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В рамках настоящего исследования предложена программная система моделирования 

распределения температурного поля в установившемся режиме процесса электронно-лучевой 

сварки тонкостенных конструкций аэрокосмического назначения. Целью создания такой 

программной системы является повышение качества управления процессом электронно-лучевой 

сварки и, соответственно, снижение количества дефектов в сварных соединения тонкостенных 

конструкций. Программная система имеет модельную структуру и реализует предложенные 

ранее авторами модели распределения энергии. В качестве средств реализации программы были 

выбраны системы управления базами данных MySQL и программирования Embarcadero RAD Studio. 

Центральным звеном системы выступает база данных, позволяющая хранить и обрабатывать 

информацию как по математическому моделированию, так и по результатам имитационных и 

натурных экспериментов. В статье описана структура разработанной программной системы, а 

также представлены алгоритмы работы ее составных модулей. Система предоставляет 

пользователю возможность не только проводить моделирование по заданным технологическим 

параметрам (скорость сварки, ускоряющее напряжение, ток пучка, граничные условия, время 

моделирования, материал изделия), но и визуализировать результаты и сохранять их в единой базе 

данных. Применение предложенной системы позволяет не только минимизировать затраты 

предприятия на отработку технологических параметров установившегося режима для процесса 

электронно-лучевой сварки, но и создать гибкую информационную базу для сбора 

экспериментальной информации с целью дальнейшей автоматизации и интеллектуализации 

технологического процесса создания неразъемных соединений в рамках Индустрии 4.0. 

 

Ключевые слова: электронно-лучевая сварка, моделирование, технологические параметры, 

программа, оптимизация, распределение энергии. 
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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 q moves with constant speed v rec-

tilinearly from point O0 in the direction of the x -axis. Since the moment of movement of the source, 

time tн 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): 

 
 

2 2 2 2τ τ

2 4 4 τ
1 н 3/23

0

2 τ
,  ,  ,  ,  ,  

τρ 4π

tv v

a a

x y z

a
q d

T x y z q v t T e e

c a





 

   ,                         (1) 

 



 

 
 

Сибирский аэрокосмический журнал.  Том 22,  № 2 
 

 264 

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; Tн is the initial temperature of the product; 

сρ is the heat capacity of the material; a is a coefficient of thermal diffusivity; τ = t – t’ is the duration 

of heat propagation in the moving coordinate system; t is the current moment in time; t’ is a certain 

moment of time after the start of heating, in which the heat source is located at point O’ with coordi-

nates (vt’, 0 , 0)  (fig. 1). 

 

 
Рис. 1. Схема движения непрерывно действующего точечного источника  

на поверхности полубесконечного тела мощностью q, перемещающегося со скоростью v 

 

Fig. 1. Scheme of motion of a continuously acting point source on the surface  

of a semi-infinite body of power q, moving with speed v 

 

In accordance with fig. 2, a linear heat source of power q with a uniform distribution over the 

thickness of the plate moves at a constant speed v. Boundary planes 

z = 0 and z = δ give off heat to the environment, the temperature of which Tн is equal to the initial 

temperature of the body [25]. 

 

 
 

Рис. 2. Схема движения непрерывно действующего линейного источника  

в бесконечной пластине мощностью q, перемещающегося со скоростью v 

 

Fig. 2. The scheme of motion of a continuously operating linear source  

in an infinite plate of power q, moving with a speed v 
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Where δ is the thickness of the product; λ 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: 

0,24,Q I U                                                                 (3) 
 

Where U is accelerating voltage; I is a beam current; η 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. 

 

Рис. 3. Алгоритм математического моделирования теплового поля 
 

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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Рис. 4. Алгоритм подпроцесса расчета температурного поля в рамках одной координаты  
 

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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Рис. 5. Структурная схема программной системы математического  

моделирования процесса ЭЛС 
 

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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Рис. 6. Блок-схема работы программной системы моделирования ЭЛС 
 

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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Рис. 7. Структурная схема базы данных программной системы моделирования ЭЛС 
 

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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Рис. 8. Основная форма программной системы математического моделирования ЭЛС 
 

Fig. 8. The main form of the software system for mathematical modeling of EBW 

 

 

Conclusion 

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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