂem IKBUBAIEHNMHbIM  YCIOBUAM  NPOYHOCMU 6uoa

pm(1+6,)<n,(1- Si) < pn,(1-98,), mo koappuyuenm sanaca n, mena V, yoosenemeopsem 3a0AHHLIM YCIOBUAM

npounocmu ny <ny <n,, 20e n,, n, 3a0ausvl, Kodgguyuenm 3anaca n, (n,) omeeuaem MoOYHOMY (NPUOTUICCHHOMY)
b
peutenuio 3a0ayu meopuu ynpyeocmu, nocmpoenHomy oas meia Vy (mena V°), 8, <(n, —m)/(ny, +n;), 8, — 6epx-

b
HASL OYEeHKa nozcpeutnocmu 8b MAKCUMAIBHO20 IKEUBATEHMHO20 HANPANCEHUS meila Ve, omeevaroujeco npu6ﬂuofceH-

Homy pewenuto. Ipu nocmpoenuu sK8UBANEHMHBIX YCIOBULL NPOYHOCMU, . €. NPU HAXOHCOeHUU KOIPhuyuenma sx6u-
BANICHMHOCMU P, UCHOIb3Yemcs cucmema OUCKPemHblX Mooenell, pa3MepHOCHU KOMOpbIX MeHblle pasmepHocmel

bazo6vix mooenei komnosumuwvlx mei. Peanuzayus MOYVII mpebyem manvix pecypcoé DBM u ne ucnonvsyem npoyedy-
Dbl USMENbYEHUSL KOMNO3UMHBIX OUcKpemHulx mooeneti. C nOMOWbIO paciemos NoKa3ano, 4mo IKGUBANIEHMHbIE YCI06Us
NPOYHOCMU, NHOCMPOEHHbIE OISl KOHKDEMHO20 HASPYHCEHUS. KOMNOZUMHO20 MeNd, MOJICHO UCNONb308amb 0 onpede-
JIEHHO20 8U0a e20 Hazpycenutl. Pacuemosl Ha npoyHOCmb mejl ¢ MUKPOHEOOHOPOOHOU cmpyKmypot ¢ nomouibro MOVII

NOKA3bI8AIOM 8bICOKYIO €20 3 ghexmuenocmp. Kpamio uznodicenvt ocHogHble npoyedypuvl peanusayuu MOVII

Kniouesvie cnosa: ynpy2ocmb, KOMNRO3UMmMbsl, IK6UBAJIEHMHbLE YCIA06USA NPOYHOCMU, MHO20CEMOYHblEe KOHEUHble Jjle-

MeHNbL, NJIACMUHDbL, 6am<u, 06010UKU.

Introduction. Structure strength calculation is one of
the most important stages in the outline design of a struc-
ture based on a structure project feasibility study. As a
rule, calculations for static strength, elastic structure
(body) of a certain class (for example, elements or aircraft
and rocket-space structures) are carried out according to
safety requirements [1-3], and limited to the equivalent
structure stress determination. In this case for the body

the given strength conditions are n; <n, <n,, where n,,

n, are given, n, is the body safety factor, V,,

ny =6y /06,, oy is the yield stress [1], o, is the maxi-
mum equivalent stress corresponding to the exact solution
of the elasticity problem (constructed for the body ;). If

the safety factor n, satisfies the given strength condi-
tions, then it is suggested that the body V), does not col-

lapse during operation. It should be noted that construc-
tion of analytical solutions of the three-dimensional prob-
lem of elasticity theory for composite bodies is associated
with great difficulties. If the maximum equivalent stresses
of the bodies is approximate, then in this case the cor-
rected strength conditions are used [4], which pass the
stress error. In the analysis of the stress-strain state (SSS),
the finite element method (FEM) is widely used [5; 6].
Basic discrete models of bodies, accounting for their in-
homogeneous and micro-inhomogeneous structures
within the micro-approach [7], have a very high dimen-
sion. Implementation of FEM for such discrete models is
very difficult, since it requires large computer resources.
In addition, to determine the error in the solution, a se-
quence of approximate solutions constructed using re-
finement (within the micro approach) of discrete models
is used. The grinding procedure is difficult to implement;
it leads to a sharp increase in the discrete models size,
making implementation of FEM challenging. To deter-
mine the SSS of composite bodies, the method of multi-
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grid finite elements (MFEM) [8-14] is effectively ap-
plied, which generates discrete models, dimensions of

which are 10° +10° times less than the base models di-
mensions. It should be noted that FEM is a special case of
MFEM. If when solving boundary value problems by
FEM, multigrid finite elements (MgFE) are used [8-22],
then MFEM is implemented in this case.

In this work, for calculating the strength of solid com-
posite bodies using equivalent strengths, the method of
equivalent strength (MESC) is proposed, which means
calculating the strength of isotropic homogeneous bodies
using equivalent strengths [23]. In this paper in contrast to
[24], a theorem is formulated and proved, which underlies
the MESC. In addition, the following should be noted:
equivalent strength conditions are based on specified
strength conditions using the equivalence coefficient p. In
fact, the construction of equivalent strength islimited to
determining the coefficient p, which is determined for a
given composite body loading. However, it is important
to note that the equivalent strength conditions constructed
using the coefficient p can be used in composite body
strength calculations for a certain type of its loading.

To find the coefficient p, a system of homogeneous
and composite discrete models is used, dimensions of
which are less than the dimensions of composite bodies
models. The analysis of SSS in discrete models is carried
out using the MFEM, which generates discrete models of
small dimension. The advantages of the MESC are that its
implementation requires small computer resources and
does not use the procedure for refining discrete models of
composite bodies. The use of MESC in strength calcula-
tions of bodies with a micro-inhomogeneous regular
structure shows its effectiveness.

1. Equivalent strength conditions and equivalent
strength structures. Suppose two elastic structures V]

and V, have the same shape, geometrical dimensions,
fixings and static loading, but differ in elasticity modulus.
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Suppose strength conditions n,, n, are given for the
safety factors, respectively of structures V|, V,

1 1
n,<m <ny, (1)
2 2
n, <ny, <np, 2)
12 4. 1.2 1 2 e
where n,,n; >1; n,,n;,n,,n, — are given; safety fac-

tors n; (n,) complie with the precise solution of elastic-
ity theory, built for structures V; (V).
For structures 7}, ¥, the following two definitions are

introduced:
Definition 1. Fulfillment of conditions (2) for the coef-
ficient n, implies fulfillment of conditions (1) for the

coefficient », and vice versa, if the fulfillment of condi-
tions (1) for the coefficient »; implies the fulfillment of
conditions (2) for the coefficient n,, then the strength

conditions (1), (2) will be called equivalent strength con-
ditions for structures V,, ¥}, respectively.

Definition 2. Suppose the structures V;, V,, for which

respectively condition (2), (1) is equivalent to strength
conditions do not collapse under the same operating con-
ditions. Then the structures 7}, V, will be called strength

equivalent.
In practice, the equivalence in strength of structures
Vi, V> means that V, structure can be used instead of a

working structure V|, and vice versa. It should be noted

that of the two structures equivalent in strength, it is ad-
visable to use such a structure that is more technologically
advanced in manufacturing, meets the specified technical
requirements and more cost effective for manufacturing
and operation.

2. Provisions of the method of equivalent strength
conditions MESC are used to calculate the strength
of structures (bodies) that satisfy the following:

Provision 1. Linearly elastic three-dimensional iso-
tropic homogeneous bodies and bodies with an inhomo-
geneous, micro-inhomogeneous regular structure, which
consist of plastic materials, have smooth boundaries and
static loading are considered. The body loading functions
are smooth functions. Solid boundaries do not degenerate
into points.

Provision 2. Composite bodies consist of isotropic
homogeneous bodies of different modulus, connections
between which are ideal, that is, on common boundaries
of homogeneous bodies of different modulus, the func-
tions of displacements and stresses are continuous.

Provision 3. Displacements, deformations and stresses
of heterogeneous isotropic homogeneous bodies corre-
spond to the Cauchy relations and Hooke's law of the
three-dimensional linear problem of elasticity theory [25].
Equivalent stresses for bodies are determined according to
the 4th theory of strength [1].

Provision 4. The maximum equivalent stress of the
basic discrete model of a composite body (which consists
of a first-order FE of the cube shape, takes into account
the inhomogeneous structure of the composite body and
generates a three-dimensional uniform mesh) shows a
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small difference with the exact solution. It should be
noted that due to the convergence of the FEM, such basic
discrete models for composite bodies always exist.

Provision 5. For the typical dimensions of a composite
body and its regular cell, the condition d/B<<1 is
fulfilled, where d is the maximum typical size of the regu-
lar cell of the composite body, B is the minimum typical
size of the composite body.

It should be noted that positions 4, 5, as a rule, are ful-
filled for bodies with micro-inhomogeneous regular struc-
ture.

3. The main theorem of the method of equivalent
strength conditions. Without losing shared judgments,
we consider bodies with an inhomogeneous regular
fibrous structure, which are widely used in practice. The
MESC is based on the following theorem:

Theorem. Suppose the strength conditions of the
form 3 are given to the safety factor of a composite
body n, (fibrous structure).

m<nyg<n,, 3)
where n,, n, — are given, n, >1, n,=0,/0,, of —
fiber yield stress, o, — the maximum equivalent stress

of the body ¥, which corresponds to the exact solution

of the problem of the elasticity theory, constructed for the
body V.

Then there is such an isotropic homogeneous body V”
and such a number p >0 (equivalence coefficient) that
if the body V” safety factor n, satisfies the corrected
equivalent strength conditions

pm_ pny
<n, < , 4
1-5, " 1+3, @

then, safety factor n, of the structure #, meets the

strength requirements (3), where n, =6, /06, , 6, — the
maximum equivalent stress of the body ¥'?, which corre-
sponds to the approximate solution of the theory of elas-
ticity problem, constructed for the body V',

n, —n

o, < , 5

oy ®)
8, — upper bound on relative error, §,pressure G,
of body ¥, [8,| <3, .

Deduction.
First, let us prove the existence of equivalent strength
conditions for linearly elastic composite bodies. Suppose

an elastic homogeneous isotropic body V'’ and a compos-
ite body ¥, have the same shape, size, fixation and load-
ing, but differ in elastic moduli. Suppose the elastic
moduli of the body 7’ and fiber be the same. The safety
factors n,, ny respectively bodies V,, V”are found
by the formulas

c

ny=—"1, (6)
Sy
c

ng = _g ) (7)
Gp
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where o, — fiber yield strength [1-3]; o) — maximum

equivalent body stress ¥’ corresponding to the exact
solution of the elasticity theory problem.
Suppose coefficient n, meets the requirements (3).

Applying (6) to (3) we obtain

m<T<n,. ®)
S
There is a number p >0,
o
p==- ©)

Gy

Considering (9) in (8), we obtain

c
pmy <=L < p, (10)
Sy
Applying (7) in (10), we obtain
pn Sngﬁpn2. (11)

So, the safety factor n,? of an isotropic homogeneous
body V? satisfies conditions (11). Conversely, suppose
body V'’ safety factor ng satisfy the strength conditions
(11). Applying (7) in (11) considering (9), we obtain

POr

pn < < pn, . Whence, taking into account (6), fol-

0
lows the fulfillment of the strength conditions for the

safety factor n, of the composite body ¥, (3). It is

shown that each coefficient n,? € (pny, pn,) corresponds
to a single coefficient n, € (n,,n,) found by formula (6),
and vice versa. Further limiting cases are considered.
Suppose nl(,) = pn, . Using relation (7) in the latter equa-
tion we obtain pc; /G, = pn;. Whence, taking into ac-
count (6) it follows n, = n, . Similarly, one can show that
if n,? = pn,, then n, =n,. Suppose n, =n,. Using (6),
(9) in the latter equation, we obtain o / 62 = pn, . Now
then, taking into account (7), it follows that ng =pn,.

Similarly, one can show that if 1, =n,, then ny = pn,.

Hence it follows that conditions (11), according to Defini-
tion 1, are equivalent strength conditions for a body V.

Suppose for the body ¥’ the maximum equivalent
stress has been defined as o,, corresponding to the
approximate solution of the elasticity theory problem,
such that

n,—n
|8b |S8a<ca: H
n1+n2

(12)

where n,, n, —are given; n, >1, n, >n;, 5, — relative
stress error o, 1. €.

0
Gp —Op
0 b
Gp

5, = (13)

where 8, — upper bound for error §,,.
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From (13) it follows that o, =(1+95,) 02. Hence ob-
tain
ny) =(1+8,)m, . (14)
Let us note that in (12) C, <1. Suppose §, is such
that 8, = |5, |. Then due to (12) obtain

0<8,= [8,] <5, <1. (15)

Assuming in (14) consecutively 06, =-0,, &, =9,
apply coefficients

nj =(1=8y)m,, ny=~1+35)n,, (16)
Then due to (14), (16) obtain
ng =nj or nd =nj. (17)
Apply coefficients nld , ng according to formulas
n! =(1-8,)m,, ny=(1+8,)n,. (18)

Dueto 0<9, <1, n, >0, from (18) it follows that

(19)

Equivalent strength conditions that take into account
stress error, i. €., corrected equivalent strength conditions
(4) are presented in the form

pny(1+8,) <ny(1-82) < pny(1-3,) ,

d~ d
n, 2n .

(20)
where n, =0, /0, , o, —fiber yield strength.

Suppose for coefficient n, strength conditions are met
(20), 1. e. suppose pm <(1-08,)n,, (1+8,)n, < pn,.
Hence for the coefficient n?, n¢, taking into account
(18), (19) inequation is done

pn Sn]d < ng < pn,. 21
Comparing (16), (18) with respect to (15), equations
n' <n’, ny <n¢ follow. Hence, considering that accord-

ing to (16) n <nj, we obtain

nd <nf <nj<nd. (22)
Then, due to (21), (22) inequations are done
pny <nf <ny < pn,. (23)

From (23) taking into account (17), i. e. from meeting
for the body V'’ safety factor n p (corresponding to the

approximate solution) of the corrected equivalent strength
conditions (20), that is (4), it follows that strength condi-

tions (11 ) for the safety factor ng of the body yb (corre-
sponding to the exact solution) are met, therefore, satisfy-
ing the given strength conditions (3) for the safety factor
n, of the composite body ¥, (corresponding to the exact
solution). Constraints on the parameter 8, are found from
the assumption of strength conditions existence (4), i. e.

suppose inequation pm(1+3,) < pn,(1-3,) is done.
Whence it follows that
5,<C, = Hom (24)
n +n,
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It should be noted that, since n, >n, 21, then from
(24) it follows that 0 < C, <1.If §, = C, , then the range
for varying values of the coefficient n, is zero, which is
difficult to perform in practice. Now then 8, <C,_ , it is
possible to meet the equivalent strength conditions (11)
for the coefficient n,? applying corrected equivalent
strength conditions (4) and the approximate solution that
generates an error J, for the stress o, that |5, | <J,.
Note that meeting conditions (11) implies the fulfillment
of the specified strength conditions (3). The theorem is
proved.

Note that it follows from the theorem that if the safety
factor n, of the body V' satisfies the corrected equiva-
lent strength conditions (4), then this means that the error
d, of the maximum equivalent stress &, of the body V' b
is not greater than 5 ,1.e. |9, <9, .

4. Procedures for implementing the method of
equivalent strength conditions. Implementation of the
MESC is reduced to construction of equivalent strength
conditions (4) applying the MFEM, that is, to determina-
tion of the equivalence coefficient p, and to determination
of the maximum equivalent stress o, for the body ¥’

with an error |6, | <0, , n, =0, /0, . The coefficient p

o
is determined by the formula (9), i. e.
c
p=—p. (25)
Oy
Without losing shared judgments, for convenience and
clarity of presentation, we will consider the basic proce-
dures for the implementation of MESC using the example
of calculating the strength of a composite beam (body) V,
with  dimensions HxLxH , where H =128,
L =1536h, h — is given, Fig. 1. The body ¥, is rein-
forced with continuous longitudinal fibers of constant
cross-section with dimensions /sx /4. The fibers have the
same modulus of elasticity. When y =0 the body is fixed

and has loading ¢, (x,y) on the surface z=H . The in-
homogeneous structure of the body V|, is represented by
regular cells G, with 82x8hx8h size, fig. 2, the sections
of 16 fibers are painted over. It is believed [26] that if the
fiber thickness is less than 0.5 mm, then such fibers form
a micro-inhomogeneous structure. Suppose L =600 mm ,
H =50 MM, then /£ =0.3906 mm . In this case, the body
V, has a micro-inhomogeneous regular structure.

It should be noted that since the filling factor of the
composite body V| is small (equal to 0.25), it is difficult
to determine the effective elastic moduli for the body V.

The case when the filling coefficient is close to one was
considered in [23].

Suppose the strength conditions (3) are given for the
safety factor n, of the composite body V. The basic

discrete V,, body model R, consists of finite elements

(FE) of the 1st order of a cube shape with a side 4 [6], in
which a three-dimensional SSS is realized, accounting for
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the inhomogeneous structure of the beam and generates a
basic uniform mesh with a step % with dimension
129x1537x129 .

4 q.

“/ H=128%

a
>

J/,‘

‘/['{:]28 h

X L=1536h

Fig. 1. The characteristic sizes of the beam (body) ¥,

Puc. 1. XapaktepHsie pa3mepst Oaiku (tena) V)

/'. iy

A 1
0%
A1

kaz

Ny

VY

8N

VY
-
“

@] 84

Fig. 2. Regular cell (body) G,
Puc. 2. Perynsiprast stueiika (teno) G

Fig. 2 shows the basic grid G, of a regular dimension
cell 9x9x9; i,j,k=1..9. The model R, has
N, =76681728 nodal unknown FEM, system tape width
of FEM equations is b, =50316. The basic model R,

takes into account the micro-inhomogeneous structure of
the body ¥, with high dimension, therefore we can as-

sume that this model satisfies position 4. However, it is
difficult to apply the discrete model R, in calculations,

since the implementation of the FEM for the R, model

requires essential computer resources.
According to the MESC, introduced is an isotropic

homogeneous body ¥’ such that the bodies V', V, have

the same shape, dimensions, specified fixing and loading,
but differ in elastic moduli. The elastic moduli of the

body v’ are equal to the elastic moduli of the body ¥
fiber. For the body ¥* we define a discrete model 7,

which consists of an FE 7" of the 1st order of a cube

shape with a side £, [6] and has a uniform mesh with a

step 4, with dimension n(" xn{" x n{"

),where
n™ =8n+1, n{"” =12x8n+1,

ng”) :8n+1’ n:l, 2, 3, (26)
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The steps of the fine mesh of the model Vn0 along the
Ox, Oy, Oz R = H /(8n),
h;") =L/(96n), h" =H/(8n). Since L=12H, then

axeses equal

h, =h" =h{" =h" . Due to (26) we obtain %, =p,k,
where B, — scale factor, B, =16/n, n=12,3,.... Under
n=1..,15 we have B, >1,1.e. h, >h.Under n >16

we have B, >1, Bs =1, 4 =h. Discrete model ¥’

of a finite number of bodies of the same shape G’ with
dimensions 8k, x8h, x8h,, n=1,2,3,.... The body and
the regular cell G, have the same shape (cube shape),
but differ in characteristic dimensions.

Let us introduce a composite body G,? (cube shaped)

with dimensions 84, x8h, x8h, . Suppose the composite
body G° consist of FE V" cube-shaped with the side

h, . The composite body G' is of fibrous structure, the

same number of fibers (16 longitudinal fibers with a
square cross section A, xh,, the distance between the

fibers equals 4, ) and the same mutual arrangement as in
the regular cell G, (the cell G, has 16 with dimensions
hxh, the distance between them equals 7/, fig. 2).
n=12,3,.... Inhomogeneous structure in the composite
body G is taken into account using FE V") . Fibers and

matrices of the bodies G., G, have the same elastic

moduli. The bodies G°

n>?

G, in fact differ only in scale,
they can formally be written as G° =(B,)’G,. Under
n=16 we obtain B =1,i.e. G =G,.

Using the bodies G instead of the bodies G in the
discrete model 7 we obtain a composite discrete model
R,(,) , n=12,3,..., which accounts for inhomogeneous
structure. Composite body Gf,) is, in fact, a regular cell
for the model R,S , n=1,2,3,.... Discrete model R,? has
the same uniform grid with step %, and dimensions V.

Under n=16 the discrete models 7,2, R, and R, have
the same shape, characteristic size and dimensions. Since
G =G,, then under n=16 models R, and R, coin-

cide, i. e. R} =R, . Thus, the discrete models V", R’
possess the same shape , characteristic size and dimen-
sions, the same fixing and loading, like a body (beam)
V,, but differ only in elastic moduli »=1,2,3,.... It is
important to note the following:

1. Dimensions of discrete models ¥, R’ under

n=1,..,15, due to (26), are less than the dimensions of
the basic discrete model R, of a composite body V.

2. When constructing composite discrete models
{R0}15

.o, the procedure of grinding composite discrete

models is not applied.
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To reduce the dimensions of the models ¥, R?

MgFE are used [8-22]. Since the models R, V2 have

the same high dimension as the basic discrete body model
R, , which has 76681728 nodal unknown FEM, we be-

lieve that the maximum equivalent stress o\ (stress o)
of the model R (model V;%) differs a little from the

0 0
exact stress o, (o,). Therefore, we assume o, =0y,

0_ b
Gp =Oj6-

We find the equivalence coefficient p by formula
(25) accounting for the latter 2 equations, i. e.

p=0) /0. 27)

Taking into account in the formula p, =c"/c’,
where 6 (c?) is the maximum equivalent stress of the
model R (model), which at n —16 we have 6" — o}y,

GZ —>csf6, due to (27) we have p, > p at n—>16.
Suppose p, quickly converge to p. Let the value
8, =l p, — Pn1|/p, be small, where then we accept hat
p = p,- Applying the found coefficient p and parameter

d, (98, specified and satisfies condition (5)) n; and n,

specified in representation (4), we determine the corrected
equivalent strength conditions, which accounts for the

stress error. Suppose cﬁ quickly converge to 02. Let the
small value 8 =|c” —c’ |/c” and |8”| <3, where

8" is the relative voltage error, o &

N is given,

o

8, <C, n=2,3,...,. Then we accept that 6, =c", i. e.,

n?°
the maximum equivalent body VP stress o, 1s found.

Suppose the found safety factor n, (where n, =o,/0,,

i.e n,=05/ Gﬁ ) of an isotropic homogeneous body V°

(corresponding to an approximate solution) satisfy the
constructed equivalent strength conditions (4). Then the
safety factor n, of the composite body ¥}, (which corre-

sponds to the exact solution) satisfies the given strength
conditions (3).

When calculating the composite bodies strength ac-
cording to MESC, it is advisable to use MgFE [24]. In
this case, the implementation of MESC requires small
computer resources.

5. Application of the corrected equivalent strength
conditions in the calculations of composite bodies with
a certain type of loading. The calculations given below
show that the corrected equivalent strength conditions (4),
constructed for a specific body loading, can be used in the
strength calculations of a composite body ¥, (fig. 1), for
which a certain type of loading is specified.

In [24], an example of a cantilever beam V, (fig. 1)
strength analysis according to MESC using three-mesh
FE is considered in detail. The beam is reinforced with
longitudinal fibers. The regular cell of the beam is shown
in fig. 2. Under y=0, u=v=w=0, 1i. e in the xOz
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plane the beam is fixed. For the safety factor n, of the
beam, the given strength conditions have the form
1.3<n,<3.2. (28)
In the calculations of the beam the following data
were used:
h=0.3906; c,=5; E, =10, E, =1,

v,=v,=03, ¢, =0.0018, (29)

where E,, E, (v., v,) — Young's moduli (Poisson's
ratios) of the binder and fibers, respectively, o, is the
yield stress g, of the fiber, the load acts on the surface
z=H,05L<y<L, fig. 1.

The equivalence factor p for the composite beam ¥ is

determined using the procedure described above. Discrete
models V”, R’

n > n >

n=9, 11,12 are constructed using

3sFE (the construction procedure of which is described in
detail in [24]) on the basis of basic regular partitions, re-
spectively of dimensions: 73x865x73, 89x1057x89

and 97x1153x97 . The coefficients p, are found by the

formula p, =c, /o’ , where o,, o’ are the maximum

equivalent stresses, respectively of the models RS, an s
n=9,11,12. As a result of calculations we get:
Py =3.002, p,, =3.000, p,=2.999. The relative er-

rors for the found coefficients py, p;,, p;, are

81 (%) =100 %x| p;; — py | / pyy =
=100 %x|3.002 —-3.000]/3.000 = 0.066 %,

8,(%) =100 %x | pi, = pyy |/ P12 =
=100 %x |3.000—2.9991/2.999 = 0.033 %.
Since py > p;; > p;, and 9§, is the smallest value, we
consider, equivalent coefficient equals p = p;, =2.999.
Applying to (4) 8, =0.15, n, =13, n, =3.2, we obtain

the corrected equivalent strength conditions expressed in
terms of the equivalence coefficient p

1.5288p <m, <2.7805p . (30)
Applying to (30) p =2.999, we obtain the following
corrected equivalent strength conditions

4.584 < n, <8.339, which in practice, in order to take

into account the error of computer calculations, is used in
the following modified form

4.65<m, <8.25. (31)

Table 1 shows the results of calculations for five load-
ings g, of the beam ¥}, for which the equivalence coef-
ficients p" are found, where x, y, z are the coordi-
nates of the points of the beam surface, on which a con-
n=1,...,5 q: ,

n=1,4,5 provide direct bending of the beam, loads qz2 ,

stant load ¢, is applied. Loads

qg — oblique bending of the beam. The relative error
8, (%) for the equivalence coefficient p,, presented in
table, is determined by the formula
8,(%)=100%x[p—p, |/p,
where p=2.999, n=1,....5.
Analysis of the calculation results shows that the

(32)

equivalence coefficients p", n=1.5 differ from the
equivalence coefficient p =2.999 by small values, which
are 0.35% less (see formula (32), tab. 1). According to
(30), the corrected equivalent strength conditions for the
equivalence coefficient p”, n=1,...,5 have the form

1.5288p" <n, <2.7805p". (33)

Since the coefficients p", n=1,...,5 have minor dif-
ference with p (see formula (32), fig. 1), then equivalent
strength conditions (33) will differ a little from the
equivalent strength conditions (30); moreover, we have

1.5288p" <4.65<n, <825<2.7805p", (34)
where n=1,...,5.

Fulfillment of (34) implies that the equivalence coef-
ficients p", n= 1.5 , in fact, generate corrected equivalent
strength conditions (31).

Consequently, the results of the calculations show that
when calculating the strength of a composite beam V},
under the action of piecewise constant loads ¢, on the
surface z=H , n=1,..,5 it is possible to use the cor-
rected equivalent strength conditions (31) constructed for
a beam V|, with loading ¢, =0.0018 on the surface

0.5L<y<L, z=H 1. e., constructed using the equiva-
lence coefficient p =2.999.

The results of calculations of the beam 7

! ' g z g P 8, (%)

1 0<x<H 0<y<L H 0.0078 2.997 0.066 %

2 0<x<H/2 0<y<L/2 H 0.543 2.991 0.267 %

3 0<x<H/2 0<y<L H 0.125 2.989 0.333 %

4 0<x<H 0,998L<y<L H 2.8000 2.999 0.000 %

5 0<x<H 0<y<L/2 H 0.0145 2.994 0.167 %
0<x<H 0.5L<y<L 0.0034
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Now then, if a piecewise constant load ¢, acts on the
upper surface of the beam V[, which provides direct or

oblique bending of the beam, then when calculating the
strength of the beam V|, you can use the corrected

equivalent strength conditions (31).

Given in [24] example of calculating the strength of a
cantilever beam (having a micro-inhomogeneous regular
fibrous structure) using the MESC shows its high effi-
ciency.

Conclusion. The method of equivalent strength condi-
tions is proposed for calculating the static strength of elas-
tic bodies with an inhomogeneous, micro-inhomogeneous
regular structure under given strength conditions. The
proposed method is implemented applying FEM using
multigrid finite elements and is limited to calculation of
isotropic homogeneous bodies strength using equivalent
strength conditions that account for solution errors. In the
process of implementation, the method of equivalent
strength conditions requires little time or computer re-
sources and is exceptionally effective when calculating
the strength of bodies that have a micro-inhomogeneous
regular fibrous structure.
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The article discusses formalization of the problem of heterogeneous distributed information processing systems
(HDIPS) software and hardware configuration management. A formal description of possible optimality criteria for
the HDIPS software and hardware configuration is given. The HDIPS model in terms of queuing theory is proposed.
The problem of allocating the HDIPS computational resources is formulated as a transport problem according to time
criterion with atomic needs. The algorithm for solving this problem is proposed and the boundaries of its applicability
to the HDIPS are determined. To meet the selected optimality criterion, the analysis of the HDIPS software and hard-
ware configuration applying its formal model, using the queuing theory methods is presented. HDIPS is presented as
a queuing network, where each computing node and route control unit is a mass service system. The problem of com-
puting resource allocation in HDIPS is presented as a transport problem according to the time criterion with atomic
needs. The least time algorithm for indivisible needs takes into account the indivisibility condition.
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MEPMUHAX MEeOPUU MACCO8020 0bCayHcueanus. 3adava pacnpedenenus goiuuciumensuuix pecypcos I PCOU cgopmy-
JUPOBAHA 6 8UOe MPAHCNOPMHOU 3A0a4U NO KPUMEPUIO BPEMEHU ¢ amomMaphvimu nompebrnocmsamu. Ipednooicen aneo-
Ppumm pewienusi OaHHOU 3a0ayu u onpedenensl cpanuysl e2o npumenumocmu 6 I’ PCOU. J{ns docmudicenus blopannozo
Kpumepusi ONMUMAIbHOCMU NPUBEOCH AHAU3 NPOSPAMMHO-mexHuyeckou xongueypayuu I'PCOU npu nomowu ee
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Introduction. Heterogeneous distributed information
processing systems (HDIPS) are information processing
systems that are characterized by territorial distribution, a
variety of software and hardware components and a het-
erogencous nature of tasks being processed [1; 2]. Such
systems are used in areas where it is necessary to receive
and process primary data of a various nature in an auto-
matic or automated mode. They combine computational
nodes (CN) and data sources of various types, which
make it possible to carry out the entire computation proc-
ess in the system, from obtaining raw operational data
obtained from one or several sources to delivering final
information to decision-makers.

One of the HDIPS features as a class of systems is a
heterogeneous nature of tasks simultaneously solved in
the system. They may require various software and hard-
ware resources, which increases the complexity of the
most efficient software and hardware configuration
choice. Due to the complexity of the HDIPS, a decision-
making process for software and hardware configuration
management is associated with a large amount of uncer-
tainty, making decision-making on the design and mod-
ernization of the HDIPS software and hardware configu-
ration laborious, and increases error probability. The
number of HDIPS software and hardware configuration
elements and permissible ways of connecting them into
various structures, which perform computational func-
tions, are great.

The more components a HDIPS contains, the higher
the complexity of the interaction between them is, there-
fore special tools are needed to work with such a large
amount of information.

Existing approaches are either intended for universal
computing systems and do not take into account hetero-
geneity [3—7], or do not imply the possibility of changing
the software and hardware configuration [8—10].

The inter-agency nature of some HDIPSs also compli-
cates the system management. For example, in the event
that a HDIPS was formed due to the merger of several
departments or divisions, it is difficult to see the system
“from above” without special tools, to assess its potential
and the way to optimize the combined computing re-
source use by shifting from independent problem solving
“old” subsystems to a shared computing space.

The aim of this work is to formalize the problem of
HDIPS software and hardware configuration manage-
ment. To achieve this goal, formalization of possible op-
timality criteria of HDIPS software and hardware con-
figuration was carried out, a HDIPS model in terms of
queuing theory was proposed, the problem of allocating
HDIPS computing resources was formulated as a trans-
port problem by the time criterion with atomic needs, the
algorithm for its solution was proposed and its applicabil-
ity boundaries were determined.

Optimality criteria for HDIPS software and hardware
configuration. Software and hardware configuration
is a set of functional parts of an information processing
system, their software and connections between them,
due to the main technical characteristics of these func-
tional parts, as well as the requirements of the tasks to be
solved [11].
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The problem of HDIPS optimal configuration choice
is the choice of such a set of CN P, which provides an
acceptable level of the optimality criterion J for solving a
set of computational problems E. In this case, the optimal-
ity criterion may differ depending on the purpose of a
particular HDIPS [12]. Such criteria can be as follows:

1. Minimizing the CN utilization factor average value:

J' =min (utilasid) .

In this case, we can assume that the computational
load is evenly distributed and there are no overloaded
nodes

2. Minimizing the total time on problem solving in the

system
J? :min(ZjT(ei)),

where T — time spent on problem solving €', n — number
of problems, calculated at the time of change. HDIPS
can be used in areas where decision-making time is criti-
cal, in which case minimizing a problem processing time
is more important than uniform load distribution.

3. Minimizing the probability of returning problem
with CN due to a lack of computing resources:

n i
lp return N

In case of an incorrect combination of computational
load, a number of CNs and algorithms for distributing the
computing resource in the HDIPS, situations are possible
when the task arrives at the CN, which does not have
enough free resources to process it; in this case the task
is returned to the routing agent. The likelihood of such
returns must be minimized, since they indicate the non-
optimal configuration of the HDIPS and increase the time
spent on tasks in the computing system.

The choice of the efficiency criterion for the projected
computing system is the first step in solving the problem
of optimal HDIPS software and hardware configuration
choice. To achieve the selected optimality criterion, it is
proposed to analyze the HDIPS software and hardware
configuration using its formal model, applying the queu-
ing theory methods.

Representation of HDIPS in the form of a queuing
network. HDIPS can be represented as a queuing network,
where each CN and route control unit is a mass service
system (QS). By a queuing network we mean a set of in-
terconnected servicing devices with queues (queuing
systems), in which requests pass from one device to another
with a certain probability [13]. Each CN is represented as a
multichannel QS without a queue, which returns a request
for calculating a task to a routing agent if there is not
enough computational resource for its execution.

Queues are accumulators for routing agents, while the
probability of task transition to a specific CN is deter-
mined by the routing algorithm operation. A general
scheme of the queuing network HDIPS is shown in fig. 1

The QS scheme of the CN is shown in fig. 2. Unser-
viced requests can arise in the QS of the CN in the event
that upon the request receipt for the CN there is not
enough resource to process it.

J? =min(
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In this case, the probabilities of the task transition
from the router p*; to the CN p' ; is defined as the product
request probability sending to this node in accordance
with the routing algorithm operation and availability of
the necessary software coefficient d. in the software
configuration of the control node & sorvor

__ _routing
py=py "k,

where
| Lif CNjis provided with required sofiware,
7o, if CN j is not provided with required software.

For each task subset requiring the same software set,
only a CNs subset will be available that satisfies the con-
dition of suitable software availability.

Thus, for a task from the A", set, only a part of the
queuing network elements will be available; therefore, it
is advisable to calculate the average time spent on tasks in
the system using the weighted average time spent in the
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task system for each type of software from A, subsets,
where the weight will be the probability of the task ap-
pearance, requiring A o, software in the system. Thus, it
is possible to represent the efficiency criterion J* using
the queuing theory instruments:

N
= 1
2 _7 =
J —T—A Elwikjtzj ,
=

where A — total intensity of network input streams, ty, =

average time spent by a task in j QS, A; — input flow rate j
QS, w; — weight of i task. To achieve the selected optimal-
ity criterion, in addition to enumerating different permis-
sible combinations of software and hardware configura-
tions of the system individual elements, it is necessary to
determine the optimal algorithm for requests distribution
for computations to computational nodes.

Transport task by the time criterion with atomic needs.
The function that reflects the total time of data processing
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problems at any finite time interval is presented in the
form of a transport problem according to the time crite-
rion [14].

There exists m of starting points (SP) 4, ..., 4,
with margin a,, ..., a,, and n of destination points (DP)
By, ..., B, with requests by, ..., b, the sum of margins
equals the sum of requests:

m n

Zai = bj.

i=1 j=1

The times of transportation #; from each SP 4, to each
DP B; are given, it is assumed that they do not depend
on the amount of the transported cargo.

It is required to choose transportation (x;) in such
a way that the balance conditions are met

n
inj =q (i = 1,...,m),
Jj=0

m

inj =bj (j = 1,...,m),
i=0
and in addition, the end time of all transportations T
turned at a minimum. Thus, it is necessary to find a trans-
port plan (x;;) for which the time T turns into a minimum:
T =max{; =min.
x;;>0

The described problem can be used to select the opti-
mal route for computing problems at time 1 as follows.
Computing nodes will be software A4, ..., 4,, and their
free computing resource at the moment #° will be a stock
in terms of transport problems. Moreover, each task will
be a DP with a certain need for computing resources. This
introduces an additional condition for transportation —
each DP must be served by single software.

In order to support the heterogeneity of both computa-
tional tasks and software and hardware, computational
tasks are considered as atomic — that is, indivisible
between CNs. If a computation task is not atomic, it must
be represented as a set of sequentially (or in parallel, de-
pending on the nature of the task) of atomic applications
running.

The condition on the atomicity of tasks introduces into
the formulation of the transport problem the above-
mentioned restriction that each DP must be serviced by a
single software; in what follows, this type of transport
problem will be called a transport problem by the time
criterion with atomic needs.

The atomicity condition makes it possible not to con-
sider the combination of servicing the DP by several
softwares, which significantly reduces the complexity of
the solution algorithm in comparison with the classical
solution of the transport problem by the time criterion.

The transportation time (in terms of the model, the
processing time of the task) #; is calculated as the sum of
the task B; delivery time forecast to the node 4;, the fore-
cast of the calculation time, and the forecast of the deliv-
ery time of the received data to the destination.

If at time 7° the computational task B, is being proc-
essed at the node A4;, ¢; will express the remaining proc-
essing time + the time of data delivery to the end point.
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For other nodes, the processing time for this task will in-
clude the cost of transferring the calculation from the cur-
rent node to another.

If the CN A; cannot process the task B;, for example,
does not have the necessary software, then we assume that
the processing time #;is equal to infinity.

Least-time algorithm for atomic claims. The prob-
lem of choosing the most efficient computation route at
time t” can be represented as a transport problem accord-
ing to time criterion with atomic needs described above.
Taking into account the condition that computational
tasks are atomic, that is one task can be processed only on
one node (in practice, this can be achieved by preliminary
partitioning of complex calculations into a sequence of
atomic tasks), the solution of a transport problem by the
time criterion with atomic needs degenerate. The devel-
oped least-time algorithm for atomic claims (LTfAC) for
the transport problem according to the time criterion with
atomic needs can be represented as a diagram in fig. 3.

The algorithm works as follows. It is necessary to se-
lect a pair of DP and software with the smallest ¢;, pro-
vided that the software has all the necessary resources
to service the DP, and then adjust the stock for software
by the amount of DP and repeat the selection until all DP
are served, or until no software will be able to serve the
remaining DP. In this case, tasks for which a suitable
computational node is determined are sent for computa-
tion, and the remaining tasks wait for the next iteration of
the algorithm.

The efficiency of the developed algorithm was inves-
tigated on the HDIPS simulation model [15]. Fig. 4 shows
a graph of the average computation time of tasks in the
HDIPS dependence on its structure when using the
LTfAC algorithm as an algorithm for computing re-
sources distribution in HDIPS. For clarity, the axes of CN
number and the number of tasks sources on the graph are
inverted.

The developed algorithm provides the minimum aver-
age time for tasks completion and this time is fairly stable
relative to the number of CNs. Thus, the developed algo-
rithm is recommended to be used if the advantage from
reducing the time of tasks calculations exceeds the cost of
additional HDIPS computational load, thus the
JPoptimality criterion of the configuration is selected.

Conclusion. The following possible criteria for the op-
timality of the HDIPS software and hardware configura-
tion were identified and formalized:

— minimizing the average value of the CN utilization
factor;

— minimizing the total time for problem solving in the
system,

— minimizing the probability of problem return with a
CN due to a lack of computing resources.

To meet the selected optimality criterion it is proposed
to analyze the HDIPS software and hardware configura-
tion using its formal model applying queuing theory
methods. HDIPS can be represented as a queuing net-
work, where each CN and route control unit is a mass
service system. In terms of the proposed formal model, a
function is defined which expresses the probability of a
task transition from a router to a computational node. The
example of the presentation of the criterion “minimizing
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the total time of problem solving in the system” in the
formal model using the apparatus of the queuing theory is
given.

The problem of computing resource allocation in
HDIPS is presented as a transport problem according to
the time criterion with atomic needs. The atomicity condi-

Begin

tion makes it possible not to consider the combination of
serving one destination (in terms of the transport problem)
by several starting points, which significantly reduces the
complexity of the solution algorithm in comparison with
the classical solution of the transport problem by the time
criterion.
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for the task?

available

CN by the

Reduce the
resource of the

amount required
by the task

selected for all

Return

route

computation

Array of "Task-CN" pairs

Fig. 3. Block diagram of the resource allocation algorithm via solving a transport
problem by the time criterion with atomic needs using the LTfAC method
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Fig. 4. Time of tasks processing when using the LTfAC algorithm for resource allocation

Puc. 4. Bpemst 00paboTku 3a1a4 1pu ucronb3oBanuu anroputmMa HBOA3 s pacnpeneneHus pecypcos

Taking into account the condition of atomicity,
the least-time algorithm for atomic claims was developed.
In comparison with other investigated algorithms,
the developed algorithm provides the minimum average
time for executing tasks and this time is fairly stable rela-
tive to the number of CNs. Thus, the developed algorithm
is recommended to be used if the advantage from reduc-
ing the time for calculating the tasks exceeds the cost
of the additional computational load of the HDIPS, that
is, the criterion of optimality of the configuration “mini-
mizing the total time for problem solving in the system”
is selected.
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COMPOUND BENDING OF AN ORTHOTROPIC PLATE
R. A. Sabirov

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
E-mail: rashidsab@mail.ru

The problem of longitudinal-transverse deformation and strength of an orthotropic plate on the action of a local
transverse force and stretching along the contour of the membrane forces is studied. The direction of laying the fiber of
a unidirectional composite that provides the lowest level of stress and deflection is determined.

In the zone of application of concentrated force in thin-walled structures, significant bending moments and shear
forces occur, which are a source of stress concentration. To reduce stresses, the method of plate tension by membrane
forces applied along the contour is chosen. The maximum possible order of membrane tension forces is selected, which
provides conditions for the strength and rigidity of the solar panel plate structure, which has a hinge-fixed support
along the contour. Pre-tensioning the plate web allows to reduce the stress by 50 times.

The problem of compound bending of isotropic and anisotropic plates when applying transverse and selection of
longitudinal loads, with restrictions on strength and stiffness, can be called a problem of rational design of the
structure. The resulting equations and calculation program can be used in the design of plate structures, as well as in
the educational process.

Keywords: plate bending, longitudinal-transverse deformation.

CJIOKHBIN U3Ir'B OPTOTPOITHOM IIJIACTUHBI
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H3zyuaemcs 6onpoc npooonbHO-nonepeiHo2o 0eopMuposansl u NPOUYHOCHU OPMOMPONHOU NAACMUHbL O 8030€li-
CMBUsL JIOKANbHOU NONEPEeHOU CUlbl U PACMASUBAIOWUX NO KOHMYpPY MembOpannuix cui. Onpedeneno HanpaeieHue
VKIAOKU 60JI0KHA OOHOHANPABIEHHO20 KOMNO3UMA, 06eCneuusaiowe2o Hauboiee HU3KUil ypo8eHs HANPINCEHUL U Npo-
euba.

B 30ne npunoscenust cocpedomoueHHol Cuibl 8 MOHKOCMEHHBIX KOHCIMPYKYUSIX 803HUKAIOM CYWECMBEeHHble U32U-
balowjue MoOMeHmMblL U nepepe3vléaiowue CUbl, AGIIOUUECs UCTOYHUKOM KOHYEHmpayuu HanpsiceHuil. Jis ymeHb-
WeHUsl  HANPSIJICEHULl  8bIOpAH  NpuemM  HAMSANCeHUs.  NAACMUHbL  MEMOPAHHLIMU — CULAMU,  NPULONCEHHIMU
no koumypy. Io000pan MaxcumanbHo 803MON*CHbII NOPAOOK MEMOPAHHBIX CUN HAMANMCEHUs, 0becneyusaouull ycioeus
NPOYHOCIU U JICECMKOCHMU KOHCPYKYUU NAACTUNbL COTHEYHOU bamapeu, umerowen wapHUpHO-Hen0O0BUICHOE
onupanue no xkoumypy. Ilpedeapumenvroe namsdicenue NOIOMHA NAACMUHBL NO360ISAEN YMEHbUUMb HANPANCCHUS
6 50 pas.

3aoauy croacnozo uzeuba U30OMPONHLIX U AHUZOMPONHBIX NIACMUH NPU NPUTONACEHUU NNONEPEUHbIX U N00bope Npo-
OObHBIX HAZPY30K C 02PAHUYEHUAMU NPOUHOCIU U JCECTKOCIU MOJICHO HA36AMb 3a0a4ell payuoHAIbHO20 NPOEKmu-
posanusi  koncmpykyuu. Ilonyuennvie ypaeHenusi U npozpamMma paciema Moz2ym Oblmb UCHONb306AMHbI  KAK
npU NPOEKMUPOSAHUU KOHCIMPYKYULL NIACTUN, MAK U 8 Y4eOHOM npoyecce.

Knrouesuie crosa. uzeu6 niacmunvl, RpoooibHo-nonepesnoe oepopmuposarue.
Introduction. Space technology uses rectangular Composites, often unidirectional, the physical proper-
flexible plates with photovoltaic cells attached to its sur-  ties of which sometimes differ 15 times, and the strength

face. Plates are attached to rigid ribs and pre-stretched  differ up to 40 times are used [3] as materials. Therefore,
using forces in its plane [1; 2]. the plate material should be considered substantially
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orthotropic. The task is to ensure the fulfillment of the
required conditions for the rigidity and strength of the
plate.

A pre-stretched plate (membrane) is subjected to a
transverse load, which is classified under the concept of
compound bending [4]. In compound bending, as in sim-
ple bending, we can consider the total action on the plate
of a number of different transverse loads, equal to the sum
of the actions on it of all loads separately, however, if the
membrane forces themselves are functions of the trans-
verse load, then the principle of additivity (superposition)
does not apply [5].

The transverse loads acting on the plate are distributed
over a substantially small surface. When calculating
structures, real loads are replaced by idealized forces,
dividing them into loads distributed over a large surface,
and local loads acting in a small area. When the dimen-
sions of the zone within which the load acts are signifi-
cantly small compared to the dimensions of the entire
surface of the structure, or, for example, when the diame-
ter of the loaded zone is less than the thickness of the
plate, the load can be considered as local, applied at one
point [6]. In the area of application of a concentrated
force in thin-walled structures, significant bending mo-
ments and shearing forces arise. These local forces are the
source of stress concentration. One of the methods for
reducing stresses can be the tension of the plate by mem-
brane forces applied along the contour.

On the theory of compound bending of isotropic
plates, the following works can be mentioned [7-9];
a review and analysis of deformation models is given in
[10-16].

Work objective. It is required to choose a model for
calculating thin plates from an orthogonal anisotropic
material; to solve the problem of ensuring the rigidity and
strength of a compound bending of an orthotropic plate
for optimal orientation of the composite fibers located in a
rectangular non-deformable contour, with a simultaneous
application of transverse and longitudinal loads.

I. Statement of the problem of deformation of an
orthotropic model of compound bending. A differential
formulation of the problem of longitudinal-transverse
bending of a plate is considered. Geometric nonlinear
equations are simplified: they neglect the derivatives of
the functions of membrane displacements of the basal
surface. The resolving equilibrium equation is compiled
according to the deformed scheme.

1. Physical equations. As the governing equations,
we use Hooke's law for a body with orthogonal-
anisotropic properties, compiled in the Cartesian coordi-
nate system Oxyz [17]

Sxx N ‘12 0 G,
€y r=|Cn €n 0 |yo, ¢, (1)
£y 0 0 ¢ Ty
where the components of the strain tensor €, € wo Exy
related to the stress tensor components o,, G,, T,,

compliance coefficients:

o =1/E, cp=1/E,, c,=-vy/E,,
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==V L Ey, ¢ =1/ Gy, (Eyvy =Eyvp). (2)

Here E,, E,, v;,, V,, G, are elastic characteris-

tics of rigidity (technical constants) of an orthotropic ma-
terial determined for the principal directions of elastic
symmetry /-2.

The inverse matrix of (1) matrix has the form:
c b, b, 0 |le

X XX

o, t=|by by 0 [e, b 3)
o] L0 0 bglle,
Here,
c c
_ 2 _p 12
by, = 5 s b12_b21__—2 ,
CiCn O CiCn — O
C 1
_ 11 —
by, = 7> bgg =—. 4)
CiCn — O Co6

The coefficients of matrix (3), expressed in terms of
technical constants (2), have the form:

E, ] 0
o I=vpvy T=vppvy, c
X v E E XX
Sy = T 0 g O
1=vipvy I=vppvy
T I
W 0 0 G, |V

2. Geometric equations (deformations). We apply
the geometrically nonlinear Love — Karman — Novozhilov —
Papkovich equations [4; 7; 10]:

2 2
8“:%+l(a_wj _a_WZ’ ©6)
o 2lax)  ax?

2 2
SWZ%J,l[a_WJ Zw,, %)

S oy 2\ oy oy
2
gxy:%+%+a_wa_w_ ﬁ_wz. (8)
oy Ox Ox dy  OxOy

In practical plate design, membrane displacements
uy =u(x,y), v, =v(x,y) one to two orders of magnitude

less deflections of the middle layer w=w(x,y). There-

fore, in equations (6)—(7), we can exclude the derivatives
of membrane displacement functions, which gives:

1(ow) o*w
=== - —z, 9
o= 2] -2 ©)
2
1{ow 0w
— | e 10
8)’)’ 2(8}/) 6}/2 z ( )
2
gryzawﬁw_ 0 wz. (11
7 Ox oy Ox0y

Equations (9)—(11) can be called quasi-nonlinear,
since they contain squares and the product of the first
derivatives of the deflection functions.

3. Stress and internal strength factors. Substituting
(9)—(11) in (3), we obtain the stress values:
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1(ow) o*w
sV =b - T~ —Z— |+
c,.(x,¥,2) “{2((%] Z@xz}

2 2
b, | L[ 2 -zﬁ—vj , (12)
2\ oy oy
1(ow)  &*w
N
2 2
by | L[ O —za—vf , (13)
2\ oy Oy
ow ow *w
(X, p,2)=bgg| —— -2 . 14
Ty (X,1,2) 66(6)6 oy axﬁyzj (14

Integration of stresses (12)—(14) along the plate height
h (-h/2<z<h/2) gives a group of internal force fac-

tors, membrane forces, bending moments and torque:

2 2
Nxzﬁ b, ow +b, ow , (15)
2 ox oy
2 2
h ow ow
Ny:E[blz(aJ +b22(gj :l, (16)
ow ow
S =b . h——, 17
T oy oy a7
n? o*w o*w
M =——|b,—+b,— |, 18
* 12(116x2+128y2j (18)
n o*w o*w
M, :_E[blz@c_2+b2 ay—zJ, (19)
n e
~ (20)

H, =—2by—— .
Xy 66126xay

4. Equilibrium equation. The model of S. P. Ti-
moshenko, in which the equilibrium equation [9] corre-
sponds to the state of compound bending:

2 o’H,, M
0 AZ X9 2Xy + 2y _
Ox Ox oy
2 2 2
=—q. —Nxa—zv—Nya—Z”—zswa—W.
ox oy ~ Oxdy

Substituting moments (18)—(20) into (21), we obtain
the resolving equation for calculating the orthotropic
plate

20

4 4 4
BIIZC_ZV"'BIZ—&(; w2 "‘Bzzgy_:v:
2 2 2
cg NN, DY s DY
ox oy Oxdy
in which the stiffness parameters are equal:
b11h3 2b,, +4b, b22h3

By, = B :—1212 “n, By BT (23)

In the right part (22) N, =N,(x,y), N,=N,(x,»)
u S, =8,(xy). At the first step of calculating

a compound bend, these forces are assumed to be equal
to the pretensioning forces. It can be assumed that
if in the numerical analysis of the plate deformation it
turns out that the forces calculated by formulas (15)—(17),
depending only on the squares of the first derivatives
of the deflection functions, will be comparable with
the order of the applied membrane tension forces, then
the calculation problem should be reformulated and
considered as a boundary value problem with variable
coefficients.

5. Transition from a continuous problem statement
to a discrete (finite-difference) one. Discretization of
equations (22) is carried out by the method of grids [18],
replacing the differential operators with central differ-
ences. Finite-difference analogue of differential equation
(22) for a uniform square grid i=1,2,...,n, j=12,...,m,

with step A is the following:

{6(311 +By,) +4B,, + 2N, +Ny)}wl o
i

At 22
4B, + 2B N 4B, + 2B N
_( 117L4 22+K§j i,j+l_[ 117¥4 2 +>L_2xjwijl_
(4B +2B, Ny . 4By +2B, N, W+
A Y X 2 Vit
B B B
+ ﬁwm,jn +ﬁwi+l,j—l +ﬁwi—l,j—l +
B B B
+ﬁWi71,,‘+1 +}\’_141Wi,j+2 ﬁwi,j—2 +
P (24)
RTI T

4 Witt,j 24 Wi, :7»_2.

6. Internal force factors and stresses of a discrete
problem. Internal force factors are calculated by the for-
mulas (15)—~(17):

NG —
2
:ﬁ b Wi~ Wi 2+b Wi, ~ Wil (25)
5| 7 —2% 12 —ZKy )
@)) —
Ny =
2
:ﬁ b ‘/Vl‘,j+l _M/},./—l ’ +b M/H’l,j _M}i_laj (26)
5| 72 —2% 22 —2% )
. Wi g = Wi iy Wi — Wil
Sg;j) :bééh i,j+1 i,j-1 +1,j 1,/ , (27)
2A, 2,
3 —
mn = I fy M W,
! 12 %
Wi, —2W, Wy
2 3 , (28)
A
y
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3 _
AN _K B, Wi = 2W W N
¥ 2
12 AL
Wiy 2w, AW
+by - ;j —L (29)
7“y
3
HUP =-2bg L
g 12 )40,
><<Wi+1,j+1 Wit et T Wi o1 T Wi ) . (30)
Stresses  are  calculated at grid  points:
oy =M /b, S\ =M /B, X =xH R

II. Calculations of the stiffness and strength of an
orthotropic plate. The longitudinal-transverse deforma-
tion of an anisotropic plate is considered, and the strength
is estimated. The level of membrane forces is determined,
depending only on the squares of the first derivatives of
the deflection functions. The calculations were performed
on the basis of our own Maple program [19].

1. Given. Let us consider a plate (1mx0.8m) made

of unidirectional carbon fiber reinforced plastic [3]
Tornel-300 (Carbon-fiber-reinforced-polymer (CFRP)),

i

thickness # = 2 mm. Strength of the material along the
grainc, =1400MPa , across the grain o, =34.5MPa ;
shear strength 1, =74MPa . Tensile modulus along fi-
bers E, =142.8GPa; tensile modulus across fibers
E,=9.13GPa; Poisson's ratios: v, =0.32, v, =0.02.
Shear modulus is G, =5.49GPa . Maximum deflection

boom w' <15 mm.

The plate is exposed to concentrated force P = 1000N
in the centre. A hinge-fixed support is specified along the
contour.

2. Determination of the most favorable orientation
of fibers of a unidirectional composite in terms of plate
stiffness. Let us investigate the stress-strain state from the
action of only a concentrated shear force P.

In fig. 1 let us consider the orientation of the compos-
ite in the global coordinate system of the plate (Oxy) and
give the strength parameters with the stiffness characteris-
tics in its own principal axes O12. Let's call these parame-
ters and characteristics normative.

Let us show in fig. 2 options for the arrangement of
fibers: we orient the composite of unidirectional CFRP
with fibers parallel to the long side of the plate (fig. 2, a)
and parallel to the short side of the plate (fig. 2, b).

E, o} =1400MPa
63 =34.5MPa

1{, = 74MPa

E, E, =142.8 GPa

E, =9.13GPa
G,, =5.49GPa

Fig. 1. Composite orientation in the global plate coordinate system (0Oxy)
and strength parameters with stiffness characteristics

Puc. 1. OpuenTranus KOMIO31Ta B TII00ATBHOM CHCTEME KOOPAMHAT IIacTHHBI (X))
Y IPOYHOCTHBIE APAMETPHI C XapaKTEPUCTHKAMHU KECTKOCTH

N

b

Fig. 2. Plates with two types of composite fiber orientation:
a — carbon fiber is located along the long side of the plate; b — carbon fiber is located along
the short side of the plate

Puc. 2. ITnactunel ¢ JABYMs BUJJaMH OPUECHTAILIUU BOJIOKOH KOMIIO3UTa:
a — BOJIOKHA YTIJICIIJIaCTHKA PACIIOJIOKCHBI B10JIb JUTUHHOM CTOPOHBI IUIACTHUHBI;
6 — BOJIOKHA yriaemiiacTuka pacroyoKEeHbl BAOIb KOpOTKOﬁ CTOPOHBI INTACTUHBI
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Let us write the physical law for the first orientation of

the fibers along the long side of the plate (fig. 2, a):

1 _0.02
142.8 GPa 9.13GPa
Exx Oy
0,32 1
€ =| - (¢
» 142.8GPa  9.13GPa ’
€ T
Xy Xy
0 _
5.49GPa |

and for the second orientation of fibers along the short
side of the plate (fig. 2, 6):

1 032 ]
9.13GPa  142.8GPa o
“ 0,02 1 g
g ) =| — G
» 9.13GPa  142.8GPa y
Sxy Txy
0 -
5.49GPa |

Let's perform the calculations, the results are shown
in fig. 3-7.

The most favorable orientation of the fibers of a unidi-
rectional composite in terms of plate rigidity is the ar-
rangement of the composite fibers along its short side. In
this case, the deflections are less by 56 % than when the
fibers are arranged along the long side. Normal stresses in
both cases are greater than the normative ones, strength is
not ensured. Stress regulation is required. Calculations for
both fiber arrangements are discussed below.

3. Location of composite fibers along the long side
of the plate. The loads N, ,=10°N/m and

N, =10°N/m are applies. The calculation results are

shown in fig. 8. The initial stresses from pre-tension are
equal to: o) =N, /h M o) =N, /h-

The results shown in fig. 8, a show that under tension
N,=10°N/m deflection in the center of the plate

P=1kN
// W' =437 mm > w*
7 or™ =1970MPa > o/
J o =474,6MPa > 5,

T =405MPa > 1},

a

W™ =20,8mm >w" and stresses across the fibers, equal

max __

7 =130 MPa > o , are above standard.

The results shown in fig. 8, b show that under tension
N,=10°N/m deflection in the center of the plate

w™ =10.05mm < w* , which satisfies the stiffness condi-
the the fibers
129.8MPa > o, remain above standard.Let's in-

tion, and stresses  across

max __
y

crease efforts of N, and N, by an order. The calculation

(¢

results are shown in fig. 9.
When loading the plate  with

N, =10°N/m (fig. 9, a), the stress acting across
the fibers decreases from 474,6 MPa (at N, ,=0)
to 31,9 MPa (at N, =10°H/m).

The applied force N, =10° N /m (fig. 9, b) by itself

pretension

creates a preliminary tension across the fibers signifi-
cantly more than the standard G(; =500MPa >, . As for

the deflection, it is significantly less than the standard and

max

equal to W™ =1.84mm<w".

Let us present the diagrams of deflection and internal
force factors for this loading case in fig. 10-14.

4. Location of composite fibers along the short side
of the plate. The loads N _=10°N/m and

N, =10°N/m are applied. The calculation results are
shown in fig. 13. The initial stresses from pre-tension are
equalto: 9 =N _/h U =N, /h.

The results presented in fig. 13 a show that when
stretched by force N, =10° N /m deflection in the center

of the plate w™ =11,3mm <w" turned out to be of the

same order of magnitude with the allowable deflection,
and the stresses across the fibers, it is

o™ =130.9 MPa > o, , above the standard.

P=1kN

wm™ =280mm > w"
6™ = 438,9MPa > o,
o™ =1834,5MPa > o}

max __
xy T

T 32,4MPa < 1},

o

Fig. 3. Comparison of deflections and maximum stresses with standard:
a — fiber CFRP along the long sides of the plate; » — CFRP fibers are located along the short sides of the plate

Puc. 3. CpaBHeHHE MPOrHOOB 1 MAKCHMAIBHBIX HANPSDKEHUN C HOPMATUBHBIMH:
a — BOJIOKHA YTIJICIIJIAaCTHKA PACIIOJIOKCHBI BAOJIb HHHHHOﬁ CTOPOHBI INTACTHUHBI;
6 — BOJIOKHA YTJICTUTACTHKA PACIIONI0KEHBI BIOJb KOPOTKON CTOPOHBI ITACTUHBI
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| 2 I
246 810121416| g0y = 468102141619

column column

a o

Fig. 4. Comparison plots of deflections:
a — fiber CFRP along the long sides of the plate; b — CFRP fibers are located along the short sides of the plate

Puc. 4. CpaBHeHue 31i0p Iporubos:
a — BOJIOKHA YTJICIUIaCTHUKA pacCIlOIOKEHbI BOJIb L[J'[I/IHHOf/’I CTOPOHBI INTACTHUHBI;
6 — BOJIOKHA yriaermiaacTuKa pacrnoI0KEHbI BI0Ib KOpOTKOf/’I CTOPOHBI TTACTUHBI

column

Fig. 5. Comparison of bending moments M,:
a — CFRP fibers are located along the long side of the plate;
b — CFRP fibers are located along the short side of the plate

Puc. 5. CpaBHeHue u3rubaromux MOMEHTOB M, :
@ — BOJIOKHA yIJICIUIACTHKA PACIIONOKEHBI BIOMb [JUIMHHOM CTOPOHBI ILUTACTHHBI;
6 — BOJIOKHA yriaemiiacTuka pacrioyoKEeHbl BAOIb KOpOTKOﬁ CTOPOHBI INTACTUHBI

. (,1820

68[{]ld

snlimn

Fig. 6. Comparison of bending moments M,
a — CFRP fibers are located along the long side of the plate;
b — CFRP fibers are located along the short sides of the plate

Puc. 6. CpaBHeHHE H3rHOAIOIMX MOMEHTOB My:

a — BOJIOKHA YTJICIUIaCTHUKA pacCIlOIOKEHbI BAOJIb I[J'II/IHHOf/’I CTOPOHBI INTACTHUHBI;
6 — BOJIOKHA yrierminacTuKa pacrnoyIOKEHbI BI0Ib KOpOTKOﬁ CTOPOHBI TTACTUHBI

504
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Fig. 7. Comparison of torque H,y:
a — CFRP fibers are located along the long side of the plate;
b — CFRP fibers are located along the short sides of the plate

Puc. 7. CpaBHEeHHE KPYTALIMX MOMEHTOB H,y:
a — BOJIOKHA YTIJICIIJIaCTHKA PACIIOJIOKCHBI B1OJIb ,E[HPIHHOFI CTOPOHBI INIACTHUHBI;
6 — BOJIOKHA yriaemiiacTuka pacrioyoKEeHbl BAOIb KOpOTKOﬁ CTOPOHBI ITACTUHBI

Ny:IOS%
I HEENE
—~ /// - . |~
e i _»Nx:10; —

Prddtd

W™ =10.05mm < w*

=0

0
. c° =50MPa > o’
o™ =559 MPa < o, y 2

max __ +
o™ =130 MPa > o5 o, =374.0MPa<o,
o™ =129.8 MPa > o,

wm™ =20.8mm > w*
¢’ =50MPa <o}

0 _ c
v

(e

T =5.65 MPa <1,
T =3.8 MPa <1,

a o

Fig. 8. Calculation results for a plate in which CFRP fibers are located along its long side:
a — pre — stretching by force N = 10° N/m ; b — pre-stretching by force N, = 10° N/m

Puc. 8. Pe3ynpTaTsl pacueTa IIacTUHEL, B KOTOPOH BOJIOKHA YITIEIIACTHKA PACIIONOKEHBI
BIIOJIb €€ JUTHHHOM CTOPOHBI:

@ — PENIBAPUTENBLHOE PACTSHKEHUE CUIoi N | = 10°H/™ ;

6 — IIPE/IBAPUTEIILHOC PACTOKEHHE CHIIOH N, = 10° H/m
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/P:IkN Ny:106%f 1 * f * *

——— / -
- // —
—- = v =100 Y —
- S m
- —_—
RN
W:‘a* =3.72mm < w" W™ =1.84mm < w'
¢’ =500MPa < 6’ =0
o) =0 o) =500 MPa > G}

max __ +
o, =6l7MPa<o, o™ =121.6 MPa < o}
o™ =31.9 MPa < o} =34.5 MPa max

o™ = 524.0 MPa > o}
™ =0.96 MPa < 17’ ma +
Wy : 12 T, =0.76 MPa <1,

a o

Fig. 9. Results of calculating a plate in which CFRP fibers are located along its long side:
a — pre — stretching by force N, = 10% N/m ; b — pre-stretching is applied N y = 10® N/m

Puc. 9. Pe3ynpTaTsl pacueTa MIacTUHbI, B KOTOPOI BOJOKHA YIJIEIIACTHKA PACIIONOKEHBI
BJI0JIb €€ JUIMHHOW CTOPOHBI:

@ — PE/IBAPUTENLHOE PACTSHKEHUE Culol N = 10° H/m ;

6 — IIPAJIOKEHO TPENBAPUTENBHOE pacTshikenne N y = 10° H/m

-0.0017

-0.0027

-0.0037

2
46 8101207,

oW

e

Fig. 10. Diagram of deflections for calculating
a plate in which CFRP fibers are located along

its long side N, =10°N/m and P=1 kN

Puc. 10. Dmropa nporuboB pacyeTa MIacTUHbI,
B KOTOPOU BOJIOKHA YIJICTUIACTUKA PACTIOI0)KEHBI

BJIOJIb €€ JUIMHHOM CTOPOHBI IpU N | = 10°H/m
u P=1xH
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a

L
b8

row

TTT T
16 14121

o

Fig. 11. Diagram of the bending moment A{_ of a plate in which CFRP fibers are located along its

long side at N, = 10° N/m and P=1 kN :
a — general view of the diagram; b — view of the diagram in the Oyz plane

Puc. 11. Dmropa u3rubaroriero MOMeHTa A/, B KOTOPOH BOJIOKHA yTTIEIUIACTHKA PACTIONOKEHBI

BJIOJIb JUIMHHOM CTOPOHBI IpH N . = 10°H/M u P=1xH :

a — obuuit BUJ SMIOPBL; 6 — BUJL SMIOPHI B II0cKoCTH )z

g PP
16141210 § & 1o'4

row

6
column

a

Fig. 12. Diagrams of moments of a plate in which CFRP fibers are located along
its long side at N = 10° N/m and P=1 kN :

a—plot M ;b —plot ny

Puc. 12. Dnropbl MOMEHTOB ILJIACTUHBI, B KOTOPOH BOJIOKHA yTIJIEMJIacTUKA

PACIIOJIOKEHBI BIIOJIb €€ JUIMHHOM CTOPOHBI IpH N = 10°H/M u P=1xH :

a—osmopa M ;6 —smopa HW

The results shown in fig. 13 b show that under tension
N,=10°N/m in the center of the plate deflection

wh'™ =18,16mm >w" =15mm, that does not satisfy
the stiffness condition; also the stress across the fibers,
equal to oy =127,7MPa>o,, is higher than the

standard.
Let's increase forces N, and N , toan order of mag-

nitude. The calculation results are shown in fig. 14.
The pre-tension by force N =10°N /m gives tension

across the fibers (¢ = 500 MPa > ¢} ) more regulatory

507

stress. The combined action of the shear force and the
tensile force increased this stress
(o™ =525.4 MPa > . ).

When the plate is loaded (fig. 14, a) with a load acting
across the fibers, the stress decreases from 474.6 MPa
(at N,=0)to31.9 MPa (at N, =10°N /m).

Applied effort N, =10°N /m (fig. 14, b) meets all

the criteria of rigidity and strength.

Let us present the diagrams of the deflection
and internal force factors for this case of loading
in fig. 15-17.
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P=1kN

/

BEEE

W™ =11.3 mm<w’
¢ =50 MPa > o}
G(y):O

6™ =130.9 MPa > o}
378.7 MPa <o}

max __

o, =

max __ +

Ty =3,77 MPa <1,
a

Fig.

|
Ny=1o5ﬁf f * * *
j—— m
1
1
1
- . o |
N, =10° =
_» m
e

EEERE

W™ =18.16 mm > w*
02 =0

o) =50 MPa <oy
or™ =127.7 MPa > o,

552.0 MPa <o}

max __
G, =
max __ +
Ty =5.874MPa<rt,

0

13. Results of calculating a plate in which CFRP fibers are located along its short side:

A — pre — stretching is N, = 10° N/m ; b — applied pre-stretching is Ny =10° N/m

Puc. 13. Pe3ynbTatsl pacueTa MIacTHHBI, B KOTOPOI BOJOKHA YITIEIUIACTHKA PACITIONOKEHBI
BJI0JIb €€ KOPOTKOI CTOPOHBI:

@ — NPENIBAPUTENBHOE pacTshkenue N = 10°H/™ ;

0 — IPHII0KEHO NPEBAPUTENbHOE pacTskenne N, = 10° H/m

P=1kN

RERE

wh™ =2.08mm < w*

500 MPa > o}

o™ =525.4MPa > o}
o™ =124.9 MPa <oy

T, =0.75 MPa < 1,

a

Fig. 14. Results of calculating a plate in which CFRP fibers are located along its short side:

N
_1n6
N, =10°—
—_
—
—=n, =10°Y

m
S
—

Py

0
Y =500 MPa <o}

P=1kN

P=1kN

6™ = 29.86 MPa < o} = 34.5 MPa

o)™ =611.4 MPa <o/

max

T =097 MPa <1,

7

a —applied pre — tension is N, = 10° N/m ; b — applied pre-tension is Ny =10° N/m

Puc. 14. Pe3ynpTaTe! pacdeTa INIaCTHHBI, B KOTOPOW BOJIOKHA YTJIEIUIACTHKA
PAacCIOJIOKEHBI BJJOJIb €€ KOPOTKOH CTOPOHBI:

@ — NPUIIOKEHO NPE/IBAPUTEIILHOE pacTshkeHue N, = 10 H/m ;

6 — TIPUIIOXKEHO NPEeJIBAPUTENILHOE pacTsikeHue N )= 10° H/m
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2E 10021 462

]
! column

Fig. 15. Diagram of deflections of a plate in which
CFRP fibers are located along its short side

at N, =10°N/m and P=1 kN

Puc. 15. Dmiopa nporu6oB IIACTUHEL, B KOTOPOH
BOJIOKHA YIJIETUIACTHKA PACIIONOKEHBI B0

€€ KOPOTKOM CTOPOHBI IpU N, = 10°H/M u P=1xH

10 1820

§ 10121416182

ow column

a o
Fig. 16. Diagrams of moments of a plate in which CFRP fibers are located along its
short side of the short side at N, = 10° N/m and P =1 kN :
a- M, ;b- H o

Puc. 16. Onropbl MOMEHTOB ILJIACTHHBI, B KOTOPOM BOJIOKHA YIJIEIUIACTUKA PACTIONOMKEHBI

BJIOJIb €€ KOPOTKOH CTOPOHBI KOPOTKOU CTOPOHBI IpU N, = 10°H/™M 1 P=1xH :

a-M_; 6—ny

LI I B I I I LR B
2018161412108 6 4 2

column T

a o

Fig. 17. Diagrams of moments of a plate in which CFRP fibers are located along
its short side at N, = 10° N/m atand P=1 kN :

a — general view; b — view in the Oxz plane

Puc. 17. Dmropsl MOMEHTOB IIACTHHBL, B KOTOPOIT BOJIOKHA YTJICTIIACTHKA PACIIOIOKEHBI
BJIOJIb €€ KOPOTKOH CTOPOHBI Iipu N y = 10°H/™M u P=1xH :

a — o0IuiA BUJT; 6 — BUJ B INIOCKOCTH (xz
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According to the results of calculations of a plate rein-
forced along its long and short sides, it was found that,
according to the required characteristics of rigidity and
strength, both variants of tension by membrane forces are
suitable N, u N, .

When reinforcing along the long side of the plate, the
pretension by force N, =10° N/m reduces the stress act-
ing along the fibers from 1970 MPa to 617 MPa
(fig. 3, a), and the stress acting across the fibers, equal
to 474.6 MPa, is reduced by the preliminary tension
to 31.9 MPa (fig. 9, a).

For reinforcement on the short side, the pretension
by force N, = 10°N /m reduces the stress acting across

the fibers from 438 MPa to 29.86 MPa (fig. 3, b),
and the stress acting along the fibers, equal to 1834.5
MPa, is reduced by the pretensioning to 611.44 MPa
(fig. 14 b).

5. Simultaneous loading of plates with membrane
forces N, and N, . In fig. 18 we present the results of

-
-
-
-
-—

REREN

W =525mm < w*
=50 MPa<o/
50 MPa > 6}

0
Oy
0

o, =
o™ =265.4MPa<o,
o™ =97.43MPa > 5,

max __ +
Ty =24MPa<1),

a

calculating a plate in which the fibers of the composite are
located along its long side (fig. 18, a), and a plate
in which the fibers are located along its short side
(fig. 18, b). In both cases, stretching by membrane forces
is performed simultaneously by forces N _=10°N/m

and N, = 10°N / m . Both types of loading do not satisfy

the strength across the fibers. Let's increase the membrane
tensile forces by 10 times (fig. 19).

Diagrams for a plate in which CFRP fibers are located
along the short side of the plate are shown in fig. 20.

Both variants of loading the plates, in which the fibers
are oriented both along the long and short sides, do
not correspond to the strength across the fibers of the
composite material. Therefore, it is necessary to select a
material with increased strength in the direction of the
anisotropy axis 2.

Stretching of a rectangular composite web simultane-
ously in two directions presents certain technological
difficulties; therefore, this option of pretensioning should
be abandoned.

P=1kN
BEREEDS
=

Prdddd

W' =525 mm<w*
=50 MPa >,
=50 MPa <o/

)

0
X
0
y

oy™ =97.6 MPa > o3
™™ = 265.9 MPa < o]

max __ +
Ty =24MPa<1),

o

Fig. 18. Comparison of deflections and maximum stresses
with standard ones when loads are applied simultaneously

N, =10’ N/m and N, =10’ N/m:

a — CFRP fibers are located along the long side of the plate;
b — carbon fiber fibers are located along the short side of the plate

Puc. 18. CpaBnenne nporn6oB 1 MaKCHMAaJIbHBIX HAIPSDKEHUH
C HOPMaTHUBHBIMU IIPY OJHOBPEMEHHOM NPHIIOKEHUH HArpy30K

N,=10"H/mu N, =10’ H/m:

a — BOJIOKHA YIJICIIJIACTHKA PACIIOJIOKCHBI BOJIb JUTUHHOM CTOPOHBI IUTACTUHBI;
6 — BOJIOKHA yrieriacTuka pacrnojioKEHbl BI0JIb KOpOTKOﬁ CTOPOHBI TNTACTUHBI
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BERED RN R

- ——— ) ——
- —— ———— —
- - —— —

W™ =0.60 mm<w* W™ =0.60 mm <w*
6? =500 MPa <o} ¢ =500 MPa > &}
o), =500 MPa > G} G?, =500 MPa <o/
oM™ =532.4MPa <oy o™ =506.95 MPa > G,
o)™ =506.9 MPa > o, o™ =532.1MPa <oy
Ty =038 MPa < 1, Tt =032 MPa <1},

a 6

Fig. 19. Comparison of deflections and maximum stresses
with standard ones when loads are applied simultaneously

N, =10°N/m and N, =10° N/m:

a — CFRP fibers are located along the long side of the plate;
b — CFRP fibers are located along the short side of the plate

Puc. 19. CpaBHeHue MpOruOoB U MaKCUMAITbHBIX HAITPSKCHU I
C HOPMATHUBHBIMH ITPU OJJHOBPEMECHHOM MPHIOKCHUH HArPy30K

N, =10°H/m u N, =10°H/m :

a — BOJIOKHA YIJICIIJIACTHKA PACIIOJIOKCHBI BOJIb JUTUHHOM CTOPOHBI IUTACTUHBI;
6 — BOJIOKHA yrieriacTuka pacrnojoKEHbl BA0Jb KOpOTKOﬁ CTOPOHBI TNTACTUHBI

0
6754 6 8 101214161820

T

column

a o c

Fig. 20. Results of calculations of a plate in which CFRP fibers are located along the short side:
a—moment M ; b — moment M, ; ¢—moment ny

Puc. 20. Pe3ynpTaTh! BRIYHUCICHHUH TIIACTHHBI, B KOTOPOH BOJIOKHA YTJICIIACTHKA
PAacIoIOkKEHbI BIOJIb KOPOTKOH CTOPOHBL:
a—MOMeHT M ; 6 — MOMEHT M, ; ¢ — MOMEHT ny
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Fig. 21. Diagrams of calculated longitudinal forces
N, =N,(x,y) and N, =N (x,y):

a~—diagram N ;b —diagram N,

Puc. 21. Dmropbl BEIYUCSAEMBIX TPOAOIBHBIX CHII

Nx =Nx(x9y) u Ny =Ny(x,y):

a—omopa N, ;6-smopa N,

6. A numerical estimate of simplification of geo-
metric equations of the boundary value problem. To
estimate the level of efforts (15) and (16), which depend
only on the squares of the first derivatives of the deflec-
tion functions, we consider the calculation data for an
orthotropic plate. Compared with the specified longitudi-
nal forces, the level of which was assigned from 10’
to 10°N/m, which gives stresses of the order of 50 MPa to
500 MPa, the forces calculated by formulas (15) and (16)
(fig. 21) give the maximum stresses up to 0.04 MPa. That
is, the squares of the first derivatives of the deflection

function (éw/éx)*and (éw/dy)*in (15) and (16) have

little effect on the values of longitudinal membrane forces
N,=N,(x,y) and N, =N (x,y).

Thus, following the calculated results, it makes no
sense to complicate the model of the longitudinal-
transverse deformation of the plate under preliminary
tension by membrane forces and to solve problem (22)
with variable coefficients.

Conclusion. The selected deformation model, as a
model of a flexible plate of small deflection made of an
orthogonal anisotropic material, makes it possible to solve
the problems of ensuring the rigidity and strength of com-
pound longitudinal-transverse bending of an orthotropic
plate.

For a rectangular plate, according to the selected de-
formation model, in order to ensure a minimum deflection
from a concentrated force, it is more advantageous to in-
stall fibers of a unidirectional composite along the short
side. Stress levels and deflection are reduced.

Significant bending moments arising in the zone of
application of a concentrated force are a source of stress
concentration. The pre-tension of the plate web allows the
stress to be reduced by 50 times.

The problem of compound bending of isotropic and
anisotropic plates when applying transverse and selecting
longitudinal loads with constraints on strength and stiff-
ness can be called the problem of rational design of a

structure. The obtained equations and the calculation pro-
gram can be used both in the design of plate structures
and in the educational process.
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ON REMOTE SENSING OF THE EARTH BY SPACECRAFT
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Remote sensing is a process which implies collecting information about an object. Due to their properties, satellite
images are widely used in both practical and scientific fields.

Satellite imagery is used in research aimed at the comprehensive study of natural resources, the dynamics of natural
phenomena, and in the tasks of environmental protection. Special attention is paid to the use of space information for
daily operational monitoring of the state of the environment in the implementation of geo-ecological monitoring of re-
gions. In particular, this poses the problem to find the regions of the earth's surface with the characteristics determined
by the considered parameters using the values of established parameters at certain points of the earth's surface. In this
paper, we consider the special case of this problem when the given four points of the earth's surface determine the re-
gions of the earth's surface (the so-called kernels of generalized squares) that have a specified configuration (square).

Keywords: spacecraft, remote sensing, generalized square.

O JUCTAHIIMOHHOM 30HAUPOBAHUU 3EMJIN KOCMHUUYECKNUMU AIIITAPATAMUA
A.A. LHJ'IGHKI/IHI, T. A. HlnpaeBaz, A. K. U_IJ'ICHKI/IHz*, K. A. q)ymnnnosz, O. B. IMamkoBckas®

'Cubupckuii heepanbHpIi YHHBEPCHTET
Poccuiickas ®enepanms, 660074, r. KpacHosipck, npocn. CBoOoaHEIH, 70
*KpacHOSIpCKHii rOCYIapCTBEHHBII arpapHblil yHHBEPCHTET
Poccutickas ®enepamms, 660049, r. KpacHospck, mpocn. Mupa, 90
3CHGupCKHii rOCY1apCTBEHHBINH YHUBEPCHTET HAYKH M TEXHOJIOTHIT UMEHH aKkajeMuka M. @. PeurerHena
Poccuiickas @enepamms, 660037, r. KpacHospck, mpocn. uM. ras. «KpacHospckuit pabounii», 31
*E-mail: ak_kgau@mail.ru

Jlucmanyuonnoe 30n0uposanue npedcmaesisem cooou npoyecc, NoCpeocmsom Komopo2o cooupaemcs unpopmayus
00 obvexme. brnazooaps c6oum cOUCMEAM KOCMUYECKUE CHUMKU HAXOOAM WUPOKOe NPUMEHEHUe KAK 8 NPAKMU4ecKol,
MAax u 8 HayyHou cepax.

Kocmuueckyro cvemxy npumeHsiom 6 UCCIe008aHUSAX, HANPAGIEHHBIX HA BCECHOPOHHEEe U3YYeHUe NPUPOOHbLIX
Pecypcos, OUHAMUKU NPUPOOHBIX SGNEHUl, 8 3A0ayax oXpaHvl okpydicaioueli cpeovl. Ocoboe mecmo omeooumcs npu-
MEHEHUI0 KOCMUYecKoU UH@opmayuu O NOBCEOHEGHO20 ONEPAMUBHO20 KOHMPOIS 34 COCMOAHUEM OKPYAICarouell
Cpedvl nPU OCYWeCMEICHUU 2e0IKOI0SULECKO20 MOHUMOPUH2A pecuonos. B yacmuocmu, 6o3nukaem 3adaua no 3naye-
HUIO 3A0aHHbIX NAPAMEMPOS 68 ONPEOCIeHHbIX MOUKAX 3eMHOU NOBEPXHOCMU HAUMU 0OIACMU 3eMHOU NOBEPXHOCMU
C XApPaKmepucmuKamu, onpeoeisembiMu paccMampugaemMsiMy napamempamu. B nacmosiwei pabome paccmompen
YaCMHBILL CAYYAll OAHHOU 3a0adu, K020d NO 3A0AHHbIM YemblpeM MOYKAM 3eMHOU NOBEPXHOCMU ONnpedensomcs 00-
Jacmu 3eMHOU NOBEPXHOCIU (MAK HA3blaeMble s10pa 0000WeEeHHbIX K8AOPAmos), umelowue 3a0auHyl0 KOHQu2ypayuio
(xeadpam).

Kniouegvie cnosa: xocmuyeckuii annapam, OUCmMaHyuoHHoe 30HOUposanue, 0600ujeHnbIl Keaopam.
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Introduction. Remote sensing of a territory is a proc-
ess which implies collecting information about a territory
without direct contact with it [1-6]. In connection with
the widespread reduction of the programmes for aerial
photography of the earth's surface, satellite imagery of the
earth's surface is acquiring special interest. Due to their
properties, space images are widely used in both practical
and scientific fields [7; 9-11]. Materials of Earth research
from space are widely used in Earth sciences. Space im-
agery is used in research aimed at the comprehensive
study of natural resources, the dynamics of natural phe-
nomena, in the tasks of environmental protection. Diverse
and widespread use of remote sensing data is especially
found in cartography, they serve as sources for the compi-
lation and operational updating of general geographic and
thematic maps [8]. Special attention is paid to the use of
space information for current operational control over the
state of the environment during geoecological monitoring
of regions. The main advantages of using remote sensing
data for mapping are the following: relevance of data at
the time of research, high accuracy in determining the
boundaries of objects [12—15]. In particular, this poses the
problem in the value of the given parameters at certain
points of the earth's surface to find areas of the earth's
surface with characteristics determined by the parameters
under consideration. In this paper, we consider the special
case of this problem when the given four points of the
earth's surface determine the regions of the earth's surface
(the so-called kernels of generalized squares) that have a
specified configuration (square).

Statement of problems, definitions, designations.
Mathematical model of the problem. Let a Cartesian co-

ordinate system be given on the plane and A= A4(x,;y,),
B=B(xz;y5), C=C(xc;¥¢), D=D(xp;y)) are four
different points on the plane, L,, Lg, L.,L, are straight

lines passing through the points 4, B, C, D respectively.
Let us denote by V,-the point of intersection of the

straight lines L, and L., V,, — the point of intersection

of the straight lines L, and L, Vic _ the point of inter-
section of the straight lines L, and L., Vy, — the point
and L,

|VAD; VBD| — the distance between the points V,;, and

of intersection of the straight lines L,

Vep» |Vacs VBD| — the distance between the points V.
and V.
The generalized square is a set of lines

K pep ={L4, Ly, Lo, Ly} with the property that L, is
parallel to Ly, L. is parallel L,, L, is perpendicular to

L., and |VA 03Vap | =|VBC;VBD| . The generalized square

kernel is a square with the set of vertices
WanVap Vac:Vac} (fig. 1).
Question 1. Does the generalized square

K gep ={L4, Ly, Lo, Ly} always exist at the random

selection of the pointsA=A(x,;y,), B=B(xzyz),
C=C(xc;5c), D=D(xp3yp)?
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Question 2. If question 1 is answered negatively, what
are the necessary and sufficient conditions for its positive
solution?

Question 3. If for the set of the points 4=A(x,;y,).,
B=B(xzy5), C=C(xc;y¢), D=D(xp;yp) the
generalized square K ,p-p ={L,,Lg, Lo, Ly} exists, how
many such generalized squares are there?

Fig. 1. Generalized square

Puc. 1. O6001eHHBIIH KBaaApaT

Partial solution to question 2 and full solution to
question 3. In accordance with the above notations,

A=A(x;v,), B=B(xz;v5), C:C(xc;yc),
D=D(xp;yp) are four different points on the plane,

L, Ly, Lo, L, — straight lines that pass through the

points A, B, C, D respectively. Let us write the equations
of these sides according to [16]:
— L,:y=kx+b, — equation of the straight line pass-

ing through the point 4= A(x,;y,),
— Ly :y=hkx+by — equation of the straight line pass-
ing through the point B = B(x,;y;),

—Loiy= —%x+bc — equation of the straight line
passing through the point C =C(x¢;y¢),
- Ly: y:—%x+bD — equation of the straight line

passing through the point D = D(x,;yp ).

According to the notation introduced above, we
write down the set of equations for finding the

points V-, Ve, Vpp, Vye and  distances |VAD;VBD|,
|VBC;VBD|'

y=kx+b,,

Vet -1
Ac y:7x+b ’

1
where b, =y, —kx, b, =y, +;xc.
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y:kx"‘(J’A_k"A)a
(A T S (S
Yy X Ye PR

x:kzxA +k(ye—y4)+xc
1+ k*

5

Vic = 2
:kyc+k(xc—xA)+yA.
1+k2 ’
y=kx+bg,
Voe:
Be y=—%x+bc,
x:k2x3+k(yc—y3)+xc
Vo= 1+ k2 ’
BC = )
y:k ye+k(xe—x5)+y5
1+ k2 ’
y=kx+b,,
Vi
ap yz—%x—i-bD,

:kzxA+k(yD_yA)+xD .
1+ k2 ’
:kzyD+k(xD—xA)+yA.
1+ k2 ’

Vaip =

Vep :{

Vep =

y=hkx+bg,
1
=——x+bp,
y A D
:k2x3+k(yD—yB)+xD
1+ k2
:kzyD+k(xD—xB)+yB.
1+ k2 '

E

2
|VAD;VBD|:|:(k2(xA _x3)+k(J’B _yA)) +

1
1+k%°

+(k(xp =) +(vs _J’B))ZT'

2
|VBC5VBD|_|:( yc yD)+k(xC_xD)) +
1

+(k(ve =vp)+(xc ‘xD))ZF

1
1+k%

Since the sides of the square are equal, we search

for k from the condition|VAD;VBD|=| VBC;VBD| :

[(k2(xA—xB)+k(yB—yA))2+

+(k(x5—x,)+(ys— s ))2}E

[(k2 (ve—vp)+k(xc —xD))2 +
1
+(k(yc —yD)—l-(xC —xD))Z}Z.
Squaring both sides of the above equation, we obtain:
K (x, —)CB)2 +2k° (x, —x5) (v — 4 )+ (Vg —yA)2 +
+ k% (xg _xA)Z +2k (x5 =, ) (v =)+ (V4 _}’3)2 =
=k*(vc _yD)2 + 2k (ve = p ) (xc =xp )+
+ kz(xc —)CD)2 +k2(yc —yD)2 +

2
+2k(ye —yp )(xc —xp ) +(xc —xp).
After reducing the similar terms with respect to k, we
obtain the biquadratic equation:

k4[(xA —x3)2 —(yc—yD)2J+

) =2(ve - yD)(xC_xD)):|+

#2004 =) (35
k [( ) +(xB_xA) ~(xc - xD) —(yc_)’o)2}+
k[2 xp—x,)( 2(ye - yD)(xC_xD ]+
[(yA —yB) —(xc —xD)ZJ:O.

Dividing both sides of this equation by the coefficient
at k*, we obtain the following equation:

Ya— yB)

k4+k3[2(xA_XB)(yB_yA)_Z(yC_yD)(XC—xD))_+
(xA_xB)z_(yC_yD)z

kz[()’s ) (x5 —x,) —(xC—xD)z—(yC—yD)2_+

~(ve-») ]

(
(x4 =5 )2
(

xA) yA_yB)_z(yC_yD)(xC_xD)

(x4 ‘x3)2 ~(ve ‘J’D)2
J{(yA —yB)2 —(xc ‘xD)2

}
(x4 ‘xB)2 —(¥e ‘J’D)z}
This yields the partial solution to question 2 and the
full solution to question 3.
Partial solution to question 2 (sufficient condition
for the existence of a generalized square). To make the
equation have a real root, it is sufficient to satisfy the ine-

quality:
|:(yA _)’3)2 ~(xc _xD)ZJ -

|:(XA —Xp )2 _(J/c _J’D)ZJ
Solution to question 3. According to [17], this equa-
tion has no more than 4 different real roots. Since with the
considered situation we can consider a certain case L, is
parallel to L¢ and a certain case L, is parallel to Lp, then
the total number of generalized squares for a fixed set of

points A=A(x,;y,), B=B(xzy), C=C(xcivc),
D=D(xp;yp) is no more than 12. It is obvious that the

estimate is accurate.
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Case Study. As our example we take the following:
A(x34)=(5:6), B(xp;v5)=(7:5), Clacsye)=(43),
D(xp;yp)=(3;4) and we consider three different situa-
tions.

1. L, is parallel to Lp

After substituting the coordinates of the given points
into the formula (8), we obtain the equation

3k* + 6k +3k> + 6k =0.

We find the roots of this
k=0, ky=-2, ky =i, k, =—i, wherei* =—1.

We calculate the coordinates of the vertices of the
generalized square for the root k =4k, =0 using the for-

equation:

mulae:

3 kzxA +k(yc —yA)—l-xC
1+k°

_ Ky +hk(xe =x4)+ 2,
1+k*

Vie (xci)’A): Vie (4§6)’

B ksz +k(yc—y3)+xc
xX=
1+ k2
=k2yc +k(xc _xB)+yB
1+ k*
VBC (xc§y3):VBc (4;5)9

e kzxA +k(yD —yA)+xD
1+ k2
_ kzyD +k(xD _xA)+yA
1+ k2
Vip (xD;yA ) =Vip (3;6):
kaB +k(yD —yB)+xD
1+ k2
_ sz’D +k(xD _xB)+yB
1+ k2
Vp (xD;yB) =Vap (3;5)~
Direct calculation shows that
|VAC;VBC |:| VBC;VBD| = |VBD;VAD |:| VAD;VAC| =1.
It follows that the quadrangle with the vertices
Vip-Vep »Ve-Vac 18 asquare (fig. 2).

>

Vic =

E

>

VBC

>

>

VAD

B

>

VBD -

>

We calculate the coordinates of the vertices of the gener-
alized square for the root k = k,=—2 using the formulae:

x:kzxA+k(yC—yA)+xC:
1+k°
(-2)’5+(-2)(3-6)+4 30
1+(-2) 5°
Vic = 2 Vaic (6;4);
:k J’c"‘k(xc_xA)Jf)’A _
1+ k>
(-2)°3+(-2)(4-5)+6 20
1+(-2) 5°

x:k2x3+k(yc—y3)+xcz
1+k2
(-2’ 7+(-2)(3-5)+4 36
- 1+(=2) I
Ve = , (=2) Vic (7.2;4.6);
:k yC+k(xC_xB)+yB:
1+ k>
_(—2)23+(—2)(4—7)+5_§
1+(=2) 5°
:kzxA+k(yD—yA)+xD:
1+ k2
C(-2)'5+(-2)(4-6)+3 27
- 14(-2) e
Vip = , (=2) Vip(54:5.2);
:k yD+k(xD_xA)+yA _
1+ k2
C(-2)'4+(-2)(3-5)+6 26
1+(-2) 5°
x:k2x3+k(yD—yB)+xD _
1+k2
_(—2)27+(—2)(4—5)+3_£
v L2y ° Vi (6.6:5.8)
o :kzyD+k(xD_xB)+yB: S
1+ k2
_(—2)24+(—2)(3—7)+5_§
1+(-2) 5°
.}'ll
Lp Le
6 V.ip Vac :1 L
5 VED VEC 3 B LB
E ) D
3 C
3 PR 7 ™

Fig. 2. Generalized square for the root k; =0

Puc. 2. O6001meHHbIi KBagpat A KopHs ky = 0
Direct calculation shows that

O|VAD§VBD =] VBD;VBC| - |VBC;VAC |:|VAC;VAD| :%'

It follows that the quadrangle with the vertices

VipsVep »VaesVac 1s asquare (fig. 3).
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Lc

Fig. 3. Generalized square for the root k, = -2

Puc. 3. O600meHHbIH KBagpat It KOpHS k = —2

2. The straight line L, is parallel to the straight line L

The general equations of required sides in this case are
the following:

L,:y=kx+b, — equation of the straight line passing

through the point 4(x,;y,);

1 . . .
Lg:y =—;x+bB — equation of the straight line pass-

ing through the point B(x4;y5);
L. 1y =kx+b, — equation of the straight line passing
through the point C(xc;y¢);

1 . . .
Ly:y= —Ex + b, — equation of the straight line pass-

ing through the point D(xD;yD )
Let us write down the set of equations for finding the
vertices of the square in this case:
y=hkx+b,,

Vg -1
=—Xx+by,
T

1
where b, =y, —kx,, by :y3+%x3;

y:kx"‘(YA_kxA),

x:kzxA+k(yB—yA)+xB .
1+ k2 ’
:k2y3+k(xB_XA)+yA
1+ k2 '
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y=hkx+b,,
vV
ap y:—%x—i-bD,
x:kzxA+k(yD—yA)+xD
Vo= 1+ k2 ’
AD = s
y:kyD+k(xD_xA)+yA
1+ k> '
y=kx+b.,
v,
b y:—%x+bD,
:kzxc+k(yD—yC)+xD
1+ k? ’
Vep = )
_k yD+k(xD—xC)+yD
1+ 4%

After substituting the coordinates of the points into the
formula, we obtain the equation

26 +k* +2k +1=0.
We find the roots of this equation
k :—l, ky=—i, ky=i, where i*=-1. We calculate
the coordinates of the vertices of the generalized square
for a real root k =k = —% according to the formulae pre-
sented above.
e kzxA +k(yg —yA)+xB _

1+k2

2
1+[—1)
2
Vi = V,5(755)
k yB+k(xB_xA)+yA
1+4k*
1Y, 1
—— | 5-2(7-5)+6
_( zj 7 )%e
- . =5,
l+(—1j
2
:kxc—i-k(yB yc)-i-xB:
1+ k>
1Y 1
_(_2j e N
- . ==
5
3
Ve = Ve (5.6:2.2).
:k J’B+k(x3_xc)+J’C:
1+ k2
1V, 1
=(—2) 5_5(7—4)"1‘3:H
5’
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Vep =

:kzxA+k(yD—yA)+xD _

1+ k2

Vo (4.2;6.4).
- 1+ k2 -
1Y 1
(_j 4-L(3-5)+6
2) 2 32
2 - )
5
1+(—1)
2
:kzxc+k(yD—yC)+xD _
1+ k2
1Y 1
_j 4= a-3)43
2 2 14
P - _
5
1+(—1j
2
Vep (2.8;3.6).

Direct calculation shows that

|VAB;VBC |=| VBC;VDC| = |VAD;VDC |=| VAD;VAB| =%

Consequently,

Vig-Voe sVeesVap 18 a square (fig. 4).

Lp

Fig. 4. Generalized square for the root k£ =—1/2

Puc. 4. O600meHHbIH KBagpat 1 KOpHSI k = —1/2

the quadrangle with the vertices

3. The straight line L, is parallel to the straight line Lp

Let us write down the general equations of required
sides in case when the straight line Z, is parallel to the
straight line Lp, in this instance:

L,:y=kx+b, — equation of the straight line passing

through the point 4(x,;y,);

Lg:y =—%x + by — equation of the straight line pass-
ing through the point B(xz;y;);

Lo:y= —%x + b — equation of the straight line pass-

ing through the point C (xC; Ve );
L :y=kx+b, — equation of the straight line passing
through the point D(xp;y, ).

The system of equations for finding the vertices of a
square in this case is written as follows:

y=kx+b,,

Ve -1
=—x+b,,
T

whereb, =y, —kx,,b- =Y. +%xc.
y=hkx+(y, —kxA),
Vie:

1 1
:__x+ yC+k'xC 5

y
+ kxA+k Yo —Ya)¥Xc

B

1+ k?
S Yotk xC_xA)+yA
1+ 42

yv=kx+b,,

>

1+ k>
k J’C+k(xc xD)+yD
1+ k*

y
x:ksz+k(yC—yD)+xC
Vpe =

Let us find the distance between the points.

2
|VAB;VDB|:[(k2 (xA _xD)+k(yD — V4 )) +
1

+(k(xD"xA)+(JM"yD)y}2'

1
1+k2°
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|VDC;VDB |:[(k2 (ye —yp)+k(xc —xB))2 + . ksz +k(yc _J’D)+xc _
| 1+k2
21 ~0.28)*3+(=0.28)(3-4)+4
+(k(yc_y3)+(xc_x3))} Tk — 1+((—o 28;2( sy
Let us define & from the condition Voo = 5 ’
|VAB;VDB|=|VDC§VDB|5 :k yc+k(xc—xD)+yD _
1+k*
2 2
[(kz (v, —xp) k(v —yA)) N _(-0.28) 3+(—0.28)2(4—3)+4 366
1 1+(~0.28)
(K (xp—x,) (4 - yD))Z}2 - Ve (4:51:3.66).
_ k2xA +k(yB —yA)+xB _
2 2
:[(kz(yc—y3)+k(xc—x3)) + , 1+&
1 _(028)5+(-028)(5-6)+7 __
— - 2 D
+(k(yc—y3)+(xc—x3))2j|2 ' VAB _ 1+(—028)
. . . k2y3+k(x3_xA)+yA
Let us square both sides of the resulting equality: = 3 =
K (x,—x )2+2k3(x —xp)(vp—y4)+ bk
o b _ (028 5+(<028)(7-5)+6 __,
+k2()’D—J’A) +k2(xD_xA) +2k(xp —x4)(y4—¥p)+ - 1+(—O.28)2 T
+(J’A _J’D)2 =k (J’c _yB)2 +2k° (J’C _yB)(xC —xB)+ Vs (7.1;5.4).
+k2(xc_x3)2+k2(yc_y3)2+ x:k2x0+k(y3—yz>)+x3:
2
+2k(yC_yB)(xC_x3)+(xc_x3)2' 2 L
After reducing the terms in regard to the power of k _ (-028)"3+(-0.28)(5-4)+7 _6.4:
of additive components, we obtain the following equation: 1+ (—0.28)2 o
k4[(xA_xD)2_(yc_yB)2J+ Vio = Kyp+k(xp—xp)+
y= VB B~ *p)*Vp _
2
+k3[2(xA—xD)(yD—yA)—2(yC—yB)(xC—xB))]+ i 1+k
-0.28)"5+(—-0.28)(7-3)+4
+k2|:(yD_yA)2+(xD_xA)z_(xC_xB)z_(yC_yB)2]+ :( ) ( )2( ) =3.96;
1+(~0.28)
+k|:2(xD _xA)(yA _J/D)_z(J’c _J/B)(xc _xB):| =0. Ve (6.4;3.96).
We substitute the coordinates of the points into the ] )
equation and we obtain the equation with numerical coef- Direct calculation shows that
ficients: 3 2 VaciVoc [V acsVaa| = VansVoc [HVaaiVin| = 2-25
20k +12k” +20k +5=0. Consequently, the quadrangle with the vertices

We find the roots of this equation
k, =-0,28, k, =0,16+ 0,94, k; =0,16—0,94i .

We calculate the coordinates of the vertices of the
generalized square for a real root k =k =-0,28 accord-

VicsVoe sVsa-Vap 18 a square.

ing to the formulae presented above:
_ kzxA +k(yc —yA)+xC _

1+k*
(-0.28)"5+(~0.28)(3-6) +4

B 1+(-0.28)’

=4.85;

:kzyC+k(xC_xA)+yA _
1+ k2

(0,28)*3+(-0,28)(4-5)+6 _ 6,08
1+ (—0728)2 o Fig. 5. Generalized square for the root £ =-0.28

Vie (4-85; 6-08)' Puc. 5. O600wmennblit kBagpar st kopus k = —0,28
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Thus, for a given set of points, there are 4 generalized
squares shown in fig. 2-5.

Conclusion. Remote sensing by spacecraft is a rapidly
developing technology-based field. One of the most im-
portant components ensuring this development is the
mathematical apparatus underlying the operation of the
algorithms incorporated into the operation of spacecraft
and providing the required parameters for sensing the
earth's surface. The problem being considered in this
work is devoted to this issue.

Sensing algorithms built on its basis will effectively
obtain information about the state and boundaries of indi-
vidual sections of the earth's surface within a short time
(depending on the values of a finite number of specified
parameters). The method being considered can naturally
be expanded by changing the conditions imposed on the
form of lines (not necessarily straight) passing through
selected points on the earth's surface and intersecting un-
der the conditions that are different from those given in
the work under consideration.
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INFLUENCE OF PLASMA JETS OF ELECTRIC JET ENGINES ON SPACECRAFT
FUNCTIONAL CHARACTERISTICS

A. B. Nadiradze', S. G. Kochura?, I. A. Maximov?, R. E. Tikhomirov?, S. V. Balashov’
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The issues of compatibility of correcting electric jet engines (EJE) and large-size transformable antennas (LTA)
used in high-orbit communication satellites are considered. The paper deals with the erosive and polluting effect of EJE
Jets interacting with knitted mesh material (grid mesh), which is used for manufacturing LTA reflectors. The erosive
effect of the EJE jets on the LTA mesh is characterized by the fact that the angles of ions incidence on the surface of the
threads in the mesh are in the range from 0 to 90 i. e. such effect takes place at practically any angle of ions incidence
on the mesh surface. The research includes both mathematical description of physical processes and conducting a wide
series of experiments, which makes it possible to achieve the necessary reliability of the results. It has been established
that the effect of plasma jets of correcting engines can lead to significant sputtering of the reflecting coating from the
surface of a large-size antenna reflector. The authors obtained experimental data on the degradation of the reflection
coefficient of electromagnetic radiation from the mesh, depending on the degree of plasma jet influence.

It was found that the sputtering of reflecting coating from the surface of threads does not significantly affect the re-
flection coefficient. The sputtering of the coating at the points of threads contact is much more significant. Strong
dependence of the reflection coefficient on the type of mesh weaving was also found. The mechanism of sputtering prod-
ucts deposition on reflecting coatings of the thermal control system radiators was investigated. The results of calcula-
tions of the sputtering coefficient and the sputtering indicatrix of the reflecting coating applied to the mesh threads were
obtained. The degradation of the functional characteristics of thermoregulatory coatings (TRC) during the deposition of
thin films of gold, which is one of the possible materials for a reflecting coating, was experimentally determined. Esti-
mates of the maximum permissible level of TRC contamination were obtained. It is shown that, subject to the relevant
design rules, it is possible to use EJE and LTA together in high-orbit communication satellites.

Keywords: electric jet engines, large-size transformable antennas, mesh, contamination, plasma, thermoregulatory
coatings.

UCCJIEJOBAHME BJIUSHMUSI IIJIASMEHHBIX CTPYM SJIEKTPOPAKETHBIX JIBUTATEJIEN
HA ®YHKIUOHAJIBHBIE XAPAKTEPUCTUKN KOCMHUYECKHUX AIIIIAPATOB

A.B. Haﬂnpanael, P.E. TI/IXOMI/IPOBZ, C.T. Kqupaz, H. A. MaKCI/IMOBZ, C. B. banamos’
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Poccuiickas ®@enepanus, 125993, r. Mocksa, Bonokonamckoe mocce, 4
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Pacemompenvt sonpocul coemecmumocmu snekmpopakemuvix ogueamenetl (AP]) koppexyuu u kpynHo2abapummuix
mpancpopmupyemvix anmenn (KI'A), npumensiemvix na 6blCOKOOPOUMANLHBIX CHYMHUKAX c653u. B pabome paccmom-
PEHO 3PO3UOHHOE U 3azpsasnsioujee o3deticmeue cmpyii DP/] npu e3aumodelicmeuu ¢ mpuKomaxiCHbiM Cemuamoim
MaAmepuanom (cemenoiommom), KOMoposlil npuMeHsiemcst 0Jisi useomosienust pegprexkmopos KI'A. Dposzuonnoe 6o30eti-
cmeue cmpyti IP/] na cemenonomno KI'A xapaxmepuzyemcs mem, umo yeivl nadenusi UOHO8 HA NOBEPXHOCHb HUMel
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Haxoosmcest 6 ouanazone om (0 0o 90 m. e. npakmuyecku npu a0O0M yeie NadeHuss UOHO8 HA NOGEPXHOCHb Cemeno-
aomua. Mccneoosanue, nposedennoe asmopamu, 6KIIOHAN0 6 ceOs KaK MameMamuieckoe onucanue Quauieckux npo-
yeccos, Max u nposedeHue WUPOKOU cepuul IKCNEPUMEHMO8, UMO NO360AUL0 O0OUMBbC HEOOXOOUMOU 00CHOBEPHOCU
pesynomamos. B pabome ycmanosneno, umo o3oelicmeue nia3MeHHbIX CMpyil 0gueameneii KOppeKyuu Moicem npugo-
Oums K 3HAYUMENIbHOMY PACHBLIEHUIO OMPAXNCAIOWe20 NOKPbIMUsL ¢ NOBEPXHOCIU pehiekmopa KpynHo2abapumHou
anmennvl. Tlonyuenvl sKcnepuMeHmanbhble OaHuble 0 0e2padayui KOIpouyueHma ompasjicerust 31eKmpOMAeHUMHO20
U3NIYUEHUsL CEMENONIOMHA 8 3A8UCUMOCIU 0N CIENEHU 6030eliCEUs. NIA3MEHHOU CmpyU. YCmanogneno, umo pacnuliie-
HUE OMpajcaiowe2o NOKPuImusi ¢ NOGEPXHOCHU HUMEL He 0KA3bl8Aem CYUEeCmEeHH020 GIUAHUSL HA KOdpduyuenm om-
paodicenus. bonee snauumvim siensiemes pacnvlienue NOKpuIMusi 8 Moukax konmaxkma numeil. Takoice 6vina obnapysicena
CUNbHASL 3A8UCUMOCHTb KOI(DGuUYyUeHma ompasicenus om muna niemenusi cemenoiomua. Hcciedosan mexanuzm ocaic-
Oenusi NPOOYKMO8 PacnblieHUs Ha OMpajicaioujue NOKpuimus paouamopos cucmemsbl mepmopezyauposanusi. Ilonyuenvi
pe3yibmamol pacuemos KodQguyuenma pacnvlienus U UHOUKAMPUCH] PACHBLICHUS. OMPANCAIOWE20 NOKPLIMUsL, HAHO-
CUMO20 HA HUMU CEMeNnoIOmHd. IDKCNEPUMEHMANbHO Onpedeiena oezpaoayusi (QYHKYUOHATbHBIX XAPAKMEPUCUK
mepmopezynupyrowux nokpuimuil (TPI1) npu ocasicoenuu Ha HUX MOHKUX NAEHOK 30]10Md, AGIAIOWE20Cs OOHUM U3 603-
MOJICHBIX MAMEPUAIod ompaxcaiowezo nokpvimus. Ilonyuenvt oyenku npeoeibHo OONYCMUMO20 YPOGHS 3A2PA3HEHUsS
TPII. Ioxazano, ymo npu coOMOOEHUU COOMBEMCMEYIOUUX NPABUL NPOEKMUPOBAHUSL B03MONCHO COBMECHHOE UCHOTIb-

306anue SP/] u KI['A na 8b1coKOOpOUmMANbHBIX CHYMHUKAX CEA3U.

Kniouegvie cnosa: snexkmpopaxemmvle dgueamenu, KpynHo2abapummvle mpanchopmupyemvle aHmeHHbvl, Cemeno-
JIOMHO, 3a2pA3HeHnUe, N1a3Md, mepmopezyiupyioujue NoKpoulmus.

Introduction. The main operational characteristic of
any satellite system is its durability, i.e. the ability to ful-
fill the assigned target tasks during the required active life
(RAL) by all spacecraft (SC) included in its composition.

A modern SC includes hundreds of radio-electronic
units, optical devices and working surfaces, thousands of
structural elements and cable assemblies. This entire
technical complex must function for a long RAL (up to
15 years) under the conditions of the negative impact of
space environment.

The range of factors affecting a SC during its orbital
operation is extremely wide. As a result of their impact,
various physicochemical processes occur in the materials
of a SC structure and elements of onboard equipment
(OE), leading to the deterioration of their operational pa-
rameters, as well as to the occurrence of abnormal situa-
tions in the operation of a SC and catastrophic failures of
SC onboard systems. Therefore, one of the main problems
in the field of applied cosmophysics when creating and
ensuring the reliable functioning of SC is the problem of
ensuring its resistance to the effects of space factors and
factors of a technogenic nature.

Research on the influence of the space environment on
SC in the world and in our country has been carried out
for several decades. JSC “ISS” has many years of experi-
ence in the space environment study, the result of which
is the refinement of the physics and mechanisms of the
impact of the space environment on SC, the development
and testing of methods and means of protection, the use of
which allows ensuring a long active life of the SC being
developed [1-17]. The work is carried out in close coop-
eration with such leading Russian research institutes as
MAI, Research Institute of Nuclear Physics of Moscow
State University, NSU, TPU, etc.

Modern trends in the development of space communi-
cation systems require the creation of large-size trans-
formable antennas (LTA) with a diameter of 5-10 m and
more, installed on SC board. The reflectors of such anten-
nas are made of mesh materials knitted from metal
threads and covered with thin electrically conductive
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films to ensure the required values of the reflection coef-
ficient in the operating frequency range.

Electric jet engines (EJE) with a high specific impulse
are used as correcting engines (CE) to correct the orbit of
communication satellites operating in geostationary or-
bits. It allows saving the mass of the working flood of the
engines and obtaining a significant (hundreds of kilo-
grams) gain in SC payload mass.

However, design practice shows that when the EJE
and LTA are used together in communication satellites,
situations may arise when plasma jets of the EJE hit the
antenna reflectors, causing a number of negative effects
that can significantly affect the normal SC functioning.
The most significant effects include the erosion of the
reflecting coating and the contamination of the SC optical
surfaces with the products of sputtering of the coating and
the mesh cloth warp. Erosion of the reflecting coating can
lead to decreasing the reflection coefficient of electro-
magnetic radiation of the LTA reflector. Contamination of
the SC optical surfaces leads to degradation of their oper-
ating characteristics and, as a consequence, to the disrup-
tion of the normal operation of the SC onboard systems.

Erosion of mesh when exposed to a plasma jet.The
mechanisms of the erosive effect of plasma jets of EJE
on the SC were discussed in detail in [1; 18]. A peculiar-
ity of the erosive effect of the EJE jets on the LTA mesh
is that the angles of incidence of ions on the surface of the
threads are in the range from 0 to 90° at practically
any angle of incidence of ions on the surface of the LTA
mesh 0 [19]. To illustrate this effect, fig. 1 shows the
results of calculating the depth of erosion of a reflecting
coating at different values of the angle 6.

Fig. 1 shows that the nature of the coating wear
weakly depends on 0. Erosion occurs almost uniformly
over the entire irradiated surface of the threads, which is
due to the nature of the dependence of the sputtering rela-
tive coefficient of a continuous surface on the angle of
ions incidence S(0) [20]. At the points of the threads fac-
ing the engine, 0 = 0 (if a thread is perpendicular to the jet
axis) and S (0) = 1.
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Fig. 1. Erosion depth of conducting coating (in fractions of thickness) for different angles
of ion incidence on the mesh surface 0 (axis Y — erosion depth)

Puc. 1. I'myOuna 5po3un IpOBOASAIIETO MOKPHITUS (B A0JISX TOJNLIMHBI CJI0S) MPU PA3IMYHbIX YIJIaX IMaJeHUs] HOHOB
Ha MOBEPXHOCTH CETENOIOTHA O

D_154
SE MAG: 1650 HV: 20.0kV. WD: 20.7 mm _Px: 0.12 um

a

|

Map data 143
MAG: 1650x HV:20kV . WD: 20

b

Fig. 2. Micrographofmesh threads (a) and a map of the elemental composition of their surface (b) in the vicinity
of the point of complete sputtering of the reflecting coating

Puc. 2. Mukpodororpadus HuTeil cerenosoTHa (a) ¥ KapThl AIEMEHTHOT'O COCTaBa UX MOBEPXHOCTH (6)
BOJIM3M TOYKH MOJIHOTO PACIbUICHUS OTPAXKAIOLIET0 MOKPITHS

On the lateral surface of the threads 0 increases, and
the ion flux density decreases proportionally to cos (0).
But in this case S (0) increases, which compensates for
the decrease in the current density. Thus, over most of the
irradiated surface of the threads, the sputtering rate
changes insignificantly.

This type of wear leads to the fact that at some point
of time the reflective coating disappears immediately
from almost the entire irradiated surface of the threads;
thereafter the wear of the base begins.

Fig. 2 shows a micrograph of the surface and a map of
the elemental composition of the mesh threads in the vi-
cinity of the point of complete sputtering of the reflecting
coating, obtained by SEM.

As it can be seen from fig. 2, the boundary of the
complete sputtering of the reflecting coating is rather
sharp, which confirms the conclusion about the complete
coating sputtering from the entire irradiated surface of the
thread.

Degradation of the mesh reflection coefficient. The
degradation of the mesh reflection coefficient when the
reflecting coating is sputtered is associated with decreas-
ing the conductivity of the surface layer and increasing
the contact resistance of the threads. In a complete formu-
lation, the construction of a mathematical model of this
effect is an extremely difficult task; therefore, in the
framework of this work, the dependence of the reflection
coefficient on the degree of exposure to the plasma jet of
the EJE was determined experimentally.

Measurements of the reflection coefficient of the mesh
samples in the operating frequency range were carried out
before and after the impact of the jet. The degree of jet
impact on the mesh was determined by calculation. In this
case, the following parameters of the reflecting coating
wear were used:

9 = Area of complete coating sputtering
s Initial swrface area of reflecting ceating’

(M
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_ Sputtered reflecting coating mass
m — nitial mase of reflecting coating > (La)

9, = Maxtmum sresion depth of reflecting coating (1.b)
b Initial reflecting coating taickness >

where 9 is wear rate for area; 8,, is wear rate for mass;
9, is wear rate for thickness.
The calculation of 9 and 9,, was carried out by in-

tegrating the corresponding parameters over the surface of
the threads on the area of a fragment containing a suffi-
ciently large number of mesh cells. The calculation took
into account the mutual shielding of the threads. The
value 9, was determined from the ratio of the maximum

erosion length (the depth of erosion of a semi-infinite
target) to the initial layer thickness /. The calculated de-
pendences of the wear degree of the reflecting coating on
the exposure time at different angles of ions incidence are
shown in fig. 3.

0.50 120
£
£ 045 100%
£ 040 = g
= =
£ 035 k|
g 80 %
7 030 @
£ 2
Z 0.25 60 S
g g
E 020 =
z a0 &
; 0.15 B 2
& 0.10 o
z O =
F 20 %
Z 0.05 g
&
0.00 0.0

] 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8
Time of expesure, hour
—— Thickness

=== Mass =-= Area

Fig. 3. Dependence of wear degree of reflective coating
on the time of exposure to a plasma jet

Puc. 3. 3aBucuMoOCTh CTENEHN U3HOCA OTPpaXaAKLIETO ITOKPLITUS
OT BPEMCHHU BO3I[€ﬁCTBPIH IJIA3MEHHOU CTpyu

Fig. 3 shows that the degrees of wear for area and
mass asymptotically approach their limiting value of 0.5,
and the degree of wear for thickness increases linearly
with time. The degree of wear for area does not start to
change immediately, but only after some time, corre-
sponding to the sputtering of the reflecting coating to the
entire depth, i. e. when 3, = 1. The wear degree for mass

initially grows rapidly, but the growth rate slows down
after sputtering a significant part of the coating.

It should be noted that 80 % of wear for mass is
achieved when the reflecting coating is sputtered to a
depth of about (2-3) Ay, and 80 % of wear for area is
achieved when the reflecting coating is sputtered to a
depth of about 64,. This indicates that the side surfaces of
the threads are sputtered much more slowly than the sur-
faces facing the engine. Apparently, the coating at the
points of threads contactis sprayed even more slowly.

The analysis showed that the degree of wear for thick-
ness 9, is the most suitable for constructing an empirical

dependence of the reflection coefficient on the degree of
reflecting coating wear. Application of 3, and 9,, leads

to significant errors, since the calculation of 8, 3,, near
their limiting value (at 3, >> 1) is inaccurate due to the

inaccuracy of the geometric model of the mesh.

Fig. 4 shows the results of measurements of the mesh
reflection coefficient depending on the degree of wear for
the reflecting coating thickness. In the experiment the ion
current density and the time of exposure to the samples
were varied. In total, 18 samples were irradiated. Values
of 8§, from 0.5 to 44 were realized on them.

Taking into account the large variations in the meas-
ured values of the reflection coefficient, the following
function was used to approximate the dependence of the
reflection coefficient of the electromagnetic radiation of
the LTA reflector mesh on the degree of the reflecting
coating wear (in fig. 4 it is shown by a dotted line):

AR=R,, {1-exp(-B-9,)}. )

where AR, is the maximum degradation of the reflection
coefficient of the mesh electromagnetic radiation; f is an
adjustable parameter determined from the experiment.

As it can be seen from fig. 4, the value of AR = R, is
achieved at 9, >> 1. Allowable 4R values were main-

tained at 3, < 15-20 depending on the signal frequency.
In this case 3, and 9, ~ 0.5. This fact suggests that the

sputtering of reflecting coating from the surface of the
threads does not significantly affect the reflection coeffi-
cient. Apparently, sputtering of the coating at the points
of threads contacts is more significant. This hypothesis is
confirmed by a significant change in the reflection coeffi-
cient when changing 9, from 5 to 44 (see fig. 4).

In addition, strong dependence of the reflection coef-
ficient on the type of mesh weaving was found during the
experiment. Fig. 5 shows the values of AR/R . of two
mesh samples differing in the type of weaving.

Fig. 5 shows that the mesh of type 1 has significantly
higher resistance to the effect of a plasma jet than the
mesh of type 2. The reason for such strong difference is,
apparently, the different degree of protection of the points
of threads contacts from the action of ions. Hence it fol-
lows that the type of weaving is an important parameter
and it must be taken into account when choosing mesh
and assessing the resistance of LTA to the effect of
plasma jets of an EJE. To confirm the durability of the
mesh, it is necessary to test it.

Since the effect of the plasma jet on the LTA occurs
unevenly over the surface of the reflector and, accord-
ingly, the degree of wear is different for each section of
the reflector, the calculation of the change in the LTA
reflection coefficient as a whole is performed by averag-
ing over all sections:

R :LZR,.S,., ?3)
Stot i

where S, is the total area of the reflector; S; is the area of
the section; R; is the reflection coefficient of the section
(calculated by the formula (2) for the estimated degree of
wear of the section 3, ).
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The authors calculated the wear degree of the LTA re-
flector mesh of the experimental SC. The calculation was
carried out for the case of the simultaneous action of two
CEs (correcting engines) located on opposite sides of the
SC body and installed at different angles. The operating
time of both engines corresponded to the SC RAL.

In the course of the calculation it was found that at the
end of the RAL the reflecting coating will be completely
sputtered over about 35 % of the reflector area. The re-
flecting coating remains on the rest of the surface. The
maximum degree of the coating wearin depth reaches 17,
the wear of the base is less than 1 %.

At this level of exposure, the change in the reflection
coefficient at the point with the maximum coating
wear (9, = 17) is close to the maximum permissible

value of AR, But since the coating wear is much less
on most of the reflector, the degradation of the antenna
reflection coefficient as a whole is guaranteed not to ex-
ceed AR,

However with a different structural-layout scheme
(SLS) of the SC the impact on the LTA may be critical,
therefore, the problem of choosing the SC SLS in which
the effect of the CE plasma jet on the LTA will not ex-
ceed the permissible level is very urgent.

The TRC contamination with the products of the
mesh sputtering. Particles of metal, mainly reflecting
coating, sputtered from the surface of the mesh threads,
can be deposited on the surface of the TRC changing their
thermo-optical characteristics. In this regard it becomes
necessary to determine the thickness of the contamination
films formed on the surface of the TRC during the entire
time of the SC operation in orbit, as well as the optical
properties of these films and their influence on the thermo
optical characteristics of the TRC.

The deposition fluxes of particles on the TRC surface
are calculated by integrating the sputtering fluxes over the
entire surface of the LTA exposed to the plasma jet:

1.0
0.8
0.6 &

04 -

AR/A Rmax

10.0

20.0

n, = | ’1‘2 Ind(0,.748)cos(8,)dS,  (4)

s TVyp

where a is the radius vector connecting the point of the

sputtered surface "A" and the point of the surface on
which the sputtered products "B" are deposited; nvc is
flux density of sputtered particles at point "A"; 0A is the
angle of incidence of ions on the sputtered surface at point
"A"; 6B is the angle of incidence of sputtered particles at

point "B"; Ind (6 A,;AB) is the sputtering indicatrix. In
its turn, nvs is calculated as:

Jycos(0,)F
my, =S [ f(E)-S(E0,E, (5)

0
where J; is the ion current density; £ is the ion energy;
f(E) is the ion distribution function according to energy;

S(E£,0,) is the dependence of the sputtering coefficient
on the energy and the angle of ions incidence; e is the
electron charge.

Thus, to calculate nv, in addition to the parameters of
the plasma jet, it is necessary to know the characteristics
of the mesh sputtering, namely, the sputtering indicatrix

Ind (GA ,;AB) and the sputtering coefficient S(£,0,).

Just as for smooth solid surfaces, the coefficient of
sputtering of the mesh surface can be defined as the ratio

N .
S =—%, where N, is the number of atoms sputtered
from the surface of the mesh threads per unit time;
N; =J;cos(0)/e is the number of ions falling on the

reflector surface.

However, unlike smooth surfaces N, is calculated by
integrating the flux density of sputtered particles nvgover
the surface of the threads.

30.0 40.0 50.0

Wear degree for thickness, relative units

©  Exponential

= = = Approximation

Fig. 4. Change in the mesh reflection coefficient depending
on the degree the reflective coating wear

Puc. 4. Iamenenune KOBq)(i)PIHI/IeHTa OTpaXXCHUA CCTCOJIOTHA B 3aBUCUMOCTHU
OT CTCIIEHU N3HOCA OTPAXKAKOMICTO IMOKPBITUS
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Fig. 5. Influence of weaving type on the change of the mesh reflection
coefficient (values at all points are normalized by maximum value AR/R ),
axis Y — degree of wear for thickness

Puc. 5. BnusHue Trma mieTeHus Ha u3MeHeHHe K03 GUIIMEHTa OTPaKCHHS
CETEIOoJIOTHA (3HAYCHUSI BO BCEX TOUKAX HOPMUPOBAHbI
M0 MAKCUMAaJIbHOMY 3HAYE€HHIO AR ax max)
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Fig. 6. Dependence of the mesh sputtering coefficient on the angle of ions incidence

Puc. 6. 3aBucumocts KO3(1)(1)I/IIII/IGHT3 pacnblICHUA CETEIIOJI0THA OT yIJla NaJCHUS HOHOB

A three-dimensional computational model of the mesh
containing a sufficiently large number of elementary cells
is used to calculate nvg.

Fig. 6 shows the calculated dependence of the mesh
sputtering coefficient when it is exposed to a plasma jet of
the EJE.

As you can see from fig. 6, the angular dependence
of the mesh sputtering coefficient differs significantly
from the angular dependence of a solid surface [20]. At
6 < 60-70° the ion flux N, decreases proportionally to

cos (0), while N, changes only slightly, since the total
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cross section of threads interacting with the flux remains
almost unchanged.

At 6 > 60-70° the mesh geometric transmittance
tends to zero and almost all the ions of the jet fall on the
surface of the threads. Therefore, there is a rapid growth
of § here. At 6 =90° N, =0 and, correspondingly, S =0.

Let us note that the mesh sputtering coefficient at 6 =0
corresponds to the sputtering coefficient of the solid mate-
rial, corrected for the mesh geometric transmittance:

S~S,,-(1-T), (6)
where T is the mesh geometric transmittance.
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The mesh sputtering indicatrix (fig. 7) also has a num-
ber of significant differences from the sputtering indica-
trix of smooth materials.

From fig. 7 it can be seen that at sliding angles of in-
cidence, most of the mesh sputtering products are directed
towards the ion source, while on smooth surfaces it is
directed away from the source. This is due to the fact that
the sections of the threads that are directed to the source
are sputtered at an oblique incidence of ions.

It should also be noted that when sputtering mesh sur-
faces, the streams of sputtered particles also spread to the
rear hemisphere, since particles from the surface of the
threads are emitted in almost all directions.

The calculation of the contamination of the of the sur-
faces of the experimental SC developed by JSC Academi-
cian M. F. Reshetnev “Information Satellite Systems” by
sputtering products of the reflecting coating of the LTD
reflectorwas carried out.

Calculations show that the maximum thickness
of the deposited film on the side surface of the SC body
is about 1.5 nm, and the surface density of contaminants
is 3 - 10° g / cm’ It should be noted that the film will
consist not only of gold atoms, but also of the mesh base
atoms (tungsten or molybdenum), as well as of particles
of its own external atmosphere [3], captured by the film.

Changes in the characteristics of TRCdepending on
the level of contamination will be considered in the next
section.

Degradation of the TRC thermo-optical character-
istics. The deposition of thin metal films (products of the
sputtering of the reflecting coating and the base of the
mesh threads) on the surface of the TRC can lead to a
significant change in their thermo-optical characteristics.
Experiments to determine the dependence of the solar
radiation absorption coefficient — 4, and the emissivity
(emissivity factor) — € on the thickness of the deposited
gold film on the surface of the TRC were carried out to
study this issue at the PP-2 stand of Moscow Aviation
Institute. A detailed description of these experiments and
the data obtained is given in [21]. The objects of research
were “mirror” coating of the OSO-S type and a film coat-
ing of the PM-OA type. The use of gold as a metal for
deposition is due to the fact that it does not form oxide
films in air. Films of other metals are rapidly oxidized,
while their properties change greatly.

Mirror coating OSO-S is a thin plate made of K-208
glass with one-sided deposition of a layer of silver, glued
to the metal plate with glass outside. Initial characteristics
of the coating: 4, = 0.08; ¢ = 0.85. The PM-OA film
coating is made on the basis of the PM-1EU polyimide
film with one-sided aluminum sputtering. Coating initial
characteristics: A, = 0.31; ¢ = 0.68.

The samples were rectangular plates 20x20 mm in size
(OSO-S) and 30 x 25 mm (PM-OA), onto which thin gold
films with a thickness of 1 to 24 nm were deposited by
cathodic sputtering.

To apply the films, the TRC samples were placed in a
protective casing (fig. 8), which protected the samples
from sputtering products from the walls of the vacuum
chamber.
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The sputtering target was also placed inside the casing
and was protected from sputtering products from the walls
of the vacuum chamber. The jet ions passed through
a special collimating hole (ceramics) and hit the target.
A Hall engine of the M50 type was used as an ion source,
accelerating xenon ions to the energy of ~ 300 eV. For the
gas (recombined xenon ions) to escape from the casing,
holes were made in its side walls, covered with plates,
excluding the direct visibility of the target and samples
from the side of the vacuum chamber. The sputtering
products of the target were deposited on the TRC samples
located immediately in front of it. The control of the mass
deposited on the TRC samples was carried out using
a quartz microbalance with a resonance frequency
of 6 MHz (sensitivity 1.1 - 10 g/ cm® / Hz). The sputter-
ing process continued until the change in the frequency of
the quartz resonator reaches a predetermined value.

Fig. 9 shows the results of measuring the thermo-
optical characteristics of TRC with deposited gold films
of various thicknesses.

It can be seen from these graphs that the nature of the
change in the coefficients 4; and e, depending on the
thickness of the contamination film d, is the same for both
types of TRC. In the range d from 0 to 4 nme practically
does not change. At d > 4 nm, ¢ rapidly decreases and
at d = 24 nm reaches values comparable to € of a mono-
lithic material (for polished gold from 0.018 to 0.035).

The A, behavior is more complex. At d from 0 to
3 nm, a sharp increase in 4 is observed, in the range
from 3 to 7 nm A, reaches maximum and reaches a pla-
teau, and at d > 7 nm it gradually decreases to values
comparable to the A, of a monolithic material.

Such an unusual behavior of A4 and ¢ is explained
by the fact that the gold film with a thickness of up to
3-5 nm is granular. This is confirmed by the AFM images
shown in fig. 10.

From fig. 10 it can be seen that at d = 2.7 nm almost
all the granules have coalesced, and at d > 6 nm, the film
is almost a monolithic substance. With a small film thick-
ness, while the granules have not coalesced yet, the film
has very low conductivity. As d increases, the granules
coalesce and the conductivity of the film rapidly in-
creases, reaching the level of a monolithic material.

The presence of a thick reflective film leads to the fact
that thermal radiation does not leave the material and its €
is comparable to & of the film material. As long as the
reflecting layer is not formed, the value of &€ remains prac-
tically unchanged and is equal to € of an uncontaminated
TRC.

The nature of A, change is completely different. The
rapid growth of A, at d from 0 to 3 nm is associated with
resonant absorption of radiation arising on the grid struc-
ture of the film. With further increase in d, the value of
the A coefficient gradually decreases, approaching the A,
of gold on the substrate.

Since the degradation of TRC is characterized by a
change not in the individual As or &, but in the As/e ratio,
films with thickness of less than 2—-3 nm are critical for
TRC, when a significant increase in As occurs with
relatively small changes in €.
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Fig. 7. Indicatrix of the mesh sputtering for different angle of incidence of ions

Puc. 7. I/IHI[I/IKanI/Ica pacnblICHUA CETEIIOJIOTHA IIPU Pa3JIMYHBIX yIJlaX MagC€Hus HOHOB

. Samples
. Plasma ‘_ Ptotective
source casing
a b

Fig. 8. The scheme of the deposition of gold films on the TRC samples (a) and the appearance
of the protective casing with the samples (b)

Puc. 8. Cxema HambuIeHHS TUICHOK 30i10Ta Ha 00pa3isl TPII () v BHEIIHMI BUJ 3aIIMTHOTO KOXyXa ¢ 00pa3uamu (6)
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Fig. 9. Change of TRC optical characteristics depending on gold film thickness:
a—0SO-S; b — PM-OA

Puc. 9. 3menenue ontuueckux xapakrepuctuk TPII B 3aBUCMMOCTH OT TONIIUHBI TUIEHKH 30J10Ta:
a—0CO-C; b —TIM-OA
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a

b

Fig. 10. AFM-images of contamination films on the OSO-S surface with
a film thickness of 2.7 nm (a) and 6 nm (b)

Puc. 10. ACM-n300paxeHus miIeHoK 3arps3HeHus Ha noBepxaoctu OCO-C
TIPH TONLINHE TUICHKU 2,7 HM (a) 1 6 HM (0)

If we assume that the change in the ratio As/e of TRC
should not exceed 50 % of the initial value, from the data
obtained it can be found that the permissible level of
contamination of OSO-S with gold films is dlim = 0.3 nm
(6 - 107 - g/ cm® ), and PM-OA — dlim = 1.7 nm
(3.5-10°g/cm?).

When thicker films are deposited (d > 107 g / cm?),
the characteristics of the TRC change catastrophically.
The emissivity decreases to 0.3, and the absorption
coefficient increases 2—3 times. In this case, the 4s/e ratio
can increase by a factor of 5-10.

It should be noted that since under real SC operating
conditions, pollution films contain not only metals, but
also other particles (carbon, silicon, organic matter), the
conductivity of the films and, accordingly, the change in
the As coefficient will be less than that of films made of
pure metal. Therefore, the above dlim estimates are worst
case estimates.

Conclusion. As a result of a set of theoretical and
experimental work to determine the effect of the plasma
jet of correcting electric jet engines on the functional
characteristics of spacecraft, results were obtained that are
of significant interest and practical importance in the field
of designing and ensuring the resistance of modern
automatic spacecraft to the impact of man-made factors.

It has been established in this work that the effect of
plasma jets of correcting engines can lead to significant
sputtering of the reflective coating from the surface of the
reflector of a large-size antenna.

It has been shown experimentally that the sputtering
of the coating at the points of contact and interweaving of
the threads under the action of the jet plasma of the
engines occurs much less intensively, which causes
relatively high values of the reflection coefficients
measured on the samples of the mesh with high degrees of
wear.

It has been established that the contamination of the
optically sensitive SC surfaces with the products of LTA

sputtering can be significant and should be taken into
account when choosing the structural-layout scheme
(SLS) of the SC.

The paper shows the fundamental possibility of creat-
ing modern automatic spacecraft, which include large-size
antennas and electric jet engines. The implementation
of this opportunity can be achieved by the appropriate
choice of the SLS, taking into account this impact.
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Different composite elements including tubular structures are used as support structures in spacecraft optical
systems. The compliance with the specified dimensional stability over a wide temperature range, in particular from
=269 up to 100 °C, is important for the design of tubular structures. The promising method of manufacturing tubular
structures of CM — radial braiding combined with RTM molding method is discussed in this paper. In addition, the pa-
per describes the method of determining the optimal reinforcement technique for a braided perform which allows to
reduce geometrical deflections occurring during a molding process. The impact of the reinforcement technique on the
dimensional stability of tubular structures is illustrated in this paper by the example of several reinforcement tech-
niques and manufacturing methods. The paper also contains the analysis of these techniques and the determination of
the optimal one to comply with the specified characteristics.

Keywords: dimensional stability, composite materials, reinforcement technique, preform.

BJIUAHUE CXEMbI APMUPOBAHUA HA XAPAKTEPUCTUKHN KOMIIO3UIIUOHHBIX
TPYBUYATBIX KOHCTPYKIIAM

E. A. Tpn(bOHOBal, A. B. )KyKOBl, B. B. Casuukuii', B. B. BanaK032

"AO «MHpOpMalIMOHHBIE CITYTHUKOBBIE CUCTEMbI» UMeHHU akajgemMuka M. @. PemernéBay
Poccuiickas ®enepanus, 662972, r. XKenesnoropck KpacHosipckoro kpas, yi. Jlenuna, 52
*KasaHCKuii HAMOHANBHbIH HCCIIeI0BATENbCKII TeXHUUecKknil yHuBepeuter uMenn A. H. Tynonesa — KA
Poccutickas @enepanms, 420111, Pecrrydnmka Tatapcran, r. Kasans, yi. K. Mapkca, 10
E-mail: trifonova@jiss-reshetnev.ru

B onmuueckux cucmemax xocmMuyeckux annapamosg 8 Kauecmee ONOPHuIX KOHCMPYKYUL NPUMEHSIOMCS PA3TUYHbLe
KOMNO3UMHbLE dJIeMEHmMbl, 6 MOM Yucie u mpyouamovle. Ilpu npoexmuposanuu mpyouamlx 1eMeHmMO8 aAKmMYya bHbIM
5671eMCsl 6ONPOC 0becnedeHuss 3a0aHHOU pa3MepoOCmaOUIbHOCIU 6 WUPOKOM OUANA30He MeMNEpamyp, a UMeHHO
om —269 oo +100 C. B pabome paccmampusaemcs nepcneKmugHbviil Cnocod u32omogneHus mpyouamsix 21emMeHmos
u3 KM — paouanvnoco niemenus ¢ covemanuu ¢ RTM memooom gpopmosanus. Ilomumo smoeo, 6 dannou pabome u3-
JIOJICEHA MeMOOUKA OnpeoeieHusi ONMUMATbHOU CXeMbl apMUpOBaHUs NIeMmeHOol npedopmbl, NO3GOIAIOWAS CHUZUMb
B03HUKAIOWUE 8 Npoyecce PopMOBaHUs 2eoMempuiecKue OMKIOHeHUs. Bausnue cxemvl apmuposanus na pasmepocma-
OUnLHOCHL MPYOYAMBIX KOHCMPYKYULL PACCMAMPUBAEMCST HA NpUMepe HECKONbKUX CXeM apMUpo8aHusi U Cnocobos
U320MOBNIEHUsL, NPOBOOUMCS AHANU3 IMUX CXeM U OnpedeieHue ONMUMATbHOU 011 0becneuerus: 3a0aHHbIX XapaKmepu-
CMUK.

Knrwouesvie crosa. pasmepocmabunbHOCmb, KOMNO3UMHbLE MAMEPUATbL, CXeMAd APMUPOSAHUsL, npedopma.
Introduction. Composite materials (CM) occupy a  strength, stiffness, low coefficient of thermal expansion.
significant part among materials used in the manufacture ~ The use of CM in spacecraft design has made it possible

of spacecraft structures. Their advantages over traditional to significantly reduce the weight characteristics
materials are the combination of such properties as high  of modern spacecraft, and it has expanded the capabilities
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of designers in the search of new solutions and design
features in the development of a spacecraft body,
assemblies and critical parts.

A distinctive feature of CM structures is that the
material and structure are manufactured simultaneously.
Therefore, the technological features of the production of
the material, which make it possible to provide the
specified parameters, are taken into account in the process
of developing a composite structure. Thus, the CM
manufacturing technology is an integral part of a
composite structure design process.

Currently, Russian and foreign specialists are working
on the creation of space observatories. Modern space
observatories are designed to undertake studies of various
types of objects in the Universe with ultra-high sensitivity
(in single-telescope mode) and record high angular
resolution (in ground-space interferometer mode) in the
millimeter and infrared wavelength ranges. The ultra-high
sensitivity of a space telescope operating in deep vacuum
and ultra-low temperatures is achieved by actively
cooling the mirror system and receiving equipment to the
temperature of 4.5 K. The record resolution of the
cryogenic space telescope is achieved by its joint work
with large ground-based telescopes in interferometer
mode in an ultra-long working orbit in the vicinity of the
L2 Lagrange point in the Sun — Earth system that is
located at the distance of 1.5 million km from the Earth.
In this case, the distance between the Earth and the space
observatory will reach 2 million km. The space
observatory includes a two-mirror cryogenic space
telescope with a main parabolic mirror with a diameter of
10 m deployable in the specified orbit, consisting of 24
deployable lobes and a stationary central mirror of 3 m in
diameter. This telescope is installed on the space platform
through a transitional truss and central power structures:
reflector supporting truss, cooling support and
unrefrigerated container. The working ranges of the
wavelengths of the cryogenic space telescope are 0.02-3
mm and 0.3—16 mm and they determine the requirements
for the cryogenic space telescope precision and the space
platform: the accuracy of the working surface (standard
deflection) of the main parabolic mirror (after its opening)
is 10 um; the accuracy of orientation and stabilization of a
space platform with a cryogenic space telescope should be
no worse than 1 "and 0.2", respectively [1].

The quality of data obtained from outer space
depends, among other things, on the accuracy of the
mutual positioning of the components of the telescope
(including the counter-reflector relative to the reflector).
The layout chart of the shape and size-stable tubular
elements (rods) in the structure of the space observatory,
providing positioning of the reflector and counter-
reflector, is shown in fig. 1.

To ensure the functioning of the telescope in case of
failure of orbital alignment mechanisms, the supporting
elements of a counter-reflector structure must ensure the
accuracy of the position of the main elements of the
optical system after launching spacecraft into orbit. The
design of a supporting tubular structure should exclude
the occurrence of deformations leading to twisting around
its longitudinal axis by more than 1' in the operating
temperature range.
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To ensure the structural rigidity at the stage of launch-
ing, it is advisable to fix screen lobes to the telescope
counter-reflector [2]. Based on the task of the supporting
tubular structure of a counter-reflector, they need to have
high strength and stiffness characteristics, such as:

— elasticity modulus in the direction along its axis
of a supporting tubular structure must be at minimum
200 GPa;

— ultimate compression strength in the direction along
the axis must be at minimum 800 MPa;

— the coefficient of linear thermal expansion along the
axis of a supporting tubular structure should be no more
than 0,8x10-6| 1/°C in the temperature range from minus
269 to plus 100 °C.

Thus, one of the main elements being investigated in
this work are tubular structures — rods made of composite
material with high requirements for rigidity, strength, and
shape stability.

The overview of the methods of manufacturing
tubular structures. The analysis of the factors influencing
dimensional stability. Currently, the main methods for the
manufacture of tubular structures made of CM are:

—contact molding with the laying of a resin-
impregnated fibrous canvas on the mold;

— winding resin-impregnated fiber onto a cylindrical
shape;

— pultrusion or molding of shaped products by pulling
a fiber through a polymer bath and a gage die hole;

—radial braiding in combination with RTM
technology [3-8].

Radial braiding is the most suitable method to
manufacture tubular products that meet specified
parameters. The product is usually obtained by braiding
the mandrel. Unlike threads during winding, during radial
braiding threads are intertwined. This ensures that the
braided part resists twisting and shearing.

The result is a seamless design with high structural
integrity. In the course of its development, the technology
of the braiding process has shown its advantages, such as
reducing production costs due to the mechanization of the
process and reducing the share of manual labor, the
possibility of using it in serial production. The braiding
process is shown in fig. 2.

Typical reinforcement of braided preforms can be
biaxial and triaxial (fig. 3, @). At triaxial braiding (fig. 3, b),
the third thread is added in the longitudinal direction,
along the braiding axis.

At biaxial braiding, the braiding angle can vary from
10 to 85 degrees. Parts with small braiding angles are
characterized by high axial strength and rigidity, while
parts with large braiding angles have high circumferential
strength.

This technology allows us to braid any type of
reinforcing material — carbon fiber, glass fiber, aramid
fiber, natural fiber, etc., as well as to combine various
types of fibers [9-12].

The RTM molding method is the process of impreg-
nating a reinforcing material with a binder substance that
is injected under excessive pressure (up to 10 bar) into a
closed rigid mold. The process allows us to achieve high
precision manufacturing of parts. This method makes it
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possible to manufacture parts with volumetric filling with
a reinforcing material 55 + 5%. The scheme of the
method is shown in fig. 4.

One of the most important indicators of the shape sta-
bility of tubular structures is the minimization of their
rotation along the axis.

In theory, a properly designed tubular structure with
an ideal reinforcing structure should not twist when ther-
mally loaded. However, in practice, it is almost impossi-
ble to obtain such an element. Twisting of tubular struc-
tures can occur both due to structural and technological
imperfections.

Constructive imperfections include deflection from
symmetry in the laying, the presence of additional ele-
ments, etc. Accordingly, the most advanced design is a
cylindrical tubular structure without fittings and flanges
with a constant wall thickness and balanced quasi-
isotropic laying. However, in this case, it will be impossi-
ble to obtain required axial physical and mechanical char-
acteristics and a low CLTE (coefficient of linear thermal
expansion). As a rule, when designing a supporting tubu-
lar structure, it is necessary to find a reasonable compro-
mise between stiffness, strength, CLTE, shape stability,
integrity, and manufacturability.

Fig. 1. Layout chart of the supporting tubular structure in the construction of space observatory

Puc. 1. Cxema pacrosnoxeHus OIOPHOro TpyOoUYaToro seMeHTa
B KOHCTPYKLUH KOCMHYECKO# oOcepBaTopun

Fig. 2. Process of radial braiding of a tubular structure

Puc. 2. Iponecc miereHus: TpyO4aToOro >IeMeHTa
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| braiding angle

Fig. 3. Type of braiding:
a — biaxial braiding; b — triaxle braiding

Puc. 3. Bunpl mieTeHus:
a — IAByXOCHOE IUICTEHUE; O — TPEXOCHOE IJICTCHHE
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Fig. 4. RTM molding method diagram

Puc. 4. Cxema merozna popmoBanus RTM

Even if the design of a tubular structure has no flaws,
certain deflections necessarily occur during its manufac-
ture. The deflections may include:

— unevenness and deflection from a given angle of re-
inforcement;

— uneven filling ratio;

— difference in properties of reinforcing fibers from
different batches;

— the influence of molding equipment during heating
and cooling.

The manufacture of a shape-stable tubular structure
requires solutions that are clearly verified at every stage.

In this work, the following main proposals of a con-
structive and technological nature are made:

— the layers of the reinforcing structure of a supporting
tubular structure must have a symmetrical — balanced
triaxial structure;
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— technological slope for mandrel extraction should be
minimal;

— the reinforcement scheme should provide the least
sensitivity of shape stability to technological deflections,
while maintaining the required physical and mechanical
characteristics;

— deflections from the nominal reinforcement angle
and the filling factor should be minimized;

—when designing supporting tubular structures, it is
necessary to take into account the probability of micro-
cracking during thermal cycling [13-15].

Developing a method for calculating the
deformations of a supporting tubular structure when
subjected to thermal loadings. The purpose of the
calculation is to determine the optimal reinforcement
scheme in which the effect of structural and technological
imperfections on the value of the angle of twisting of a
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supporting tubular structure relative to the longitudinal
axis will be minimal.

For the triaxial reinforcement scheme 0+¢°, where ¢
is the angle of symmetric oblique fibers, the following
problems were solved:

1) the angles of rotation of a supporting tubular struc-
ture relative to the longitudinal axis are determined for the
angles of oblique symmetrical fibers 5-90 ° with an error
of the braiding angles of longitudinal and oblique fibers
equal to 0.5 ° and 1.0 ° for their ratios of 7, 15 and 20 %,
and for temperature gradients —100/+20, —100/+100
and +20/-269 °C;

2) the dependences of the longitudinal modulus of
elasticity, strength and coefficient of linear thermal ex-
pansion (CLTE) on the ratio of longitudinal and oblique
symmetric fibers for the optimal reinforcement angle
were determined;

The design of a supporting tubular structure is shown
in fig. 5.

The calculation was carried out in the Femap with NX
Nastran program. The finite element mesh of the models
of the supporting tubular structure is shown in fig. 6. The
temperature loading was set in the form of a temperature
difference and fixing along one of the ends with a restric-
tion of 6 degrees of freedom (rigid restraint) was per-
formed.

To calculate a supporting tubular structure, the shell
elements PLATE and LAMINATE from the Femap with
NX Nastran finite element library were used.

PLATE is a combined flat shell element (fig. 7, a) that
bears membrane, shear and bending loads. It is used for
any structures consisting of thin plates or shells.

Setting the desired direction of material properties is
carried out by rotating the axis of orientation of the Xm
material.

LAMINATE (layered) is similar to an element of type
PLATE and consists of one or more layers (fig. 7, b). It is
used for modeling multilayer composite plates and shells.
The internal coordinate system is similar to the elements
of the PLATE type. Setting the desired direction of mate-

rial properties is carried out by rotating the axis of orien-
tation of Xm material properties.

The direction of the Z axis is taken as the zero direc-
tion of fibers (fig. 7). Counterclockwise direction is taken
as a positive angle.

The following model of a composite with a reinforc-
ing filler made by the radial braiding method was taken.
The wall of the supporting tubular structure with total
thickness h consists of n layers. One layer conventionally
represents interlaced fibers with the orientation of 0°
(along the generatrix of the cylinder) and +¢° (oblique
fibers) and has a total thickness t. Each of the n layers of
thickness t was divided into 5 more sublayers with an
average sublayer with the orientation of 0° and extreme
sublayers + ¢ ° to balance the package (fig. 8, a).

To take into account the volume ratio of longitudinal
and oblique fibers vf0 and vfe %, respectively, the thick-
nesses of sublayers were set in proportion to this ratio:
0,01-vf0-t — 0° sublayer; 0,01-vf0-t — sublayers +¢ °.

The scheme for determining the angles ¢ of symmetric
oblique fibers and the deflection error A is shown
in fig. 8, b.

The characteristics of carbon fiber-reinforced plastics
with M46] fibers and the characteristics of carbon fiber-
reinforced plastics with T300 fibers are presented in table.

Calculation of the axial twist of a supporting
tubular structure depending on the reinforcement
error. Let us determine the angles of rotation of a
supporting tubular structure relative to the longitudinal
axis for different angles of reinforcement with the axial
fibers M46J and oblique fibers T300, depending on the
error of braiding angles, the ratio of longitudinal and
oblique fibers, and the temperature gradient.

The wall thickness of the supporting tubular structure
is & = 3.5 mm. The number of layers n = 14.

To take into account the ratio of longitudinal and
oblique fibers equal to 93 and 7 %, respectively, the
thicknesses of the sublayers were set in proportion to this
ratio: 0.2325 mm — 0° sublayer; 4x0.004375 mm -
sublayers +o °.

Fig. 5. Construction of a supporting tubular structure

Puc. 5. KonCcTpyKnns onmopHOro Tpy04aToro »JIeMeHTa
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Fig. 6. Finite-element model mesh of a supporting tubular structure without flange

Puc. 6. KoneyHo-351eMEHTHAs CETKa MOJICTU OIIOpHOTO pr6anoro aeMenTa 6e3 QmaHua

Ye G3
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T layern-1\
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Displacement
of lower surface
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= 4 / nts
2 Surface of elements
&

Layer 3

Layer 7

Layer 1

Fig. 7. Shell element:
a — PLATE type; b — LAMINATE type

Puc. 7. O00104YCUHBII DIIEMEHT:
a — tuna PLATE; 6 — Tuma LAMINATE
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b

Fig. 8. Single layer scheme, scheme for determining the angles of oblique fibers and errors:

a — one layer; b — location of oblique fibers

Puc. 8. Cxema 0fgHOTO €JI0S, CX€Ma ONPEIENCHHUSI YITIOB KOCBIX BOJIOKOH M IOTPEITHOCTEH:
@ — OJIUH CIIOH, 6 — PacIONIOKEHHE KOCBIX BOJIOKOH

Characteristics of carbon fiber-reinforced plastics used for calculation

Modulus of elasticity Parameter Carbon fiber M46] Carbon fiber T300

Modulus of tension (0°) E,, Pa 2.45E+11 1.25E+11
Modulus of tension (90°) E,, Pa 6.9E+9 7.8E+9
Modulus of shear Gy, Pa 3 9E+9 4.4E+9
Poison's ratio [T 0.87 0.79
Longitudinal strength (0°) 6'p1, Pa 2.16E+9 1.76E+9
Longitudinal strength (90°) o', Pa 45000000 80000000
Compression strength (0°) G g, Pa 980000000 1.57E+9
Compression strength (90°) G py, Pa 0 (no information available) 0 (no information available)
In-plane shear strength 812, Pa 59000000 98000000
Interlaminar shear strength 113, Pa 83000000 108000000
Monolayer thickness 5, m 0.00025 —
CLTE of fiber (longitudinal direction) al, 1/C° —4,E-7 9,E-7

CLTE of matrices (orthogonal direction) a2, 1/C° 3.75E-5 3.75E-5

For the ratio of longitudinal and oblique fibers
equal to 85 and 15 %, respectively, the thickness of the
sublayers: 0.2125 mm — 0° sublayer; 4x0.0375 mm —
sublayers +°.

For the ratio of longitudinal and oblique fibers
equal to 80 and 20 %, respectively, the thickness
of the sublayers: 0.2 mm — 0° sublayer; 4x0.05 mm —
sublayers £¢°.

The total number of layers was 14x5 = 70 in all cases.

The possibility of deflection of longitudinal and
oblique fibers in one direction or in opposite directions
was taken into account.

The calculation results are shown in fig. 9-12.

Determination of the optimal reinforcement
scheme. Based on the analysis of the graphs in fig. 9—12,
the following conclusions can be drawn:

—the swirl angle of the supporting tubular structure
increases when increasing the deflection error of longitu-
dinal and oblique symmetrical fibers;
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—when the longitudinal and oblique fibers are de-
flected in one direction at the reinforcement angles +¢° up
to 40°, the swirl angle of the supporting tubular structure
increases when increasing the proportion of oblique fi-
bers;

—when the longitudinal and oblique fibers are de-
flected in one direction at the reinforcement angles +¢°
more than 40°, the swirl angle of the rod decreases when
increasing the proportion of oblique fibers;

—when the longitudinal and oblique fibers are de-
flected in opposite directions at the reinforcement angles
+¢° up to 70°, the swirl angle of the supporting tubular
structure increases when decreasing the proportion of
oblique fibers;

—when the longitudinal and oblique fibers are de-
flected in opposite directions at reinforcement angles +¢°
more than 70°, the swirl angle of the supporting tubular
element decreases when decreasing the proportion of
oblique fibers;
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—with a certain proportion of oblique symmetric fi-
bers, there are two values of the reinforcement angles at
which the swirl angle of the supporting tubular structure
will be zero for the case of deflection of longitudinal and
oblique fibers in opposite directions;

— at the reinforcement angles +¢° = 60°, it is optimal
if two types of error appear — when longitudinal and
oblique fibers deflect in one direction or in the opposite
direction.

Determination of the reinforcement scheme that
meets the requirements for the physical and
mechanical characteristics of the material of the
supporting tubular structure. Using the Femap with
NX Nastran program, the dependence of the axial
modulus Ez of elasticity and axial CLTE az on the
volume fraction of oblique symmetric fibers (fig. 13, 14)
was determined for the following design:

— wall thickness of the supporting tubular element h =
3.5 mm;

— number of layers n = 14;

—laying 0+60 ° with axial fibers M46J and oblique
T300, respectively, with the composite volumetric filling
of 60%.

Using the Femap with NX Nastran program, the de-
pendence of the axial modulus Ez of elasticity and axial
CLTE oz on the volume fraction of oblique symmetric
fibers (fig. 15, 16) was determined for the following de-
sign:

—wall thickness of the supporting tubular structure
h=3.5mm;

— number of layers n = 14;

—laying 0 = 4 ° with M46J fibers with a composite
volumetric filling of 60 %.

The following conclusions can be drawn from the
analysis of the graphs:

—laying 0 + 60° with M46J and T300 fibers allows
obtaining the required axial CLTE oz with the fraction of
oblique fibers up to 48 %, but the required axial modulus
of elasticity Ez with the fraction of oblique fibers may
only be up to 20 %;

—laying 0 + 14 ° with M46]J fiber allows to obtain the
required axial CLTE oz with the proportion of oblique
fibers up to 23 % (taking into account technological limi-
tations, the amount of oblique fibers is 50.75 %), the re-
quired axial modulus of elasticity Ez with the proportion
of oblique fibers is up to 75 %;

—laying 0 + 60° with M46J and T300 fibers is less
sensitive to the influence of structural and technological
imperfections on the value of the swirl angle of the
supporting tubular structure relative to the longitudinal
axis;

—laying 0 + 60° with M46J and T300 fibers meets the
requirements for axial modulus of elasticity and CLTE
with oblique fibers up to 20 % and has approximately
2 times less torsion around the longitudinal axis compared
to the laying 0 + 14°.

Corner swirl by deflection longitudinal and o
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a0

swirl angle, second

20

Temperature gradient +20/-269 °C

blique fibers in one direction of 0,5 and 1 degrees.

—oT %, rror 0.5 degrees
- 15%, error 0,5degrees
. 20%, error 0,5 degrees
7%, error 1 degrees
15%, error 1 degrees

20%, error 1 degrees

Angle of symmetric oblique fibers, degrees

4.5 9,5 145 19,5 245 295 345 395 445 495 54,5 59,5

Fig. 9. Swirl angle at deflection of longitudinal and oblique fibers in one direction by 0.5 and 1.0 degrees.
Temperature range +20/-269 °C

Puc. 9. Yroxa 3akpyTKu pu OTKIOHEHUH POIOJIBHBIX M KOCHIX BOJIOKOH B OZHOM HarpaieHuu Ha 0,5° u Ha 1,0°.
Juanazon remneparyp +20/-269 °C
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Diagram of the dependence of the swirl angle and deflection of by longitudinal
and oblique fibers in opposite directions by 0,5 degree.
Temperature gradient +20/-269 °C
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Angle of symmetric oblique fibers, degrees
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Fig. 10. Swirl angle at deflection of longitudinal and oblique fibers in opposite directions by 0,5 degree.

Temperature range +20/-269 °C

Puc. 10. Yron 3akpyTKy IpH OTKJIOHEHUH MIPOAOJIBHBIX U KOCBIX BOJIOKOH B IIPOTHBOIOJIOXKHBIX HampasieHUsAX Ha 0,5°.

[Muanazon temmneparyp +20/-269 °C
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Diagram of the dependence of the swirl angle and deflection of by longitudinal
and oblique fibers in opposite directions by 1 degree.
Temperature gradient +20/-269 °C
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Fig. 11. Swirl angle at deflection of longitudinal and oblique fibers in opposite directions by 1 degree.

Temperature range +20/-269 °C

Puc. 11. Yron 3akpyTKu npu OTKJIOHEHUH MPOJOJILHBIX U KOCBHIX BOJIOKOH B ITPOTHBOIIOJIOKHBIX HarpasieHusx Ha 1,0°.

[Muanazon temmneparyp +20/-269 °C
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Fig. 12. Swirl angle at deflection of longitudinal and oblique fibers in different directions by 1 degree.

Temperature range +20/-269 °C

Puc. 12. Yron 3akpyTKH IIpU OTKJIOHEHUHU NPOJOJIBHBIX U KOCBIX BOJIOKOH B Pa3IMYHbIX HallpaBieHusX Ha 1,0°.

[uanazon temmneparyp +20/-269 °C
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Fig. 13. Diagram of the dependence of the axial modulus of elasticity £z on volume fraction of

oblique symmetric fibers for braiding scheme 0 + 60° with M46J, T300 fiber types

Puc. 13. 3aBucuMOCTb 0C€BOr0 MOy £z yIIPyrocTH OT 00bEMHOM O KOCBIX CHMMETPUYHBIX

BOJIOKOH [u1s yYKiaaku 0 + 60° ¢ BonmokHamu M46J u T300
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fibers for braiding scheme 0 + 60° with M46J, T300 fiber types
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Fig. 15. Diagram of the dependence of the axial modulus of elasticity Ez on volume fraction
of oblique symmetric fibers for braiding scheme 0 + 14° with M46J fiber type

Puc. 15. 3aBucumocTts oceBoro Moxyst yunpyroctu Ez or 00beMHOM 101U KOCBIX CUMMETPUYHBIX
BOJIOKOH Ju1s1 ykianku 0 + 14° ¢ Bonmokaom M46]
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Fig. 16. Diagram of the dependence of the axial CLTE oz on volume fraction of oblique
symmetric fibers for braiding scheme 0 + 14° with M46]J fiber type

Puc. 16. 3aBucumocts oceBoro KJITP 0z oT 00beMHOM 1011 KOCBIX CHMMETPUYHBIX BOJIOKOH
qutst ykiaaku 0 = 14° ¢ BosiokHOM M46]

Conclusion. On the basis of the considered methods
of manufacturing supporting tubular structures, in order to
ensure the requirements of shape stability, it is advisable
to use the method of radial braiding in combination with
the RTM technology of molding a product. The analysis
of the considered preform reinforcement schemes shows
that to ensure the specified parameters, the optimal one is
braiding with the fiber laying of 0 = 60° with the volume
fraction of oblique fibers up to 20 %.
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LABORATORY SEPARATOR OF BULK MATERIALS
E. G. Danilenko’, S. V. Telegin

Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
*E-mail evg.danilenko@mail.ru

New materials for spacecraft radiation screens engineering require a fine classification of powder materials by par-
ticle size. The article concerns the construction of powder materials laboratory separator. This type of material separa-
tion is related to gravity methods. The Moseley laboratory separator serves as the prototype of the construction with
table longitudinal shaking and diametrical vibrations by means of buffers during the separation process. The unbal-
anced oscillator yields deck separation surface harmonic vibrations in all directions. The unbalanced oscillator DC
motor voltage control gradually alters the vibration frequency and supports finer separation of the material. A power
pipe enables to conduct perpetual separation process. In prototype, in contrast, up to 100 g weight is processed for up
to 5 minutes. To improve the materials fine and small classes separation efficiency, riffles are made on the separation
surface, which determine the places of concentration of material particles. As a result of the conducted researches for
elimination of the secondary circulation flows, a system of diametrical reefing is worked out: the riffle is approximately
equal to the maximum particle size of the separated material and is equal to 0.2 mm in this construction; the distance
between riffles is equal to 50 mm, the tilt angle is 80 degrees relative to the deck longitudinal side. The particle motion
depends on the inclination angle of the separation surface. Large particles move upwards at angles of up to 5 degrees,
and downwards at angles higher than 5 degrees. Vibration frequency and amplitude alteration, as well as adjusting the
inclination angle of separation surface enables to move and adjust the speed of different properties and sizes of test
material. The laboratory separator work is based on the physical effects, which enable to vary the location of the power
pipe. This fact allows the construction to be adapted to a variety of specific conditions and expands the construction
sphere. The separator construction is simple for production and operation, and can be quickly reconfigured if neces-
sary. The separator portability allows it to be transported.

Keywords: shielding, composite material, separator, fractional composition, boron carbide.

JJABOPATOPHBIN CEITAPATOP CHIITYUYUX MATEPHAJIOB
E.T. I[aHI/IJ'IeHKO*, C. B. Tenerun

Cubupckuii rocy1apCTBEHHBIN YHUBEPCUTET HAYKH U TEXHOJIOTHH MMeHH akanemuka M. @. Pemernena
Poccutickas @enepamms, 660037, r. KpacHosipck, pocti. uM. Ta3. «KpacHospckuii pabounii», 31
*E-mail evg.danilenko@mail.ru

Paspabomxa nosvix mamepuanog 013 paduayuoHHbIX IKPAHOE KOCMUHECKUX annapamos mpeoyem moHKoU K1accu-
Quxayuu nopouwiKosbix Mamepuaios no pamepy wacmuy. B cmamoe paccmompena koHcmpyKkyusi 1ab60pamopHo2o ce-
napamopa nopouiKosbIx Mamepuanos. [lannsiii 6u0 pasoenenus Mamepuaia OmHOCUMCs K epasumayuoHHbIM Memo-
Odam. 3a npomomun KoHcmpykyuu 8vlopan nabopamopnulii cenapamop Mosu, y Komopozo npoyecc cenapayuu ocyuje-
Ccmensiemcst nPOOOIbHLIM 6CIMPAXUBAHUEM CIOAA U NONEPEYHbIMU KONeOaHUusMUu nocpedcmeom 0ygepos. /lebanranchulii
BUOPAMOP NO360IUL NOTYYAMb 2APMOHUYECKUE KONeOAHU NOBEPXHOCMU cenapayuu 0eKu 60 6cex Hanpaegienusx. Pezy-
JUPOBKA HANPANCEHUS. O8Ucamens NOCIMOAHHO20 TOKA 0ebaNancHo20 8UOpamopa niagHo UMeHsem 4acmomy eubpa-
yuu, umo cnocobcmeyem 6onee MOHKOMY pazoeieHuio mamepuaia. Beedenuem numaroweco nampybra peanuzosama
B03MOJCHOCMb HENPEPBLIBHO20 BedeHUs npoyecca pazoeienus, 8 omaudue om npomomuna, 2oe Hasecka 0o 100 e obpa-
oamwieaemces 00 5 mun. /[ nosvluenus @ hexmusHocmu pasoeneHus MOHKUX U MEIKUX KIAcco8 Mamepuanos Ha no-
8EPXHOCIU cenapayui 8biNOIHeHbl pugau, onpedenaouue Mecma KOHyeHmpayuy vacmuy mamepuana. B pesynomame
NPOBEOCHHBIX UCCAe008ANULL OIS UCKTIOUEHU BePOAMHOCIU S603HUKHOBEHUA SMOPUUHBIX YUDKYIAYUOHHBIX NOMOKO8
Oviia paspabomana cucmema noNepeyHvlX HApu@IeHul: 6vlcoma pughneli NPUMEPHO PABHA MAKCUMATLHOMY Pa3Mepy
uacmuy pasoensaemozo mamepuand, 8 OanHou konempykyuu 0,2 mm; paccmosnnue mexcoy pugaamu 50 mMm, y2on Hak1o-
Ha cocmasun 80 epadycos omHOCUMENLHO NPOOOTLHOU CMOPOHYL OeKu. [{gudiceHnue uacmuy 3a6Ucum om yena HaKiond
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Texnonozuueckue npoyeccost u mamepuaiiol

nosepxnocmu cenapayuu. Ilpu yenax 00 5 2padycoe KpynHwie 4acmuybl OBUNCYMCA 66epX, NpU OOIbUIUX — GHU3.
3a cuem usmenenus wacmomol u AMAAUNTYObL GUOPAYUY, A MAKICE PE2YIUPOSAHUS Y2Id HAKIOHA NOBEPXHOCIU Cenapayui,
B03MOJICHO Nepemeujenue U pe2yiuposanue CKOPOCHU OBUNCEHUS PAZHO20 NO CEOUCMBAM U PAZMEPAM UCCNe0YeMO20
mamepuana. Qusuueckue 3¢pgpekmsl, Ha KOMOPLIX OCHOBAHA paboma 1abOpamopHO20 cenapamopd, Oarm 803MOHiC-
HOCMb 8apbUPO8AmMb U MECMO pasMeljeHus 8 HeM NUMarwe2o nampyoxa. Imo no3eoiem npucnocooums KOHCMpyK-
Yuro K pasHooOpa3HbiM KOHKPEMHbIM YCIO08UAM, YUMo pacuiupsem obracms npumenenus ycmpovcmea. Konempykyus
cenapamopa npocma 8 U320MoeleHUl U IKCRIYAmayuu, npu HeoOX0OUMOCMU ee MOX’CHO ObICpo NepeHanaoums.
Komnaxmnocmo cenapamopa no3zeonsem mpancnopmuposams e2o.

Kniouegvie cnosa: sxpanuposanue, KOMROZUMHbIL MAMEPUAT, CENapamop, GpakyuoHHblii cocmas, kapouo bopa.

Introduction. In materials science, composite materi-
als are a separate sphere with their own industries and
markets. Nano sized and ultrafine powders are mainly
used as fillers for the composite materials production
[1-3].

Shielding is considered to be one of the main means of
protection against ionizing radiation effects on the Earth's
orbit [4-6].

The most sensitive to ionizing radiation are semicon-
ductor and optical materials, then go polymeric materials
and metals have the highest resistance.

Aluminum and its alloys is the main material in the
production of passive protective screens against ionizing
radiation of devices and precision devices in space tech-
nology [7].

The AeroCube 8 project (4 vehicles A, B, C, D, also
known as IMPACT) tested a radiation shielding material
based on CNT / PEEK (Poly-ether-ether-ketone with the
addition of carbon nanotubes) on board [8]. The Oufti-2
mission, scheduled for launching in 2021, is preparing an
experiment as an additional payload to test the effective-
ness of a multi-layer laminated coating on the basis of
resins with additives and a tungsten alloy [9].

Ultrafine powders can improve the quality of materials
used in rocket and mechanical engineering. Ultra dis-
persed metal powders are used for creation substances
such as rocket fuel, explosives, pressed and sintered prod-
ucts. Some powders are used as fillers, they allow to ob-
tain effective tread, antifriction, antiwear, resource-
saving, hydrophobic, self-cleaning and bio inert compos-
ite materials [4].

The efficiency of the screens declines sharply at
thicknesses over 1 cm, since the interaction of charged
particles with the nuclei of the screen material produces
intense electromagnetic bremsstrahlung radiation, which
has a high penetrating ability [10]. An increase in the
mass of protective screens leads to an increase in the cost
of launching satellites into orbit by 25-50 % [11-12].
Therefore, an actual question about the development and
creation of a new type of protection based on a multi-
layer structure, where the first layer is made of a compos-
ite material, arises.

In the course of studying the effect of the fractional
composition on the properties of composites weakening
ionizing radiation, it became necessary to classify more
finely the initial boron carbide powder.

Fraction is composed of particles of the size range be-
tween their maximum and minimum values. The shape
and size of particles significantly affects the technological
properties of composites and, through them, the density,
strength, and uniformity of material properties [13].
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Historically, manual stripping of minerals was the ear-
liest form of processing, followed by primitive forms of
gravity beneficiation. They were known more than 2
thousand years ago, the first descriptions were found in
the works of Pliny [14] and then Agricola [15]. Gravity
methods remained prevailing until the 20th century.

Gravity separation technologies allow to conduct
separation or beneficiation using highly efficient and not
complex equipment with minimal energy consumption in
comparison with other beneficiation processes. Gravita-
tional enrichment is a physical process in which the sepa-
ration of one mineral from another depends on their rela-
tive movement under the influence of gravity and some
other forces [16]. The main parameters which determine
the movement of particles are their mass, size, volume
and density. If these parameters differ significantly from
each other, then separation takes place relatively easily. It
must also be taken into consideration that if two particles
have the same density, then a particle of a larger diameter
has a higher final velocity and this is the characteristic of
a homogeneous material, and if two particles have the
same diameter, then a heavier particle has a higher final
velocity, what takes place during enrichment.

There is a wide variety of equipment, but it can be di-
vided into two general classes: those related to particle
motion in the vertical plane — enrichment in the pulp vol-
ume; and related to the motion of particles along an in-
clined plane — separation in a thin layer. The efficiency of
sizing is an important factor in the final product. Thus, an
ideal gravity separation process would separate 100 % of
one product size in one fraction and 100 % of excellent
size in another.

In laboratory conditions, concentration tables are
mainly used. The particles of the material are given
periodical movements, caused by the movement of the
working surface - the deck. Under the influence of the
cross flow of the pulp and the longitudinal vibrations of
the deck, the particles move in the longitudinal and
transverse directions. Each particle of the separated mate-
rial, depending on its density and size, acquires a certain
speed and direction of movement relative to the deck of
the concentration table.

There is a laboratory separator Moseley, which con-
sists of a separation surface, inclined in one direction and
performing simple harmonic oscillations [17]. Separation
of material with a particle size from 10 to 200 microns is
carried out by longitudinal shaking and lateral vibrations
using buffers. The buffers are pulled from the rod by a
cam mechanism and roller system and returned by a
spring. Samples weighing 5-100 g are placed in the upper
part of the tray, damp and vibrate on the working surface
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for 3—5 minutes. Heavy particles remain on the separation
surface or (with a type of end impact) move slowly
upward. Light particles flow down into the discharge
container under the influence of a small stream of spray
water. Depending on the desired result, a longitudinal
slope of 1.75-3 © is selected, the oscillation frequency is
60-110 min — 1, the amplitude is 6-15 mm, and the
irrigation fluid flow consumption is about 3 1/ min.

Experimental part. Production, assembly and
refinement were carried out with the Spektr design bureau
of the REC IKIVT SibGU named after M. F. Reshetnev
participation.

The aim of the work was simplifying the design and
redaction the time of separation. The schematic diagram
of the separator is shown in fig. 1.

Working surface 2 is a polished copper plate (fig. 1),
not rigidly attached to the base / by hinges 6, along which
the powder, depending on the vibration frequency, is
transported down, up and across. The unbalanced vibrator
3 sets the vibration frequency of the working surface.
With the help of the adjusting screw 4, the angle of incli-
nation of the working surface is changed. Buffer 5 creates
an additional impact on the separation surface.

The device works as follows. The feed pipe 7 is
located above the vibrating working surface 2 between
8.1 and 8.2 grooves (fig. 2) from the upper edge at
a height of 3-5 cm, and the material to be separated is fed.
On the rear side of the working surface, an unbalanced

vibrator is rigidly fixed, which is an unbalanced rotor
driven by a DC motor. By controlling the engine speed,
the vibration frequency of the working surface is
achieved, at which the particle flow begins to split into
two or more streams, depending on the separation re-
quirements. Streams can form from the supply pipe up-
wards, above the 8.1th riffle; right or left between 8.1 and
8.2, 8.2 and 8.3, 8.3 and 8.4 riffles and down — below 8.4
riffles.

The study of the dependence of the amplitude of oscil-
lations of the free end of the working surface and its fre-
quency on the voltage supplied to the motor of the vibra-
tion drive (fig. 3) on the powder B4C is carried out.

Several experiments were carried out at different volt-
ages on the vibrating motor. The amplitude of vibrations
of the working surface was measured by a microscope,
and the frequency — by a frequency meter. The graph
(fig. 3) shows that at a voltage of 11 to 13 V, a plateau in
amplitude with two surges up to 0.25 mm is observed.
There is also an outburst in the range from 5 to 7 V, but it
does not lead to the separation of particles into fractions,
the B4C powder actually rolls down the plate.

The process of separating particles in the proposed
device is continuous. Particle movement depends on the
angle of inclination of the working surface. At angles up
to 5 degrees, large particles move upward, and small par-
ticles move downward, at large angles — in the opposite
direction.

Fig. 1. Separator scheme:
1 —base; 2 — working surface; 3 — unbalanced vibrator;
4 — adjusting screw; 5 — buffer; 6 — joint; 7 — nutrient nozzle

Puc. 1. Cxema cenaparopa:
1 — ocHOBaHue; 2 — paboyasi MIOBEPXHOCTh; 3 — IebanaHCHBINH BUOpATOp;
4 — perynupoBO4HbIil BUHT; 5 — Oydep; 6 — mapHup;
7 — NUTAIOIMH naTpyOoK
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Fig. 2. Scheme rifle

Puc. 2. Cxema HapudneHuit

12000 - 0.3
10000 0,25
—#— Dependence of
2000 0,2 the frequency of
the voltage
£ 6000 0,15
o
= —8— Dependence of
= 4000 0,1 the amplitude
on the voltage
2000 0,05
0 =~ 0
] 5 10 15 20
U,B
Fig. 3. Dependence of the amplitude and frequency of oscillations of the working
surface on the voltage on the vibration motor
Puc. 3. 3aBUCHMOCTS aMIUTUTYABI U YACTOTHI KoJieOaHui paboyeit
MOBEPXHOCTH OT HAIPSDKECHUS Ha BUOPOMOTOpE
The area of particles passed through different streams under different modes
U,B Bottom Middle 1 Middle 2 Top
11 - — - —
11.2 29-40 mkm® 20-30 mkm’ - 5-19 mkm’
11.6 12-40 mkm® 5-23 mkm’ - -
11.8 17-40 mkm® 11-29 mkm® - 5-22 mkm’
12.5 27-40 mkm’ 14-32 mkm® 9-23mkm’ 5-16 mkm’
13.5 26-40 mkm® 18-29 mkm’ 10-23 mkm’ 5-17 mkm”
13.5; angle 16° 30-40 mkm? 16-30 mkm? 10-18 mkm? 5-14 mkm?
14.2 - — - -
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To increase the efficiency of separation of thin and
small classes of materials, riffles are made on the working
surface (fig. 2), which serve as a place of concentration of
particles of a certain size. The design of the working sur-
face should be made in such a way, which would allow to
exclude the likelihood of secondary circulation flows in
the interstitial spaces [18].

As a result of the experiments carried out, a reefing
system 8 was developed: the riffle height is approximately
equal to the maximum particle size of the separated mate-
rial, in this design it is 0.2 mm; the distance between the
grooves is 50 mm, the angle of inclination o is 80 de-
grees; the riffle shape is round (fig. 3).

The research was carried out on the B4C powder of
fraction F150 in the state of delivery, in which, in addition
to particles with a size of 63—106 microns, there were also
smaller particles up to 15 % by weight. By preliminary
separation carried out on the same separator, a part of the
powder with a size of 5 to 40 microns was isolated.

When working on a laboratory installation, the powder
falling out of the hopper branch pipe is divided into sev-
eral streams in different parts of the working surface,
from which samples for fractional analysis were taken.
The angle of inclination of the working surface
is 12 degrees.

The analysis was carried out on a Levenhuk DTX 30
microscope at x230 increase with the MicroCapture
Plus software, included in the set of delivery of the
microscope, application. The analysis results are shown
in table.

As seen from Table 1, the optimum vibrator voltage
is 11.2 V. Under other voltages, an overlap of particle size
is observed in different samples. At 11 and 14.2 B separa-
tion does not occur. The angle of inclination of the work-
ing surface increase up to 16 degrees made it possible to
select a narrower fraction of 5—14 microns. The powder
consumption is 100 g / min.

By changing the frequency and amplitude of vibration,
as well as adjusting the angle of inclination of the work-
ing surface made it possible to move and regulate the
speed of movement of the test material of different prop-
erties and sizes.

Conclusion. The studies carried out allowed: to sim-
plify the design of the separator by introducing an unbal-
anced vibrator; to reduce the analysis time, excluding the
operation of drying the material; to carry out powder clas-
sification continuously by installing a hopper with a
branch pipe.

The physical effects, on which work of the laboratory
separator is based on, make it possible to vary the location
of the supply pipe in it. This allows the design to be
adapted to a variety of specific conditions, what broadens
the sphere of the device application. The design of the
device is simple in production and operation; in case of
necessity it is possible to adjust the work of the device
quickly.
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STUDY OF STRUCTURAL PROPERTIES OF BISMUTH PYROSTANNATE BY RAMAN
AND IR SPECTROSCOPY

L.V. Udodl’z*, 0. B. Romanova, S. S. Aplesnin1’2, V. V. Kretinin'

'Reshetnev Siberian State University of Science and Technology
31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
? Kirensky Institute of Physics, FRC KSC Siberian Branch of the Russian Academy of Sciences
50, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
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Chromium-substituted bismuth pyrostannates with a pyrochlore structure were synthesized by the solid-phase reac-
tion method. The X-ray structural analysis performed at room temperature showed that the samples Biy(Sn;Cry),0;,
x =0, 0.05, 0.1 are single-phase and belong to the Pc monoclinic structure. Polymorphic transformations of the synthe-
sized samples were studied by Raman and IR spectroscopy. IR spectra were obtained at the temperature range
110-525 K and frequencies 350-1100 c¢m™'. Raman spectra were measured at room temperature at frequencies
of 100-3000 cm™. Heterovalent substitution of Sn*" for Cr’" modifies the spectra of pure Bi>Sn>O,. The crystal struc-
ture of BiSn;0; consists of two oxygen sublattices: SnOg and Bi,O'. Chromium ions substituted tin ions in the SnOg
oxygen octahedra, distorting the local structure in the vicinity of bismuth ions. Phonon modes are softening in the vicin-
ity of phase transitions. A shift of the phase boundaries of polymorphic transitions is observed for Bi(Sn;Cr.),0;,
x =0.05, 0.1. The frequencies of stretching vibration modes were determined from IR and Raman spectra. The substitu-
tion of chromium for tin ions resulted in the appearance of two new modes at frequencies of 581 and 822 cm™ in the
Raman spectra. The absence of an inversion center in the crystal structure of Biy(Sn;..Cry),0; is confirmed by Raman
spectroscopy. IR spectra of chromium-substituted samples consist of complex lines, which decompose into 2 and 3 Lor-
entzian lines. The softening and broadening of optical absorption modes are associated with the electronic contribution.
Impurity states of electrons form polarons.

Keywords: bismuth pyrostannate, crystal structure, phase transitions, IR spectroscopy, Raman spectroscopy, X-ray
structural analysis.

UCCJIEJOBAHUE CTPYKTYPHBIX CBOMCTB IIMPOCTAHHATA BUCMYTA
METOJOM PAMAH U UK CHEKTPOCKOIINU

JI. B. Yz[ozll’z*, O.Bb. POMaHOBaz, C.C. AHHCCHI/IHI’Z, B. B. erTI/IHI/IHl

! Cubupckuil rocy1apcTBEHHBIH YHUBEPCUTET HAYKU M TEXHOJIOTHI MMeHH akanemuka M. @. PemerneBa
Poccwuiickas @enepaunsi, 660037, r. KpacHosipck, mpocrt. M. ra3. «KpacHosipckuii pabounii», 31
*Uncruryt dusukn um. J1. B. Kupenckoro CO PAH — o60co6nenHoe noapasaenenne GULL KHI[ CO PAH
Poccuiickas ®enepanus, 660036, r. KpacHosipck, AkaneMropoiox, 50, ctp. 38
* E-mail: luba@iph.krasn.ru

Memodom meepdohaznoll peakyuu CUHMEIUPOBAHBL XPOMIAMEWEHHbIE NUPOCMAHHAMbL GUCMYMA CO CIPYKMYPOU
nupoxiopa. Penmeenocmpykmypuwitli ananus, 6blNOIHEHHbII NPU KOMHAMHOU meMnepamype, HOKA3al, 4mo 00pasyvl
Biy(Sn;..Cry),0; x = 0; 0,05, 0,1 oonogpasznvie u npunaonesxcum k Monokaiunnou cmpykmype Pc. Honumopgduvie npe-
6pauenusi CUHMe3UPOBaAHHbIX 00pazyos uszyyaiucy memooamu Paman u UK cnexmpockonuu. UK-cnekmpol nonyuenvi
6 memnepamypnom ouanasone 110-525 K, unmepsane wacmom 350—1100 cy™'. Cnexmpor Pamanosckozo paccesmus
USMEPATUCH NPU KOMHAmMHOL memnepamype na yacmomax 100-3000 ey’ Temeposanenmuoe samewenue Sn** na Cr**
sudousmensiem cnekmpwl yucmoeo BiSny0; Kpucmannuueckas cmpykmypa BiSny,O; cocmoum u3z 08yx KUCIOPOOHBIX
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noopeutemox: SnOg u Bi)O'. Honwl xpoma 3amewyarom uousl 0108a 8 KUCI0POOHbIX okmasopax SnQg, uckaxicas 10Kaib-
HYIO CIMPYKMYpPY 8 OKpeCmMHOCMU UOHO8 sucmyma. BOauzu ¢hazoevix nepexodoe npoucxooum cmsaedeHue (POoHOHHbIX
Mmo0. [na Biy(Sn;Cry),0; 0,05, 0,1 nabrrwooaemca cmeweHue azosvix epanuy noaumop@Huix nepexodos. Uz UK
u Paman cnekmpog onpedenenvi yacmomul MOO 8ALeHMHbIX KoaeOanui. B Pamano8ckux cnekmpax sameujenue uoHos
01060 XPOMOM NPUGENO K NOAGIEHUIO 08YX HOBbIX M0O Ha uacmomax 581 u 822 cv™'. Omcymemesue yenmpa uneepcuu
8 kpucmannudeckou cmpykmype Biy(Sn;.Cry),0; noomeepocoaemca Paman cnexkmpockonueil. UK cnexmpbi xpomsa-
MEWEHHbIX 00pa3y08 COCMOSM U3 CNIONCHBIX JUHUL, Komopbsle paziazaiomcsi Ha 2 u 3 aunuu Jlopenyosoil ghopmoi.
Cmsizuenue u yuupenue cneKmpos no2ioujeHust Ces13bl8Aemcst ¢ J1eKmMpPOHHbIM 6KIA00M. TIpumectvle cocmosnus dex-

MPOHOE 00pa3yIom NOAAPOHYL.

Kniouegvie cnoea: nupocmannam eucmyma, Kpucmaniiudeckas cmpykmypa, ¢azosvie nepexoovt, UK cnexmpocko-
nus, Paman cnexmpockonus, penmeeHoCmpyKmypHbitl AHATU3.

Introduction. Bismuth pyrostannate Bi,Sn,O; be-
longs to the pyrochlore family, which is interesting for its
physical properties. These compounds exhibit well-known
structural phase transitions of the displacement type in
oxygen-octahedral structures, which are usually accom-
panied by sharp changes in dielectric, mechanical, optical,
and other properties.

Three structural modifications were found in poly-
morphic Bi,Sn,0;. Above 900 K, the compound has a
cubic structure with small displacements of Bi** ions from
the ideal pyrochlore structure and belongs to the y-phase.
In the temperature range 390-900 K, the B-phase with an
orthorhombic structure is realized. At room temperature,
Bi,Sn,07 is in a noncentrosymmetric monoclinic structure
(o-phase) with space group Plc/ [1]. Recently, a low-
temperature transition at 7= 140 K from the monoclinic struc-
ture to the lower triclinic system has been discovered [2].

In most cases, the crystal structure of bismuth pyro-
stannate is cubic with a lattice constant of about 1.0 nm
and eight formula units per unit cell. The large A-ion is
located in 16d-positions and is eight-fold coordinated by
oxygen ions, while the smaller B-ion is located in the oc-
tahedral environment of oxygen (16c-positions) and has
sixfold coordination. The pyrochloric structure A,B,0¢0'
is consists of two sublattices: B,Og and A,O'. The B,O¢
sublattice is formed of BOg — octahedra connected by an
oxygen B — O — B bridge at an angle of 135° into zigzag
chains, all B — O bonds are equivalent. The A cation
forms the A,O' sublattice from the A — O' chains. Cations
A and B in the structure of pyrochlores form a sublattice
of tetrahedra connected by corners.

The structure of Bi,Sn,0; is well described by two in-
terpenetrating oxide sublattices. The Sn,Og sublattice
consists of SnOg octahedra connected by vertices to form
hexagonal rings. In the Bi,O' sublattice, the Bi*" cation
is tetrahedrally coordinated by O’ anions with linear
O'-Bi—0O’ bonds.

It was found that the transitions to the a- and B-phases
occur with the rotation of Bi,O' tetrahedra, which displace
Bi ions to the top of the SnO4 oxygen octahedron of the o-
phase and the edge in the B-phase [3]. Bismuth ions in
their electronic structure have a lone pair of 6s* electrons.
These electrons cause mobility of Bi*" and O” in Bi,O’,
which leads to distortion of the ideal structure of pyro-
chlore. Correlated displacements of Bi** can lead to phase
transitions into complex ordered structures, which in turn
lead to changes in macroscopic properties.
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In the region of structural phase transitions, anoma-
lies on the curves of temperature dependences of dielec-
tric and electrical properties of Bi,Sn,O; are observed
[1; 4].

Bismuth pyrostannate is a dielectric. Substitution of
tin ions by 3-d elements in Bi,Sn,O; causes distortion of
the crystal structure and a shift in phase transitions. For
example, heterovalent substitution of Bi*" and Sn*" ions in
Bi,Sn,0; leads to a change in the temperature of the o—f
transition [5-7].

In the region of the a—p structural phase transition,
the compound Biy(Sn;Cry),07, x = 0.1 completely
changes the conductivity type from hopping (Mott con-
ductivity) to the Poole-Frenkel tunnel emission type. The
conductivity of Biy(Sn;,Cry),07, x = 0.15 at the a—f
transition is mixed, some of the domains of the compound
carry out charge transfer according to the Mott conductiv-
ity type, and the other according to the Poole-Frenkel
type. The ratio between these phases is approximately
50 x 50 [5; 8].

An electronic transition with a change in the conduc-
tivity type from the hopping to the tunnel emission Poole-
Frenkel type at the a—f structural transition is observed
at isovalent substitution of Biy(SngoMny 1),0-.

Substitution of manganese for tin ions changed the
type of thermal effects during structural phase transitions
from exothermic to endothermic [7]. Anomalies of the
dielectric constant are observed in the region of the a—f
transition. For example, the real part of the dielectric con-
stant Re(e) Biy(SngoMng),0; has an inflection point at
418 K and a sharp rise above 700 K, the imaginary part
Im(e) exhibits a maximum at 7= 425 K and an increase
that begins from 7'~ 700 K [7].

Anomalies of the dielectric constant in the temperature
range of phase transitions are also observed in chromium-
substituted pyrostannates. In the Biy(Sn;Cry),07 system,
a broad maximum in Re(¢) and Im(g) at about 420 K is
observed with their further increase near the f—vy transi-
tion [9].

The structural o—f transition is accompanied
by anomalies in the temperature behavior of the magnetic
susceptibility. In the compound Biy(SngosMnygs),07
[10] antiferromagnetic  exchange prevails, and
in Biy(Sn;Cry),0; ferromagnetic exchange dominates
[5; 11-12].

The absence of an inversion center in bismuth pyro-
stannate is a prerequisite for the existence of ferroelectric
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order at low temperatures. Theoretical calculations carried
out from first principles confirm this assumption. In
Biy(Sny gFey,),0; magnetoelectric interaction up to 300 K
was found [13-14]. An external electric field leads to
deformation of the crystal lattice and to the formation of
electric polarization.

The magnetic field-induced electric polarization is an
even function of the magnetic field, with the exception of
the 140-160 K structural phase transition region, where
the linear magnetoelectric effect predominates. The mag-
netic field-induced electrical polarization decreases with
heating. The structural phase a— transition and the tran-
sition from a noncentrosymmetric to a centrosymmetric
structure are accompanied by maxima in the temperature
dependence of the dielectric constant and thermoelectric
power.

Cationic doping changes the structure of pyrochlore
and the basic physical properties of the compounds, since
the structural and physical properties are correlated with
each other. This group of compounds can be potentially in
demand as materials for electrochemical devices, elec-
tronic devices of a new generation due to the relatively
low synthesis temperatures of doped bismuth pyrostan-
nates and a significant increase in their thermal stability.
The possibility of distributing atoms of doping elements
over two equivalent crystallographic positions increases
the variability of the properties of compounds, due to the
different nature of the doping element, affects the defective-
ness of the cationic and anionic sublattices, and the transport
properties of ions (in particular, mobile oxygen O').

At polymorphic transitions in a wide temperature
range, the electric polarization can be controlled by the
magnetic field. Multiferroics, which include substituted
bismuth pyrostannates, are widely used in electronics and
telecommunication technologies. They can be used as
polarizers in a wide frequency range from 10'°-10'° Hz,
for magnetic memory devices and spin electronics, in
magnetic random access memory, which combines the
speed of semiconductor electronics and non-volatility.
Multiferroics serve as the basis for the creation of ME
elements of spintronics, in microwave devices as valves,
modulators.

Based on the information presented, the purpose of
this work is to study the effect of replacing Sn*" ions with
Cr’* ions on the structural properties by X-ray diffraction
analysis and IR, Raman spectrometry.

Experimental results and discussion. Synthesis and
X-ray structural analysis. The study of the structural
properties by X-ray diffraction analysis, Raman and IR
spectroscopy was carried out on polycrystalline samples.
Compounds of complex oxide Biy(Sn;Cry),07, x = 0;
0,05, and 0.1 were obtained by solid state reaction method
according to the following reaction:

2(1 — X)SIIOZ + XCI'203 + Bi203—>Bi2(Sn1,xCrx)2O7,X

A mixture of oxides SnO,, Cr,0; and Bi,O; in a
stoichiometric ratio was ground for a long time in an
agate mortar, pressed into tablets, placed in an oven and
kept at a temperature from 973 to 1223 K, the holding
time varied from 8 to 24 hours [11; 12].
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X-ray structural analysis was performed on the syn-
thesized samples. X-ray powder diffraction patterns of
Bi,(Sn; Cry),074, x = 0; 0.05, 0.1 were carried out at
room temperature on a Bruker D§ ADVANCE diffracto-
meter using a VANTEC linear detector and Cu-Ka radia-
tion. During the experiment, different sizes of the primary
beam slits were used: 0.6 mm in the range of angles
20 = 5-70° and 2 mm in the range of 70—120°. The scan-
ning step is 0.016° and remained constant in all areas,
the exposure time at each step is 1.5 and 1 s for the ranges
5-70° and 70-120°, respectively. The standard deviations
of the intensities of all points of the X-ray diffraction pat-
tern were calculated, and then the intensities and standard
deviations of all points of the high-angle part were multi-
plied by a normalizing factor of 0.45. All peaks corre-
sponded to the monoclinic cell of the Pc a-phase
Bi,Sn,07 [15]. The crystal structure contains 32 Bi*" ions,
32 Sn*' ions, and 112 O ions in the independent part of
the cell (fig. 1). All Bi’" ions are coordinated by 8 O*
jons and form distorted cubes, while Sn*" ions are coordi-
nated by 6 O* ions and form octahedra, which are con-
nected by vertices.

The coordinates of all 176 atoms were fixed, since the
number of coordinates alone, 528, is comparable to the
number of observed reflections. Nevertheless, even the
fixed coordinates of the atoms made it possible to cor-
rectly describe all the present reflections, and the refine-
ment yielded low uncertainty factors (tab. 1, fig. 2, a).

A linear decrease of the unit cell volume with an
increase in the concentration of the substitution ion
(fig. 2, b) confirms the single-phase nature of the
Biy(Sn;Cry),0; compositions, since the ionic radius
IR (Cr’*, CN=6) = 0.615 A is less than the radius of the
IR ion (Sn*', CN=6) = 0.69 A [16]. Cr’" ions preferably
occupy octahedral positions.

IR spectroscopy. Studies of Biy(Sn;Cry),0; by IR
spectroscopy were performed on a Fourier transform
spectrometer Vertex 80 v with a spectral resolution
of 1 cm' in the temperature range 110525 K, the fre-
quency range 350-1100 cm'. The studies were carried
out on a sample in the form of a tablet with a diameter of
13 mm in a KBr matrix.

The absorption bands of the IR spectra of Bi,Sn,O;
in the frequency range of 100-1000 cm ™' are usually at-
tributed to the stretching vibrations of the crystal lattice
ions. These compounds have seven active IR modes,
stretching and bending [17] and concern only vibrations
of oxygen atoms occupying two crystallographic positions
in the crystal structure of A;B,040".

IR absorption spectra at room temperature in the fre-
quency range 350-1200 cm!  for Bi,(Sn;_Cry),07,
x =0; 0.05 are shown in fig. 3.

The IR spectrum of Bi2Sn,O; contains 4 main vibra-
tion modes: 521, 615, 726 and a broad complex mode in
the region at 800 cm ™' (tab. 2). The stretching vibration
mode w = 521 is attributed to stretching vibrations of
oxygen in the SnOg octahedron and splits into two lines at
518 and 525 cm'. The IR spectra of pyrochlore com-
pounds have very weak absorption bands in the frequency
range 800-1100 cm ', which were identified as an addi-
tional complex structural mode of the A—O' long bond
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in the A,O' sublattice. The difference in bond lengths
is 20 % between 2.351 A and 1.961 A, and the displace-
ment of the O' anion and the A cation within the domain
leads to the shortening of one A — O' bond and lengthen-
ing of the other [18]. According to this model, the vibra-
tions of the short A — O' bond correspond to phonon
modes at about 850 cm ' and vibrations of the long bond
at 483 cm .

The substitution of tin by chromium ions led to a
modification of the IR spectrum, which also contains four
distinct groups of lines in the frequency ranges 370-440,
480560, 580—680, 820-920 cm .

All lines of this spectrum are complex and consist of
several lines: the frequency range 370-440, 480-560,
580-680 cm™' contains 2 lines, and 820-940 cm™' —
3 lines.

Fig. 1. Biy(Sn;4Cry),07., x = 0; 0.05, 0.1 crystal structure. The BiOg
fragment is shown separately. There are Sn ions in the center
of octahedra. Color code: O atoms are at the vertices of the blue
octahedra, O’ atoms are dark blue

Puc. 1. Kpucrammnueckas ctpykrypa Biy(Sny_Cry),07, x = 0; 0.05, 0.1.
IMonpemerka BiOg BbIgeneHa oTaenpHO. B eHTpe 0KTa’[poB HaXxoIsITCs
noHbI Sn. AToMbl O HaXOJSATCSI B BEPILIMHAX T'OJIyOBIX OKTadpOB.
Atombr O'— TeMHO roy0bIe
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Fig. 2. Difference XRD pattern of Bi,(Sn;Cry),05 (@). Cell parameters of Bi,(Sn,_,Cr,),0; (b)

Puc. 2. Pasnocrnas perrrenorpamma Biy(Sn; Cry),07 (a). [lapametps! saeiixu Biy(Sn; Cry),07(6)
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Table 1
The main parameters experiments and refinement results of Bi,(Sn;_,Cr,),0,
X 0.05 0.1
Space group Pc Pc
a, A 15.0634 (13) 15.075 (1)
b, A 15.1055 (12) 15.0823 (1)
c,A 21.381 (2) 21.3589 (13)
B,° 89.924 (7) 89.905 (4)
Vv, A3 4865.0 (7) 4856.6 (5)
20 interval, © 5-90 5-90
Ryp, % 13.93 13.62
R,, % 10.21 10.06
Rg, % 5.08 5.56
r 1.75 1.70

This is agree with the X-ray structural data for
Biy(Sng95Cr05),07. The vibration frequency of ions is
determined by the symmetry of the crystal lattice.

The frequency range 370440 cm ' of the IR spectrum
of Biy(Sng ¢5Crg05),07 (fig. 3) contains a set of lines with
frequencies of 378, 416 cm'. The mode at a frequency
of 382 cm ! is a stretching Bi — O mode of the ideal pyro-
chlore structure [12]. The 416 cm ' line corresponds to
oxygen vibrations in the SnOg octahedron.

The next frequency range 490—540 cm ' at room tem-
perature contains two broadened lines with frequencies of
506, 526 cm' (fig. 3), corresponding to stretching vibra-
tions of the Bi — O' bond in Bi,Sn,05.

In the frequency range 610—640 cm™', the IR spectrum
of Bi,y(Sng¢sCrg0s5),07 at room temperature has a broad-
ened line, which consists of two lines (fig. 3) with fre-
quencies of 618 and 632 cm . IR absorption in this fre-
quency range is attributed to stretching vibrations of the
Sn — O bond of the oxygen octahedron SnOg in the pyro-
chlore structure [12].

Low-intensity absorption is observed in the high-
frequency range 850-920 cm . The absorption spectrum
has a shoulder at 863 cm ' and a broadened line consist-
ing of 2 lines with frequencies of 878 and 894 cm ™. In the
Bi,(Sng95Crg05),07 solid solution, the substitution of tin
by chromium distorts the local structure in the vicinity of
bismuth ions, and the vibrations of the Bi — O' — Cr bonds
correspond to these frequencies. In Bi,Sn,O;, the lone
electron pairs of Bi’" are shortened due to the overlap of
Bi 6s electron pairs and d-orbitals of Sn**. The ionic radii
of Sn*, Cr’" and Bi*" are 0.067, 0.064, 0.120 nm respec-
tively. Chromium ions predominantly occupy octahedral
positions; therefore, it can be assumed that chromium
replaces tin ions in SnQOy, distorting the nearest environ-
ment.

Almost all vibration frequencies decrease monotoni-
cally with increasing temperature, except for the vibration
frequency of the Sn-O bond at 630 cm ™. A slight soften-
ing of the frequencies at 878 and 894 cm ' upon heating
and a decrease in their intensity is observed at a tempera-
ture of 330 K. This is possibly due to the electronic con-
tribution to the absorption spectrum. Impurity states of

electrons (holes) form a bound state with phonons — a
polaron. At a certain value of the parameter of the
electron-phonon interaction, a quasigap is formed in im-
purity polaron states. With increasing temperature,
the chemical potential falls into the forbidden polaron
subband and the intensity of thermal transitions decreases
at T=330K.

In the vicinity of a temperature of 260 K, another tran-
sition in the absorption intensity was found. IR absorption
reaches a maximum at a frequency of 508 cm™, corre-
sponding to the vibration of a single Bi-O' bond. It is possi-
ble that a center of symmetry appears in one of the phases,
i.e. a centrosymmetric — noncentrosymmetric phase transi-
tion is realized. This assumption is supported by the pres-
ence of a maximum dielectric constant at 260 K 11].

Raman spectroscopy. Micro-Raman scattering spectra
were measured in backscatter geometry at room tempera-
ture through a 50x microscope objective using a Ren-
ishawin Via micro-Raman spectrometer equipped with an
argon laser (514.5 nm, maximum power 10 MW). The
spectral signal was scattered by a 2400 groove/mm dif-
fraction grating on a Peltier-cooled CCD detector with a
resolution of 1 cm™.

The absence of a center of symmetry in the a-phase is
also confirmed by Raman scattering spectra. Experimen-
tal data of Raman spectroscopy Biy(Sn;,Cry),07,
x =0, 0.1 are shown in fig. 4 in the frequency range
100-1000 cm ' at room temperature. The spectrum of
Bi,Sn,0; consists of a number of broad bands and is con-
sistent with the spectrum data [19]. The ideal pyrochlore
structure A,B,0(1)sO(2) with a space group Fd3m has
several types of vibrations I'r = Ay + E, + 4F,,. In this
view, the six main Raman modes are active. The spectra
shown in fig. 4 have a number of spectral lines that differ
from the ideal pyrochlore structure, as a result of a de-
crease in symmetry (tab. 2).

Bismuth pyrostannate with symmetry Pc(Cf) has a
larger number of active modes ['g = 526A' + 527A". In the
frequency range 100-200 cm ! for Bi,(Sn;Cry),07, x =0,
bending (F,,) O-Bi-O, 148 cm ! and stretching (Fy,) Bi-
SnO, 188 cm ' vibrations are active [6].
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In the intermediate region of the spectrum of
Bi,Sn,0-, 200-400 cm ' some modes correspond to ac-
tive vibrations of IR spectroscopy for pyrochlores with
low symmetry. The spectral line at 211 cm ™' is predomi-
nantly described by stretching vibrations (Fy,) along the
Bi-SnO¢ bond. Vibrations with frequencies of 274,
382 cm' are defined as stretching (Fj,) O-Sn-O and

stretching (F;,) Bi-O. Within this range, there are two
modes that correspond to the ideal pyrochlore structure,
225 (Fy,) and 248 cm (E,). The mode (F»,) is associated
with the shift of oxygen O1 in the SnOg4 polyhedron. Four
groups of vibrations are observed in the Raman spectrum of
Bi,Sn,0; above 400 cm . Vibrations of 535 and 400 cm
are classified as stretching O-Sn-O (A,) and Sn-O (F).

absorbance (a.u)

T T
400 600

wavenumber, cm”

T
1000
1

T
800 1200

Fig. 3. IR spectra of Biy(Sn;_,Cr,),0;. Curve 1 corresponds to x =0,
curve 2 corresponds to x = 0.05

Puc. 3. UK cnextpsl Biy(Sny_,Cry),0;. Kpusas 1 otHOCcuTCs k x = 0,
kpuBas 2 otHocutes K x = 0,05

Raman Intensity
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Fig. 4. Raman scattering spectrum of Biy(Sn;_(Cr,),0. Curve 1 corresponds
to x =0, curve 2 corresponds to x = 0.05

Puc. 4. Cnexrpsl PamanoBckoro paccesaus Bix(Sn;Cry),05.
Kpusas 1 otHocuTes k x = 0, kpuBas 2 otHocutres K x = 0,05
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Table 2
Vibration modes of Raman and IR spectroscopy of Bi,(Sn;_,Cr,),0,
Raman modes (cm™") IR modes (cm ™) correspondence
X=0 X=0.1 X=0 X=0.05
108 108 Ay
148 144 broad Flexural O-Bi-O (Fy,)
181 Bi-SnOg (F1y)
208
215 Fi,
225 Fa,
248 251 E,
274 Flexural O-Sn-O (Fy,)
332 353 Fi,
382 Stretching Bi — O’
400 416 broad Flexural O B SnO'(F,)
507 Bi-O'
512 518 Stretching SnOg octahedron (A,)
534 523 525 526 Flexural O' (A,,)
581 Stretching Bi-O(F5,)
608 (F2e)
615 619 Stretching Sn—O
632
726
801 Overtone or combination
822 820 863, 883
The substitution of tin ions by chromium led to a de- Acknowledgments. The reported study was

crease in the number and intensity of spectral lines of the
Raman spectrum, as well as to the appearance of two new
modes at frequencies of 581 and 822 cm'. The spectral
line 581 cm™' exists in the optical spectra of compounds
with an ideal pyrochlore structure and refers to stretching
vibrations of the Bi-O bond. The high-frequency spectral
line 822 cm ' does not have an unambiguous interpreta-
tion, and it is defined as an “overtone or combined” band
(combination band) or mode (F»,) [6].

Substitution of tin by Cr’* ions does not change the
space symmetry group and leads to the absence of some
spectral lines in the spectrum of Biy(Sn;4Cry),07, x = 0.1
in comparison with Bi,Sn,0;. Perhaps this is due to an
increase in the local symmetry of bismuth pyrostannate at
a disordered arrangement of Cr*" ions.

Conclusion. At room temperature, bismuth pyrostan-
nate Bi,(Sn;(Cry),07, x = 0; 0.05, 0.1 refers to the mono-
clinic structure of Pc. Chromium ions replace tin ions in
SnOg octahedra. In The IR absorption spectra four fre-
quency regions with two absorption lines in each region,
and three lines in the high-frequency region were re-
vealed. The softening of frequencies and the type of vi-
bration mode associated with the valence bonds of bis-
muth and tin at structural transitions have been estab-
lished. The absence of an inversion center in doped bis-
muth stannates is confirmed by Raman spectra. In chro-
mium-substituted pyrostannates, the phase boundaries of
the structural transitions inherent in Bi,Sn,O; are shifted.
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OBJECTS USING INVERSE OPALS

0. V. Shabanova'”, I. V. Nemtsev>>, A. V. Shabanov’

! Special Designing and Technological Bureau “Nauka” KSC SB RAS

50, Akademgorodok, Krasnoyarsk, 660036, Russian Federation

? Federal Research Center
Krasnoyarsk Science Center of the Siberian Branch of the Russian Academy of Sciences
50, Akademgorodok, Krasnoyarsk, 660036, Russian Federation
?L.V. Kirensky Institute of Physics SB RAS
50, building 38, Akademgorodok, Krasnoyarsk, 660036, Russian Federation

*E-mail ollach@yandex.ru

The purpose of this study is to test the possibility of using inorganic macroporous structures of inverse opal in sam-
ple preparation for scanning electron microscopy of biological objects.

As an absorbent substrate we used silica inverse opals prepared by a sol-gel method to study the biological objects.
The process of manufacturing the inverse opal involves a complex multi-stage technological process. First, we synthe-
sized submicron spherical particles from polymethylmethacrylate by the method of emulsifier-free emulsion polymeriza-
tion of methylmethacrylate in an aqueous medium in the presence of a diazoinitiator. This method can be used to obtain
an ensemble of particles with high monodispersity, the average size of which can vary in the range from 100 to 500 nm.
Then, by self-assembly technique, we deposited the beads of polymethylmethacrylate into ordered matrices (templates),
mainly with a face-centered cubic lattice. The resulting mesoporous structures, called artificial opals or colloidal crys-
tals, had lateral dimensions of about 10 x 10 % 2 mm. Then we heat-treated the opals to 120 °C to harden the template
before being impregnated with the precursor. Further, we impregnated the opals with silica sol with a particle size
distribution from 1 to 5 nm, obtained by hydrolysis of tetraethoxysilane in the presence of hydrochloric acid, and then,
after curing and drying the impregnating composition in air at room temperature, we multi-stage fired them up
to 550 °C at normal pressure in the air atmosphere to remove all organic components. As a result, the macroporous
metamaterial (the so-called inverse opals) with an open system of pores up to 400 nm in size, occupying about 80 % of
the volume, were obtained.

We studied lactic acid bacteria of cucumber brine and human red blood cells with TM4000 Plus, SU3500
and S-5500 scanning electron microscopes. Auxiliary substance for the sample preparation was ionic liquid VetexQ EM
(Interlab LLC). We showed that it is possible to use the inverse opal as an absorbent substrate for sample preparation
and rapid analysis in scanning electron microscopy without pre-drying, chemical treatment, or temperature exposure.
To improve imaging in the electron microscope, we used sputter coater to cover the inverse opal surface with a thin film
of platinum. The use of ionic liquid in combination with the absorbent porous medium allows preserving an original
shape of the biological structures. Using the human red blood cells and lactic acid bacteria, we showed that it is possi-
ble to carry out of the morphological analysis of the cells using various scanning electron microscopes. We found
that on the basis of the inverse opal, there is a fundamental possibility of creating the absorbent substrate suitable
Jfor repeated use in the study of the biological objects. At the same time, trace remnants of previous samples remaining
after annealing the plate do not introduce significant distortions when conducting new series of observations. In this
study, we obtained high-quality electronic micrographs of the biological objects with high resolution and contrast.
At the same time, due to the use of the inverse opals as the absorbent substrate, time and financial costs for research
are reduced.

Keywords: scanning electron microscopy, mesoporous structure, inverse opal, lactic acid bacteria, erythrocyte.
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Lenvio danno2o ucciedos8anus A6IAemes anpodayust 603MOICHOCIU NPUMEHEHUST HEOP2AHUYECKUX MAKPONOPUCHIBIX
CMPYKMYp UHEEPCHO20 ONANA NPU RPOOONOO20MOSKe OIS CKAHUPYIOWE dNEKMPOHHOU MUKPOCKONUU OHUO0OBEKMOS.

Hz20mosnennvle 301b-2elb CHOCOOOM UHBEPCHBLE ONAJIbLL HA OCHOGE KDEMHE3EMA NPUMEHSLIUCL 6 KAYeCmee 6numbl-
saroweli NOONONHCKYU O U3yYeHUs: buono2uyeckux obpasyos. HMszomosnenue ungepcho2o onana npeocmasisiem cooot
COJHCHBINL MHO2OCMYNeHYamulil mexuono2udeckuti npoyecc. CHauana memooom 6e33MyNb2amopHoOl dIMYIbCUOHHOU
NOAUMEPUZAYUU MEMUIMEMAKPUIAMA 6 GOOHOU Cpede 6 NPUCYMCMEUU OUd30UHUYUAMOPa Obliu CUHMEIUPOBAHbL
CYOMUKPOHHbIE CheputecKue yacmuybl U3 noauMemuimemakpuiama. Takum cnocobom MOACHO NOYYAMb AHCAMOTb
Yacmuy ¢ GblCOKOU MOHOOUCTIEPCHOCMBIO, CPEOHUTI pA3ZMeED KOMOPLIX MOJICem 6apbuposamsbcs ¢ duanazone om 100
00 500 um. 3amem memooom camocOHopru cyoMuKpocpepvl noruUMemuIMemaKpuiama 0Caxicoanuch 8 ynopsaooienHole
Mampuysl (WUabIoHbL) NPEUMYWECTNBEHHO C SPAHEYEHMPUPOBAHHOU KyOuueckol pewémxou. [lonyuennvie mezonopu-
cmble CIMpYKMypbl, HA3bleaemble UCKYCCMBEHHbIMU ONANAMU UTU KOLTOUOHBIMU KPUCMALLAMU, UMENU PA3Mepbl NOpPA0-
ka 10 x10 x 2 mm. 3amem onanvl noogepeanuce mepmuyeckou oopadbomre oo 120 °C 0ns ynpounenus wiabiona nepeo
nPONUMKOU NPeKypcopoMm. [lanee onaivl npONUMbIEAIUCh 30]1eM KpeMHe3éma ¢ pazmepom yacmuy om 1 0o 5 um, nory-
YEHHbIM NYMEM 2UOPOIU3A MEMPAIMOKCUCUIAHA 8 NPUCYIMCIBUL CONIHOU KUCIOMbL U 3AMeM, HOCAE OMEePICOeHUs.
U CYWIKU NPONUMbLEAIOUe20 COCMAsa Ha 8030yXe NpU KOMHAMHOU memMnepamype, n008ep2aiuch MHO20CIYNEHUYAMOMY
06aicuey 00 550 °C npu HopmarbHoOM 0aslieHuU 8 6030YWHOL ammocepe 05 YOANeHUsL 6CeX OP2AHUYECKUX KOMNOHEH-
mos. B pesynomame nonyuanucs oopasyvl MaKkpoOnopucmuix Memamamepuanos (max Hasvliéaemule, UHGEPCHbLE ULU UH-
BEPMUPOBAHHBLE ONAJIbL) C OMKPLIMOU cucmemotl nop pazmepom 00 400 um, 3anumarowux oxono 80 % o6véma.

B cxanupyrowux snexkmponnvix muxpockonax TM4000 Plus, SU3500 u S-5500 ¢ ucnonvzosanuem Maxponopucmoix
CmpyKmyp ObLiu UCCIe008aHbL MOJIOYHOKUCTbIE OAKMepUY U KPACHble KpOGsaHble menvyd. JIis yiyuuenus u3yaiu3ayuu
UCHONb306ANUCH CUCTHEMbI HANBLIEHUSL MEMANN08 OJisl NOKPLIMUS NOBEPXHOCMU UHBEPCHO2O0 ONALA MOHKOU NAEHKOU
naamunsl. Becnomoeamenvholym 6eujecmeom 6 npobonoo02omoske gblcmynana uoHHas sicuokocms Vetex(Q EM (Interlab
LLC). Iokazano, ymo ungepCHulil ONAL MOICHO UCHONB308AMb KAK BNUMBIBAIOWYIO NOONOICKY 01 NPOOONOO20MOEKU
U IKCHPECcC-aHAIU3A 8 CKAHUPYIOWeEl INEeKMPOHHOU MUKPOCKONUU Oe3 NPedsapumenvHoll CYWKU, XUMUYeCKol o6pa-
OOMKU UIU MEMNePamypHo20 8030eicmeust 6uooovekmos. Ucnonb306anue UOHHOU JHCUOKOCIMU 68 COYEMANUL C 6NUMbL-
saioweti NOpUCMoul cpedoil NO380JIsleN COXPAHUMb NEPEOHAUATLHYIO hopmy buorocuyeckux cmpykmyp. [lokazana 603-
MOJICHOCTb UYUEHUSE MOPPONIOZULECKUX 0CObEHHOCmel DUOCMPYKIMYD HA NpuUMepe IPUMpOYUnOo8 Yer08ekd u Moio4-
HOKUCbIX bakmeputl. DKCNEPUMEHMATLHO YCMAHOBIEHO, YMO GNUMbIEAIOUL)I0 NOOJIOJCKY HA OCHOBE UHBEPCHO20 ONALA
MOICHO UCNOTIBL308AMb MHOZOKPAMHO NPU UCCAe008aHuU buonocuyeckux 06vekmos. Cnedogvle 0cmamii npeobloyuux
npo6, ocmaswuecs NOcie OMICU2a NAACTUNDL, He GHOCIM CYUeCMEEHHbIX UCKANCEHUN NPU NPOBEOeHUY HOBbIX cepull
Habmo0enull. B nawem uccnedosanuu 6viiu nomyueHvl 8blCOKOKAYECMBEHHbIE JIEKMPOHHble MUKpogomozpaduu 6uo-
00bEKMos ¢ 8bICOKUM pazpeuteHuem u Koumpacmom. Ilpu smom 3a cuém ucnoib308anusl UH8EPCHLIX ONALO8 8 KAYeCH!-
6e snumvleaiowell NoONONHCKYU 00eCneyusaemcsi COKpaujeHue pEeMeHHbIX U PUHAHCOBBIX 3aMPam HA UCCIEO08AHU.

Kniouegvie crosa: cxanupyowas s1eKmpoHHAs MUKPOCKONUS, ME30NOPUCAA CIMPYKMYpa, UHEEPCHbINL Onai, MO-
JIOYHOKUCIAs, bakmepus, IpUmpoyum.

Introduction. Electron microscopy in the field scans the surface of the object, registering for each point
of studying biological objects (cells, cell organelles, such processes as the generation of back-scattered elec-
bacteria, viruses, biogenic macromolecules, etc.) allows trons, secondary electrons, characteristic X-ray emission,
solving a number of research problems to determine the and others. TEM captures an image by scattering elec-
structure, morphology, chemical composition, contact trons passing through a thin sample, allowing structural
interaction with each other, etc. with high contrast and  features within a biological object to be investigated.
resolution [1-3]. The stage of preparing samples for research plays a

Scanning electron microscopy (SEM) is used to study  key role in electron microscopy. The traditional approach
the morphology of individual biological objects and their ~ to sample preparation of biological objects for electron
groups [4; 5]. Transmission electron microscopy (TEM) microscopy is reduced to repeating natural processes that
works with thin sections of samples [6]. SEM sequentially  have been going on for millions of years. Chemical sub-
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stitution of certain organic compounds for minerals is an
alternative to fossilization. Replacing water with wax or
epoxy is similar to making amber with inclusions. Drying
at the critical point is close to mummification, and the
cryofixation method makes it possible to stop all bio-
chemical processes in the sample relatively quickly and
avoid morphological changes inherent in chemical fixa-
tion (but it has its own limitations) [4].

The bases of the latest techniques, without doubt, are
devices with concentrated water vapor in the observation
chamber: the partial pressure of the gas does not allow the
liquid to boil. Unfortunately, this equipment is not widely
used at present.

Another area is the use of salts that are liquid at room
temperature. These are very heavy organic compounds
that do not boil under vacuum in the working chamber of
a conventional electron microscope (10°~10~ Pa). The
ionic liquid, covering the sample, retains its shape and
successfully conduct the electric current.

Thus, it is known that in order to obtain the most poi-
sonous natural compound (botulinum toxin), a microfilter
is needed. Bacteria are concentrated on it when pumping a
suspension. Subsequent extraction from the accumulated
layer of unicellular organisms allows obtaining the re-
quired chemical compound [7].

The idea of separating a biofluid from microscopic ob-
jects suspended in it, therefore, has more than one decade
and has been successfully implemented on an industrial
scale [8—10]. For the electron microscopy, this approach
allows to reduce the waiting interval between the stages
“object in a living environment” — “object under an elec-
tron beam” to several minutes. The main delay is caused
by the time it takes to achieve the required vacuum in the
microscope sample chamber.

In this regard, of particular interest are inverse opal
materials (IOM) [11-13] that are inorganic macroporous
structures with a pore size > 50 nm [14-17].

The purpose of this paper is to assess the possibility of
using IOM in the study of biological objects using the
example of lactic acid bacteria and human erythrocytes.

The main part. The process of obtaining IOM is de-
scribed in the papers [18; 19]. Briefly, suspensions of
submicron spherical particles were synthesized by the
method of emulsifier-free emulsion polymerization of
methyl methacrylate in an aqueous medium in the pres-
ence of a diazo initiator. Particle size distribution, or
monodispersity, did not exceed 6 %. After the deposition
of polymethyl methacrylate balls by self-assembly into a
mesoporous structure [15; 20-22] with a cubic face-
centered packing [23; 24], the dispersion medium was
removed; the resulting matrices (templates) were impreg-
nated with silica sol [25]. After curing the impregnation at
room temperature and drying at 75-80 °C, the samples
were subjected to multistage firing to remove polymer
components. The inorganic part of the material (SiO,)
remained in the form of a three-dimensional imprint of
the matrix (fig. 1).

To effectively remove the charge of the sample sur-
face in the SEM chamber, a platinum film with a thick-
ness of 2—6 nm was deposited on the surface of inverse
opal using the K575XD turbo-pumped dual head sputter
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coater (Emitech Quorum, UK) and the ACE200 metal
vacuum deposition system (Leica, Germany). To visualize
morphological features and X-ray elemental mapping the
following SEMs were used: TM4000 Plus, SU3500 and
S-5500 (Hitachi, Japan).

It should be noted that more than 80 % of the inverse
opal volume is occupied by interconnected voids (fig. 1,
on the left). Under the influence of capillary forces, the
liquid surrounding the samples is absorbed into it. There-
fore, salts and organic compounds evaporated under vac-
uum are hidden inside the volume of the porous substrate.

The fig. 1 (on the right) represents the EDS spectrum
of inverse opal. The spectrum contains peaks associated
with carbon, oxygen, silicon and copper. The high carbon
content in the spectrum can be characterized as follows.
Firstly, it is well known that electron probe microanalysis
is not accurate for low atomic number elements such as C,
B, N, O, etc. Secondly, in most cases, apparently, the in-
evitable contamination of the inner walls of the vacuum
chamber with carbon occurs. In addition, a double-sided
electrically conductive carbon tape was used to mount the
sample for operation in the SEM. The presence of copper
is due to the copper substrate for the SEM.

The absence of crystals of salts, fat spots, carbohy-
drates and other things allows one to observe the surface
of cells without artifacts (fig. 2).

In fig. 2 lactic acid bacteria did not change their shape
under vacuum. Usually, after drying, only “deflated”
shells can be observed. Sometimes organic objects in the
electron microscope chamber explode, leaving an imprint
on the mineral substrate. In fig. 3 area 1 is damaged
lactic acid bacteria. Their shell is macerated (“wrinkled”
during the drying process). Area 2 is the trace left by the
bacteria.

The liquid forms a drop if it comes in contact with
a hydrophobic surface. Its drying and retraction leads
to destruction of the upper layers of fragile inverse opal
(fig. 4). These distortions go up to domain boundaries.
There is an assumption that due to the polydomain nature,
the chips do not cause through cracks.

Physiologically, human erythrocytes enter narrow cap-
illaries, and therefore their shape very easily changes un-
der mechanical stress. In practice, this leads to deforma-
tion of the cells on the surface. Erythrocytes are imprinted
into the pores of the IOM, as seen in fig. 5 (dark rounded
spots are traces of blood cells).

The darkened zones recorded in the micrograph are
caused not only by the penetration of biological fluids
into the porous structure, but also by the carbon deposit
left after annealing by the flame of previous samples.

For comparison (fig. 6). represents a blood sample on
an aluminum substrate, washed with excess gasoline.

Fig. 6 shows erythrocytes adhered to the surface, as
well as substances dissolved in blood plasma, which hin-
der a qualitative study of cell morphology. Due to the low
adhesive capacity, a significant part of the erythrocytes
was washed off with the flushing liquid.

A completely different picture is given by the use of
an ionic liquid (fig. 7) [5]. Objects retain their three-
dimensional shape, protrude above the substrate level and
are visible even at low magnifications.
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Fig. 1. On the left is an electronic micrograph of an inverse opal based on silicon (IV) oxide. S-5500 microscope, 3 kV,
secondary electrons; on the right — an EDS spectrum of the sample. The insert shows the molar content of the elements.
The high carbon content is due to the imperfection (shortcoming) of the vacuum in the working chamber of the SEM
(residual contamination), copper — from the working substrate of the SEM)

Puc. 1. CneBa — anekrponHas Mukpodororpadusi ”HBEpCHOro onajia Ha ocHoBe okcuaa kpemuus (IV). DnexTpoHHbIi
mukpockon S-5500, 3 kB, Bropuunsie anexTpoHsl. Crpasa — DJIC-criekTp obpasua. Ha BcTaBke npuBeeHO MOJSIPHOE
coliep KaHue AIIEMEHTOB. Bricokoe cozepskanne yriaepoaa o0yCIOBICHO HEUACATFHOCTRIO BaKyyMa B paboueii kamepe POM
(ocTaTouHbIe 3arpsI3HEHUS, Melb — OT paboyero cronuka POM)

Fig. 2. SEM image of lactic acid spores on surface of inverted silica opal.
SU3500 microscope, 5 kV, secondary electrons

Puc. 2. DnexrporHast MUKpooTOrpadus Criopbl MOIOYHOKHUCIION OakTepuu
Ha IIOBEPXHOCTH MHBEPTHPOBAHHOTO ONaJia U3 KpeMHe3&Ma.
Muxkpockon SU3500, 5 kB, BropudHBIE 3I€KTPOHEI
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Fig. 3. An electron micrograph of lactic acid bacteria damaged during vacuuming on surface
of an inverted silicon oxide opal. SU3500 microscope, 1.5 kV, secondary electrons

Puc. 3. DnexTpoHHast MUKpOGOTOrpadusi MOJIOYHOKUCIBIX OaKTepHid, TOBPEXIEHHBIX BO BPEMsI BAaKyyMHUPOBaHUS,
Ha IIOBEpXHOCTH HHBEPTUPOBAHHOTO OMaia 13 okcuaa kpemHus. Muxpockon SU3500, 1,5 kB, BropryHbIe 3J1€KTPOHBI

Fig. 4. A local crack on surface of an inverted silica opal caused by deformation during drying
of an organic film. SU3500 microscope, 5 kV, secondary electrons

Puc. 4. JlokanpHas TpEIIMHA Ha IOBEPXHOCTH MHBEPTHPOBAHHOTO OMajia U3 OKCHAA KPEMHHUs, 00y CIIOBICHHAs
nedopMupoBaHHeM HPH BBICHIXaHUH INIEHKN OPTaHUIECKOTO MPOUCXOXKACHHSI.
Muxkpockon SU3500, 5 kB, BropudHBIE 2JI€KTPOHEL
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Fig. 5. Traces of human red blood cells on surface of inverted silica opal.
TM4000 Plus microscope, 20 kV, back-scattered electrons

Puc. 5. Cienbl 5puTPOLIMTOB YeJIOBEKa Ha OBEPXHOCTH MHBEPTHPOBAHHOTO OMajia M3 OKCU/IAa KPEMHHSI.
Muxkpockon TM4000 Plus, 20 kB, 06paTHO-0TpakEHHBIE IEKTPOHBL

Fig. 6. SEM image of red blood cells on surface of aluminum foil.
TM4000 Plus microscope, 5 kV, back-reflected electrons

Puc. 6. Dnexrponnas MUkpohoTorpadus IPUTPOLIMTOB HA TIOBEPXHOCTH ATFOMUHUEBOH (ONIBIH.
Muxkpockon TM4000 Plus, 5 kB, 00paTHO-0TpaKEHHBIE 3JICKTPOHBI
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Fig. 7. Red blood cells after treatment with an ionic liquid on surface of an inverted silica opal.
On the left is an erythrocyte that resembles a stellate (acanthocyte) in shape, on the right — it resembles
a target-shaped (platycyte). SU3500 microscope, 5 kV, secondary electrons

Puc. 7. DputporuTs! nocie 06padboTKH HOHHOM JKUIKOCTHIO HA TIOBEPXHOCTH HHBEPTHPOBAHHOTO OITaa
n3 okcuaa kpeMHus. CiieBa — 9pUTPOLUT, HAMOMUHAIOIINI 110 opMe 3BE31UATHIN (aKaHTOLHUT), CIIpaBa — IMEIOIINH CXOJCTBO
¢ MUILIEHEBUIHBIM (matuuuToM). Mukpockon SU3500, 5 kB, BropuyuHbIe 37IeKTPOHBI

Under the influence of the current, the ionic liquid can
both boil and decompose. Therefore, there is an instru-
mental limitation on the maximum possible magnification
that does not cause destruction of the object. In connec-
tion with the above, optimization of the SEM observation
parameters (currents, voltages, vacuum levels) and obtain-
ing conductive coatings is the goal of further research.

Conclusion. During the study of biological objects us-
ing scanning electron microscopy, the morphological fea-
tures and elemental composition of the inverse opal struc-
ture of silica, lactic acid bacteria, as well as human red
blood cells were studied. A technique has been developed
for the preparation of biological samples using an ionic
liquid in a complex (in combination as a whole) with an
absorbent macroporous material, which makes it possible
to preserve the original shape and structure of biological
structures unchanged.

The possibility of express sample preparation for the
subsequent express study of biological objects in a liquid
has been experimentally shown. The principal possibility
of multiple use of macroporous structures based on in-
verse opal from silica for the study of biological samples
has been demonstrated empirically. The exceptional fra-
gility of inverse opal has been demonstrated, which
makes it impossible to use it as a biological filter for the
separation of liquid biological media.
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PRODUCTION OF FINLY DESPERSED POWDER FROM GRAPHITE BY ELECTROLYSIS
I. Y. Shestakov'", A. V. Kupryashov', V. D. Utenkov', I. A. Remizov®
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“Siberian Federal University
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Multifunctional coating is a multi-layer structure applied to the surface of an aircraft to protect it from external in-
fluences. The main tasks of the multifunctional coating are: restoration of properties, overall dimensions, mass of the
surface of the product, which were violated under operating conditions; changing the initial physical, mechanical and
chemical properties of the product surface to ensure the specified operating conditions. Today multifunctional coatings
based on micro glass spheres with applied tungsten are widely used in aerospace engineering. However, this coating
has a number of disadvantages: the coating layers heterogeneity, the composition contains a harmful and dangerous
component — a fluorone dye. In this article it is suggested to replace the main component of a multifunctional coating
with finely dispersed graphite powder obtained by electrolysis. For this purpose, the equipment based on the principle
of a diaphragm electrolyzer was constructed. The main elements of the device are a stainless steel cathode and a graph-
ite anode immersed in an aqueous solution. As a result of anodic processes, a finely dispersed graphite powder
was obtained. The average particle size of the resulting graphite particles is 4 microns. This finely dispersed graphite
powder can be used as the main component of a multifunctional coating in aircraft, since it has an even homogeneous
structure, as well as higher values of the main mechanical properties of a multifunctional coating.

Keywords: multifunctional coating, fine graphite powder, electrochemical action, molecular oxygen, diaphragm
electrolyzer.
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Muozogynkyuonanbrhoe nokpvimue — 3mo MHO2OCIOUHASL CMPYKMYPA, HAHECEHHAsL HA NOBEPXHOCTb IeMAMENbHO20
annapama 015t 3auumsl Om GHewHUX go30ecmeuil. OCHOBHBIMU 3A0aUaMU MYTbMUPYHKYUOHATILHO20 NOKPHIMUSL 56~
JISIIOMCSL: 60CCMAHOBIICHUE CEOLUCMS, 2AOAPUMHBIX PA3MEPOS, MACCHL NOBEPXHOCTIU U30eUs, KOMOpbie Obliu HapyuleHbl
6 YCIOBUAX DKCIIYAMAYUL, USMEHEHUE UCXOOHBIX (PUIUKO-MEXAHUUECKUX U XUMUYECKUX CBOUCTNE NOBEPXHOCMU U30e-
Just, Ost obecneuenust 3a0anmblx ycaosutl sxcnayamayuu. Ce200Hs 8 a3POKOCMULECKOU MEXHUKE UUPOKO NPUMEHSIONI-
€5 MHO2OMDYHKYUOHAIbHBIE NOKPBIMUSL HA OCHO8e MUKpOCmeKiocgep ¢ HanecéuHvim gonvpamom. Taxoe noxpwimue
obadaem KOMNAEKCOM HeOOCMAmMKO8: HeOOHOPOOHOCMb COEE NOKPHLIMUSA, 8 COCIABE UMeemCsl 8PeOHbIl U ONACHbIL
KOMNOHeHm — hryoponoswlil Kpacumens. Ilpednazaemcs ucnoivb306ams 6 Kauecmee OCHOBHO20 KOMNOHEHMA MHO20-
@DYHKYUOHAIbHO2O NOKPBIMUL MEIKOOUCNEPCHBII 2papumossiti NOPOULOK, NOJYUEHHbIU INeKMPOIU3oM. s 9moeo
CO30aHO YCMPOUCMB0, C paszdelieHuemM aHOOH020 U KAMOOHO020 NPOCMPAHCMEA Nymem UCHOIb3068AHU OUAPpazmol.
OCHOBHBIMU DTIEMEHMAMU YCMAHOGKU SIGISIOMCSL KAMOO U3 Hepiicageloweti Cmaiu i 2pagumosslii anoo, NOZPYHCEHHbIL
6 8OOHbIll pacmeop. B pesynvmame aHoOHbIX npoyecco8 NoayueH MeaKoOUCnepcHblll nopouwiok uz epaguma. Cpeonui
pasmep noayueHHvIX yacmuy epaguma cocmasisem 4 Mkm. JJanHbll MeIKOOUCNEPCHBLI 2PAdUmosnlil NOPOULOK MONC-
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HO UCNONb3068AMNb 8 KAYECMEe OCHOBHO20 KOMNOHEHMA MHO2ODYHKYUOHATBHO20 NOKPLIMUS 8 JeMAmMeNbHbIX annapa-
max, maxk Kaxk o obnadaem posHOU OOHOPOOHOU CMPYKMYPOU, a makdice 6ojee GblCOKUMU 3HAYEHUSIMU OCHOBHBIX

MeXAHUYeCKUX CBOLUCMmE MH020¢yHK14u0Ha]le020 HNOKDbBIMUAL.

Kniouegvie cnosa: mmoeoghynkyuonanvHoe nokpvimue, MeakoOUCHepCHbLI 2pagumosslii ROPOULoK, d1eKmpoxumuye-

cKoe go30eticmaue, OuadpacMeHHblIl 2IeKMpPOoaU3Eep.

Introduction. The main purpose of a multifunctional
(functional gradient) coating in aerospace engineering is
thermal protection, protection against ionizing, electro-
magnetic and radio radiation and laser beam reflection.
The secondary purpose of a multifunctional coating in
rocketry is to increase strength and rigidity of product
external parts, as well as to protect them from corrosion
and erosion [1].

Multifunctional coating structure and composition
description. Multifunctional coating structure is rather
complicated. It consists of four main components such as:
a catalyst, a fluorone dye, a low-molecular polymer, and
dispersed filler [2—4].

The main component of the multi-functional coating is
a dispersed filler: micro-glass spheres modified with
tungsten, that is, hollow particles of micro-glass spheres,
on the surface of which a tungsten coating is applied. Mi-
cro glass spherical particles have various shapes: sphere,
cube, parallelepiped, flake, cylinder, hexagon, various
fibers, etc. [5-7]. Fig. 1 shows a schematic cross-section
of the multi-functional coating layer, where you can see
various shapes of microspheres and the chaotic arrange-
ment of dispersed filler particles in the layer.

This filler is compatible with a low-molecular poly-
mer. It is dispersed (emulsified) in the polymer to form a
homogeneous composite mass [8-9]. Fig. 2 shows the
outer appearance form of the dispersed filler modified
with tungsten.

Multifunctional coating which consists of the de-
scribed above components is actively used in aerospace
engineering today [10], however there are many disadvan-
tages: a dangerous and harmful component Rhodamine

6G [11], components high price, high labor cost for ob-
taining a composite mixture, heterogeneity of the coating
layers (due to the variety of forms of dispersed filler, see
fig. 1), which involves additional machining operations to
obtain a layer of multifunctional coating of a given thick-
ness.

Scientific research main idea. These disadvantages
can be eliminated by using dispersed carbon filler [12]
made on the basis of graphite with a hexagonal crystal
structure.

Graphite is an allotropic form of carbon. It has a hex-
agonal crystal lattice. In a single crystal carbon atoms are
arranged in parallel layers (basic planes). In each layer,
the atoms are bound together by a strong home polar
bond, due to this structure; graphite has anisotropy of
physical and electrical properties [13].

Graphite powder was obtained by electrochemical
method of — the anodic oxidation of high-strength fine-
dispersed dense graphite of the MPG-6 brand. It is a
widely used form of industrial graphite [14]. It is a dis-
persed modification of hexagonal polymorphic carbon.
Unlike coarse-grained graphite, it is characterized by a
powdery fine-dispersed structure. Basic physical and
chemical characteristics are presented in table.

It can be seen from table that in comparison with the
micro-glass sphere with deposited tungsten (=0.62 g/cm3)
the density of MPG-6 graphite is much higher. It means
that the main mechanical properties (breaking stress at
separation, ultimate strength, hardness) of the multifunc-
tional graphite-based coating will be of higher values in
comparison with the coatings used today in aerospace
engineering.
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Fig. 1. Schematic section of one layer of a multifunctional coating
with micro glass spheres in the composition

Puc. 1. CxemMaTnuHsIi cpe3 cl10si MHOTO(YHKIMOHAIBHOTO TIOKPBITHS
¢ MHKpOCTeKIochepamMmu
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Fig. 2. The appearance of the dispersed filler modified with tungsten

Puc. 2. BHemHuit BUI IUCTIEPCHOTO HAMTOJTHUTEI,
MOAUGHUIPOBAHHOTO BOJIb(HpaMoM

Basic physical and chemical characteristics and properties of grade MPG-6 graphite

Ne m/m ITapametp 3HaveHune
1 Mass fraction of ash, not more than % 0.02
2 Density, g / cm® 1.65
3 Thermal conductivity coefficient W / mxK 95
4 Tensile strength at compression, MPa, not less 73
5 Tensile strength at bending, MPa, not less 343
6 Hazard class according to GOST 12.1.007 4 (low risk)

Scientific research description. For the graphite
powder production a special device was created, fig. 3
shows its schematic diagram The unit consists of a cylin-
drical body (7), inside which the electrodes: cathode (2),
anode (3) are placed. Between the electrodes there is a
cylindrical perforated container (4), with a canvas cloth
inside (5), which acts as a diaphragm. A graphite elec-
trode of the MPG-6 brand is used as the anode. Current
leads (7) and the anode (3) are installed on the cover. The
cold tap water which has been kept for 810 hours in an
open glass container at room temperature is used a work-
ing medium.

A perforated container with a diaphragm is coaxially
installed in a container with a cathode. After that some
water is poured into the near-cathode and near-anode
space up to the same level. Then a cover with the anode is
installed and voltage is applied to the electrodes. The
process of electric current transfer starts by ions moving
to the electrodes in the electrolyte and electrons in the
external circuit. Positively charged ions migrate to the
cathode, and negatively charged ions migrate to the anode
under the influence of the electric field. The electron
transition takes place on the electrodes. The cathode re-
leases electrons into the solution and reduction processes
occur in the near-electrode space. The processes of elec-
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tron transfer from reacting particles to the electrode —
oxidation takes place in the near-anode space [15—18].

Anodic oxidation and cathodic reduction form the ba-
sis of the electrolysis process that occurs in the device. In
the first six minutes when the electric current is passing
through the anode, the C*" ion is formed from carbon at-
oms [19; 20]:

C’—de—>C* )

A hydrate shell is formed around C** ions. The hy-

drated ions formed stay in the water:
C* +H,0 > C(HZO)n 2)

Immediately after the unit is switched off, the cover
with the anode is removed and the end of the anode is
placed on the film. The obtained water solution is dried;
as a result, graphite particles (a fine powder) remain on
the film.

Scientific research results. The graphite powder was
examined with a digital microscope. The photo of the
graphite powder obtained using a digital microscope is
shown in fig. 4.

As we see in fig. 4, the particles of the obtained pow-
der reach the desired size of 0.004 mm.
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Fig. 3. Schematic diagram of the device:
1 — fluoroplastic device body; 2 — stainless steel cathode; 3 — graphite anode;
4 — cylindrical perforated container; 5 — tarpaulin-based fabric; 6 — plastic cover;
7 — current leads; V) — cathode space volume; ¥V, — anode space volume

Puc. 3. [lpuHuunuansHas cxema yCcTpoHCcTBa:
1 — xopmyc u3 groporuiacta; 2 — KaToJ| U3 HepKaBeroLlel crainu; 3 — aHoa U3 rpadura;
4 — nuHApUYeckas nephoprupoBaHHas EMKOCTb; 5 — Ope3eHToBast TKaHb; 6 — KPHIIIKa;
7 — TOKOHOBOBL; V) — 00BEM NPUKATOMAHOIO IPOCTPAHCTBA; V; — 00BEM IIPHAHOJHOTO
MPOCTPAHCTBA

Fig. 4. A photograph of the graphite powder obtained during the experiment

Puc. 4. I'paduTOBBII OPOIIOK, OJYYCHHBIH B XO/I€ IKCIICPUMEHTA
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Fig. 5. A graphite powder image, magnified up to 0.001 mm

Puc. 5. Cuumok rpaduroBoro nopoiika, ¢ ysenudenueMm 1o 0,001 mm

Fig. 5 shows the image obtained with a video measur-
ing device of the TESA-VISIO 300GL laser principle
with a magnification of up to 0.001 mm.

In fig. 5 the granular microstructure of the powder can
be seen, which means that the particles have a suitable
hexagonal shape. Due to such form of the graphite pow-
der particles the multifunctional coating will have
a smooth uniform structure, since the particles are tightly
bound to each other.

The smooth, uniform surface structure of the multi-
functional coating layers eliminates the necessity of using
the extraction-photometric quality determination method
with the use of the xanthene (fluorone) dye — Rhodamine
6G, a toxic and dangerous component.

Conclusion. In fig. 5, there is a granular structure of
the powder, which means that the particles have an almost
regular octagonal shape. The multifunctional coating will
have a smooth uniform structure, due to the graphite
powder particles form as the particles are tightly bound to
each other.

The smooth, uniform surface structure of the multi-
functional coating layers eliminates the necessity of using
the extraction-photometric quality determination method
with the use of the xanthene (fluorone) dye — Rhodamine
6G, a toxic and dangerous component.

Thus, the dispersed carbon filler (graphite powder ob-
tained by electrolysis from MPG-6 graphite with a parti-
cle size of approximately 0.004 mm) provides the follow-
ing advantages:

1. Elimination of the 2nd hazard class toxic substance —
Rhodamine 6G from the multifunctional coating composi-
tion.

2. Higher values of the main multifunctional coating
mechanical properties, due to the high particle density of
the main component (1.65 g/cm’ for graphite powder, in
comparison with micro-glass spheres modified with tung-
sten ~0.62 g/cm®).

3. The main component lower cost of (<9500 ru-
bles/kg for graphite powder, compared to 103000 ru-
bles/kg for micro glass spheres modified with tungsten).

4. Labor cost reduction in the production the multi-
functional coating by eliminating mechanical processing
(saving up to 10 % of the total labor intensity of the multi-
functional coating production), due to the smooth homo-
geneous structure of the main component.
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