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IIporpaMMHasi CHCTEMA MATEMATHYECKOI0 MOIeJHPOBAHUS NpoLecca
3JIEKTPOHHO-Ty4eBOM CBAPKH

A. B. Mypsirus, B. C. Teiuenko , C. O. Kypamkun, A. H. bouapos, B. E. Ilerpenko

Culupckuii rocy1apCTBEHHBII YHUBEPCUTET HAYKH U TEXHOJOTMi nMeHu akagemuka M. @. PenierHeBa
Poccuiickas ®eaepanus, 660037, r. KpacHosapck, mpoct. uMm. ra3. «Kpacuospckuit pabounii», 31
“E-mail: vadimond@mail.ru

B pamkxax nacmoswyeco uccnedo8anusi npeonoNCeHd NPOSPAMMHASL  CUCHEMA MOOeIUPOSAHUs
pacnpeoenenuss meMnepamypHo20 NoJlsi 6 VCMAHOBUBUIEMCSL DediCuMe Npoyeccd 3JeKMPOHHO-TYYesoU
CBAPKU  MOHKOCMEHHbIX KOHCMPYKYULL  A9POKOCMUYECK020 HasHadenus. Llenvio cosoanusi makoil
APOSPAMMHOU CUCEMbl SGNAEMCS NOGLIUCHUE KAYeCmed YRPAGIEHUs. NPOYECCOM NeKMPOHHO-TYHes0u
CBAPKU U, COOMBEMCIMBEHHO, CHUMNCEHUE KOIUUeC8d 0epeKmos 6 CEAPHbIX COCOUHEHUS MOHKOCMEHHbIX
Kkoncmpykyuil. Ilpoepammuas cucmema umeem MOOENbHYIO CMPYKMYPY U pPeanusyem NpeosodCeHHble
paree asmopamu Mooenu pacnpedenenus sHepeuu. B xawecmee cpedcme peanusayuu npozcpammol Ovliu
sulOpanvl cucmemul ynpasienus oazamu oannvix MySQL u npocpammuposanus Embarcadero RAD Studio.
Lenmpanvuvim 36eHom cucmemvl eblcmynaem 6a3a OAHHBIX, NO3GOJAIOWAS XPAHUMb U 00pabamvléams
UHpOPMAYUIO KAK MO MAMEMAMUYECKOMY MOOCIUPOSAHUIO, MAK U NO Pe3yTbMamam UMUMAYUOHHBIX U
HAMYPHBIX IKCNEePUMEHmMOo8. B cmamve onucana cmpykmypa paspabomanHoi npoepamMmHOt CUCmeMbl, d
makdce npeocmagnenvl aneopummvl pabomel ee cocmagnvix mooyneti. Cucmema npedocmasisiem
HONb308AMENI0 BO3MONCHOCHb HE MOAbKO HPOBOOUMb MOOETUPOSAHUE NO 3A0OAHHBIM MEXHOI0SUYEeCKUM
napamempam (CKOpocms C8apKu, YCKOpAujee HANPANCeHue, MOK NYUKd, 2PAHUYHblE VCI08US, 6pems.
MOOCIUPOBAHUSL, MAMEPUATL U30eUs), HO U GU3VATUSUPOSAMb PE3YIbMambl U COXPAHIMb UX 8 eOUHOU Dase
Oannwix. Ilpumenenue npeonodCeHHOU cucmeMbl NO360Jem He MONbKO MUHUMUSUPOSAMb 3ampamyl
APeOnpusmusi Ha OmpadomKy MexXHOI0SULECKUX NAPAMEMPO8 YCMAHOBUBUIE2OCS PercUMa OJi npoyecca
ONEKMPOHHO-TIYYEE0l  C8APKU, HO U  €030amb  2ubKylo  uHpopmayuonunyio 6asy 0 coopa
IKCNEPUMEHMATLHOU  UHGOpMAYyuU ¢ Yenvlo OdlbHeuuwel agmoMamus3ayuu U UHMeLNeKmyaru3ayuu
MEXHONIO2UUECKO20 NPOYecca CO30aHUsL HEPAZLEMHBIX coOeOuHeHull 8 pamxax Hnoycmpuu 4.0.

Kniouegvie cnoga: 2neKmpoHHO-TYyHe8as C8apKa, MOOenuposanue, mMexHoiozuuecKue napamempol,
npocpamma, OnmuMu3ayus, pacnpeoeienue IHepeUu.

* HccnemoBanue BHIIONHEHO IpH (uHAHCOBOH monmepxkke PO®U, Ipasurensctsa Kpacmospckoro kpas u
Kpaesoro ¢onna Hayku B pamkax HayqHoro mnpoekta Ne 20-48-242917 «Monenu 1 METOJbI YIPaBICHHS ITPOLECCOM
3J'IeKTpOHHO-J'Iy‘IeBOfI CBAPKU TOHKOCTCHHBIX KOHCprKHHfI».

The reported study was funded by Russian Foundation for Basic Research, Government of Krasnoyarsk Territory,
Krasnoyarsk Regional Fund of Science, to the research project: “Models and methods for controlling the process of
electron beam welding of thin-walled structures”, project No. 20-48-242917.
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Within the framework of this study, a software system for modeling the distribution of the temperature
field in the steady-state mode of the electron-beam welding process for thin-walled aerospace structures is
proposed. The purpose of creating such a software system is to improve the quality of control of the
electron-beam welding process and, accordingly, to reduce the number of defects in welded joints of thin-
walled structures. The software system has a model structure and implements the energy distribution
models proposed earlier by the authors. The MySQL database management system and the Embarcadero
RAD Studio programming system were chosen as the means of implementing the program. The central link
of the system is a database that allows you to store and process information both on mathematical
modeling and on the results of simulation and field experiments. The article describes the structure of the
developed software system, and also presents algorithms for the operation of its constituent modules. The
system provides the user with the opportunity not only to carry out simulation according to the specified
technological parameters (welding speed, accelerating voltage, beam current, boundary conditions,
simulation time, product material), but also to visualize the results and save them in a single database. The
use of the proposed system allows not only to minimize the costs of the enterprise for the development of
technological parameters of the steady state for the electron-beam welding process, but also to create a
flexible information base for collecting experimental information with the aim of further automating and
intellectualizing the technological process of creating permanent joints in the framework of Industry 4.0.

Keywords: electron-beam welding, modelling, technological parameters, software, optimisation,
normal distribution law.

Introduction

The basis of electron beam welding is the use of thermal energy released during the deceleration of
a sharply focused stream of electrons accelerated to high energy levels.

The process of electron beam welding as a whole is considered in sources [1-3], where the authors
propose to conduct research on various metals and in various branches of mechanical engineering. The
wide possibilities of electron beam welding make it possible to use this technology for the manufac-
ture of various types of products. For example, the authors of [4-6] use the technology of electron
beam welding to obtain a channel for heating the blades of the inlet guide vane of gas turbines, and
also determine the optimal options for the constructible structure of the welded joint, depending on the
amount of allowance for machining.

Studies carried out in [7-9] have shown that during electron beam welding of tungsten single crys-
tals, conditions are provided for epitaxial crystallization of the weld material, as a result of which its
parameters correspond to the parameters of the single crystals being welded. After welding the joints
using electric spark cutting, the technological sections are separated from the workpiece. Thus, a hol-
low monohedral tube is obtained, which is further used to produce the cathode of a thermionic con-
verter.

At present, in order to further improve the quality of the technological process of electron-beam
welding, many authors have carried out mathematical modeling of this technological process in differ-
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ent modes and with different materials. For example, the authors of [10-12] considered the multicrite-
ria optimization of the electron beam welding process using experimental data obtained on the basis of
real exact models of the electron beam welding process, which describe the dependence of the geome-
try of welded joints on stainless steel on the parameters of the electron beam welding mode. In turn,
the authors of [13-15] investigated the processes of formation of a melting channel in electron beam
welding with full penetration of the material.

Within the framework of this study, a dynamic mathematical model has been proposed that makes it
possible to describe the formation of a reverse bead of a welded seam depending on the parameters of the
technological process of electron beam welding. The mathematical model of the processes of evapora-
tion, condensation, and diffusion of the AMg-6 alloy in electron beam welding with dynamic positioning
of the electron beam is described in [16-18]. The developed model makes it possible to predict the
chemical composition of welds in electron beam welding.

The model was verified by comparing it with the results of the analysis of the chemical composi-
tion of the penetration zones in the material. The development of electron beam welding technology,
the development of new control methods for this technological process gave rise to a wide range of
modes of action of an electron beam on the surface of the parts to be welded. In [19-21], a differential
heat conduction equation is presented, which is a mathematical model of a whole class of heat conduc-
tion phenomena.

The authors of [22—24] developed a mathematical model of scanning electron beam welding, which
made it possible to simulate the dynamics of the technological process and obtain a criterion for its
optimization.

Mathematiacal support of the software

The software system proposed in the study allows calculating the distribution of the temperature
field for given process parameters, such as:

1. Welding speed.

2. Accelerating voltage and beam current.

3. The considered coordinate area (coordinate limits and grid step).

4. Time of exposure.

5. Product material.

All the above-described parameters stored in the database are used as input data for the model, and
the output is vector temperature correspondences depending on coordinates and time. In addition, the
data obtained during the simulation, if necessary, can be used to optimize the parameters of the elec-
tron beam welding (EBW) process within the framework of the investigated mode. For this, the possi-
bility of both data export and integration into the software system of the module for optimization is
provided.

In accordance with fig. 1 point source of heat of constant power g moves with constant speed v rec-
tilinearly from point Oq in the direction of the x -axis. Since the moment of movement of the source,
time t, has passed and it is at point O. Together with the source of heat, a moving coordinate system
move, the origin of which coincides with the location of the heat source, i.e with point O [25].

As the basic formulas for calculating the temperature field [25], expressions are used that describe
the actions of an instantaneous point source on the surface of a semi-infinite body (1) and a linear
source in an infinite plate (2):

Cvrt Vi xPayPer?
T.(x Y. 2 qV, t):TH+2—qe Zaje fa dar % 1)
cp (41161)3 0 t
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where X, y, z are the coordinates of the point in question in space; q is the effective power of the elec-
tron beam; v is the welding speed,; t is the time counted from the moment the source passes through the
section in which the point under consideration is located; T, is the initial temperature of the product;
cp is the heat capacity of the material; a is a coefficient of thermal diffusivity; T =t — ¢’ is the duration
of heat propagation in the moving coordinate system; t is the current moment in time; ¢’ is a certain
moment of time after the start of heating, in which the heat source is located at point O’ with coordi-
nates (v¢’, 0, 0) (fig. 1).

Puc. 1. Cxema JABUXXCHUSI HEIIPEPBLIBHO )leﬁCTByIOHICFO TOYCYHOI'0O UICTOYHHKaA
Ha MOBECPXHOCTH HOJIy6eCKOHeLIHOFO T€J1a MOIIIHOCTBIO (], IEpEMEIIAOIIETOCs CO CKOPOCThIO V

Fig. 1. Scheme of motion of a continuously acting point source on the surface
of a semi-infinite body of power g, moving with speed v

In accordance with fig. 2, a linear heat source of power g with a uniform distribution over the
thickness of the plate moves at a constant speed v. Boundary planes

z =0 and z = § give off heat to the environment, the temperature of which T, is equal to the initial
temperature of the body [25].

Puc. 2. Cxema JABHKCHUS HEIIPEPBIBHO HCﬁCTByIOHIeFO JIMHEHHOT0 UCTOYHHUKA
B OCCKOHEYHOM ITACTHHE MOIIIHOCTBIO (, NEPEMEIIAOIICTIOCS CO CKOPOCTBIO V

Fig. 2. The scheme of motion of a continuously operating linear source
in an infinite plate of power g, moving with a speed v

VX t v2r 2\t x2+y2

q - 4a cpd Adat dt
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Where § is the thickness of the product; A is the coefficient of thermal conductivity; t is the warmth

propagation time.
In this paper we apply the model of power, representing a function (3), recorded as follows:
Q=1-U-n-0,24, (3)

Where U is accelerating voltage; | is a beam current; 1 is efficiency.

A complex fast-moving source was selected as a combination of two sources - a point and a linear
one, equivalent to the real ones, taking place in the literature [25]. The calculation of the value of the
functional is performed for an area whose dimensions are comparable to the dimensions of the pene-
tration channel.

These formulae allow, when they are added (superposition of sources) in the process of calculation, to
describe the nature of the distribution of thermal energy after exposure to an electron beam.

The algorithm for calculating the model is shown in fig. 3.

Initial data

>l > >l
> >

Counter increment, grid Counter increment, grid Counter increment, grid
step step step
Calculation of the Calculation of the Calculation of the
temperature field temperature field temperature field
byx byy byz

yes ne yes Is the area

counted?

Is the area
counted?

Is the area
counted?

Saving results
modeling
in the database

Puc. 3. AJ'IFOpI/ITM MAaTeMaTUYCCKOTO MOACIINPOBAHNA TEIUIOBOIO IMOJIA

Fig. 3. Algorithm for mathematical modeling of the thermal field

At the initial stage of the algorithm shown in Fig. 3, the original data is received from the corre-
sponding record in the database. Further, a sequential calculation of the temperature field is carried out
along three coordinate axes; the results obtained are recorded in the database and remain available for
further analysis and use.

Fig. 4 shows a block diagram of the sub-process for calculating the field in one coordinate. Its cy-
clic use in all directions makes it possible to obtain a temperature field.
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End

Puc. 4. AnropuT™ noamporecca pacueTa TeMIepaTypHOTo MO B paMKaX OIHOW KOOPAMHATHI

Fig. 4. Algorithm for the sub-process of calculating the temperature field within one coordinate

Within the software system, a graphical display of simulation results is available, which can be car-
ried out according to the principle of assigning axes and the corresponding codependent value.

This module of the software environment allows the operator to assess the feasibility of certain
technological modes, which in turn, greatly facilitates the task of exploratory research in field experi-
ments.

Software design

The software system for mathematical modeling of the electron beam welding process was devel-
oped in the C ++ language and is a Windows application that can work in the environment of Win-
dows 7/8/10 operating systems. The block diagram of the software system is shown in fig.5.

The software system consists of 6 modules with the following functions:

1. The module of mathematical modeling implements the model of the electron beam welding pro-
cess.

2. The module for editing the parameters of the model carries out the input and editing of the phys-
ical parameters of materials, the parameters of the ELS process and the parameters of the product.

3. The simulation data import module carries out the input of data and simulation graphs imple-
mented in third-party simulation software products, Comsol Multiphysics and Ansys.

4. The module for importing data from a full-scale experiment carries out the input of the results of
full-scale experiments carried out on an electron-beam installation, including photographs of thin sec-
tions, a description of welding defects, etc.

5. The graphics module provides graphical construction of the results of mathematical modeling of
the ELS process.

6. The data viewing module displays and edits the results of simulation and field experiments.
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Mathematical Parameter editing
modeling module module

Simulation data Database Field experiment
import module data import module

) }

Graphics module Viewer module

Puc. 5. CTpykTypHas cxema IporpaMMHON CHCTEMBI MAaTEMaTHYECKOTO
Mozenuposanus npouecca DJIC

Fig. 5. Block diagram of the software system for mathematical modeling
of the EBW process

The block diagram of the software system is shown in Fig.6.

The central object of the system is an experiment, which can be presented as the result of a mathe-
matical model, simulation and field experiments. Work in the software system begins with the creation
of an experiment and the determination of its parameters (material properties, parameters of the ELS
process, product parameters). You can also work with experiments that are already in the system by
editing their parameters.

After saving the parameters of the experiment, it is necessary to select one of the actions: start
mathematical modeling of the ELS process, load the data of simulation and full-scale experiment, edit
and view the data already obtained. As a result of performing actions, there is a constant interaction
with the database.

At the end of all manipulations with experiments and their results, you must log out of the system.
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Puc. 6. biok-cxema paboThl porpaMMHO#t cucTeMbl MoaenupoBanus DJIC

Fig. 6. Block diagram of the EBW simulation software system

Information support of the software system

The central link table is the experiment table. Physical parameters of materials, EBW process pa-
rameters, and product parameters are stored in the material table, techprocess and workpiece tables,
respectively. These parameters describe the experiment and are used for mathematical modeling of the
process. The modeling and data_modeling tables are designed to store the results of mathematical
modeling of the ELS process, and the simulation and data_simul tables are designed to store the re-
sults of the simulation modeling carried out in third-party software products. The practice table stores

the results of field experiments.
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Puc. 7. CtpykrypHas cxema 6a3bl JaHHBIX IPOrPaMMHOM cucTeMbl Mozienuposanus DJIC

Fig. 7. Block diagram of the database of the EBW modeling software system

Description of the software system operation

Fig. 8 shows the basic form of the software system for mathematical modeling of the ELS process.

The main form has four tabs: experiment planning, modeling, simulation, natural experiment. The
work of the software system begins with the main tab - experiment planning. This tab is designed to
control the modeling process. Here new experiments are created or old ones are displayed, experiment
parameters are displayed, and new simulation conditions are set.

This tab is divided into three main blocks: material, process technology and product. In these
blocks, the physical parameters of the product material, the parameters of the ELS process and the pa-
rameters of the product itself are specified. The specified parameters will then be used to simulate the
ELS process.

Each block contains a block of buttons for defining new materials, processes and products. Gray
color of the labels indicates that the blocks are in the information display mode. Black color signals
the input of experimental conditions. At the bottom of the screen, there is a list of experiments, the
parameters of which are displayed above. The block of buttons allows you to create, delete, save and
edit experiment conditions. The block "State of the experiment” displays the fullness of the experi-
ment, that is, whether the simulation was carried out, whether the data of the simulation and the full-
scale experiment were loaded.
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Fig. 8. The main form of the software system for mathematical modeling of EBW

Within the framework of this study, a software system for modeling the distribution of the tempera-
ture field in the steady-state mode of the electron-beam welding process for thin-walled aerospace
structures is proposed. The software system has a model structure and implements the energy distribu-
tion models proposed earlier by the authors. The central link of the system is a database that allows
you to store and process information both on mathematical modeling and on the results of simulation
and field experiments. The use of the proposed system allows not only to minimize the costs of the
enterprise for the development of technological parameters of the steady state for the electron-beam
welding process, but also to create a flexible information base for collecting experimental information
for the purpose of further automation and intellectualization of the technological process of creating
permanent joints within the framework of Industry 4.0.
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