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Физико-технологические и энергетические особенности электронно-лучевой сварки (ЭЛС) 

определяют рациональность ее применения в условиях повышенных требований к свойствам и 

качеству сварных соединений и получения улучшенных весовых и эксплуатационных характеристик 

отдельных узлов и изделий в целом. В то же время, эти особенности определяют ЭЛС как сложный 

процесс, являющийся результатом совместного действия множества факторов. На качество 

сварного соединения влияют точность совмещения луча с плоскостью стыка, положение 

минимального сечения (фокуса) пучка электронов в канале проплавления. Это существенно влияет на 

глубину проплавления, форму шва и образование в нем дефектов. Вопросы обеспечения точного 

позиционирования луча по стыку свариваемых деталей остаются актуальными, особенно при сварке 

протяженных стыков крупногабаритных конструкций. Такая точность обусловливает 

необходимость применения устройств автоматического наведения луча на стык. Рассеяние и 

переотражение электронов в пучке приводит к расфокусировке луча при стабильном токе 

фокусирующей системы. Для получения информации о положении луча относительно стыка и 

положении фокуса луча относительно свариваемых поверхностей используются такие 

сопутствующие ЭЛС явления, как вторичная электронная эмиссия и рентгеновское излучение из зоны 

сварки. Рассмотрена функциональная схема устройства автоматического позиционирования и 

фокусировки электронного луча. 

 

Ключевые слова: электронно-лучевая сварка, вторично-электронная эмиссия, рентгеновское 

излучение, отклонение луча от стыка, расфокусировка луча, частотная селекция сигнала датчика. 
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Physical, technological and power characteristics of the Electron Beam Welding (EBW) support its 

application in those circumstances that require greater focus on features and quality of the welding 

joints and improved weight and robustness aspects for individual joints of an object and products as a 

whole. At the same time, those characteristics of the EBW establish it as a complicated process that 

results from multiple factors interacting with one another. The quality of a welding joint depends on 

the precision of the beam alignment with the joint plane and the positioning of the minimum section 

(focus) of the electron beam in the penetration channel. These factors have a significant impact on the 

welding depth, the shape of the seam and presence of defects in it. The challenge of providing precise 

positioning of the beam along the joint of the welded parts is especially critical during the welding of 

long joints of large construction parts. This level of precision requires reliance on equipment for au-

tomatic beam alignment with the seam. Dispersion and re-reflection of the electrons in the beam leads 

to the loss of focus for the beam at a stable current of the focusing system. To obtain the data for the 

beam’s position at the seam and the position of the beam’s focus at the welding surface, we use phe-

nomena closely associated with the EBW, such as the secondary electron emission and the X-ray radi-

ation in the welding area. We are presenting a functional diagram of a device for the automatic posi-

tioning and focusing of the electron beam. 
 

Keywords: electron beam welding; secondary electron emission, X-rays, the deflection of the beam 

from the joint, defocusing; the frequency selection of the sensor’s signal. 

 

Intoduction 

Physical, technological and power characteristics of the Electron Beam Welding (EBW) support its 

application in those circumstances that require greater focus on features and quality of the welding 

joints and improved weight and robustness aspects for individual joints of an object and products as a 

whole. In particular, EBW is widely used for obtaining permanent joints in the aggregate and body 

production of aerospace products (Fig. 1). The complexity and multifactoriality of the EBW process 

leads to the problem of weld quality reproducibility and the need for process control. The challenge of 

providing precise positioning of the beam along the joint of the welded parts is especially critical dur-

ing the welding of long joints of large construction parts. The permissible error of alignment of the 

beam with the joint usually does not exceed 0.2 mm. Such accuracy necessitates the use of automatic 

beam guidance devices. 

 
 

Рис. 1. Пример оболочковой конструкции крупногабаритного изделия 
 

Fig. 1. An example of a shell structure for a large-sized product 
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Dispersion and reflection of electrons in the beam leads to defocusing of the beam at a stable cur-

rent of the focusing system. In this case, the penetration depth becomes unstable, which negatively 

affects the quality of the joint, especially in the final stages of assembly. This situation necessitates 

stabilizing the position of the beam focus relative to the surface of the parts to be welded. 

As a source of information about the position of the beam relative to the joint and the position of the 

beam focus relative to the surface of the parts to be welded, one can use the braking X-ray radiation and 

the secondary electron emission accompanying the EBW process [1–8]. 
 

Formalization of the problem 

The relations determining the dependences of secondary-emission current I(ε) and intensity J(ε) of 

X-ray radiation on the position ε of the beam relative to the joint during EBW are known [9]. 

   

  2

;

,

I K x IF

J K CZU IF





вэ вэ

p

ε φ

ε
                                                            (1) 

where I is the beam current; Iвэ (ε) is the secondary-emission current; J(ε) is the X-ray intensity; φ is 

the secondary emission coefficient; Kвэ is the coefficient taking into account the share of secondary 

electrons coming to the sensor [9]; Kр is the coefficient taking into account the share of X-ray radiation 

passed through the sensor crystal area [10]; C is the proportionality factor; U is the accelerating volt-

age; Z is the atomic number of the target (for parts to be welded); ε is the mathematical expectation 

(position of the beam relative to the joint of the parts to be welded); F is the beam current distribution 

function 
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where σ is the standard deviation of the electrons from the beam axis; Δ is the gap in the joint. 

The analysis of expressions (1) and (2) shows that the dependences Iвэ (ε) and J(ε) are identical and 

are determined by the distribution function. The minimum of these dependences appears at ε = 0,  

i.e. at coincidence of beam and joint coordinates (Fig. 2) [11; 12]. 

Extreme character of Iвэ (ε) and J(ε) dependences testifies to possibility of determination of the ray 

position relative to the joint by the known ways of extremum search: [13]. These methods can be re-

duced to the following integral operation 

0

( ) ( ) ,

T

I G t t dt                                                                  (3) 

where G(t) = f(t) + η(t) is the sum of the signal and interference respectively; φ(t) is the weight func-

tion determining the reception mode; T is the period. 

Thus, for example, we have: 

– accumulation method – φ(t) = 1; 

– autocorrelation method – φ(t) = G(t – τ); 

– coherent method – φ(t) = f(t); 

– filtering – φ(t) = g(T – t), where g(t) is the impulse function of the filter. 

The methods described by formula (3) give results close to the limit signal/interference ratio [13]. 

This means that the question of choosing a method of reception moves into the area of technical and 

technical-economic conditions. 

In the process of EBW due to scattering and reflection of electrons in the penetration channel, the 

beam can be defocused (σ increases). This leads to a change in the beam power density and, conse-

quently, to a deviation of the weld parameters from the required values. 
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Рис. 2. Расчетные зависимости F от положения луча относительно стыка: 

Δ = const = 0,1 мм, σ = var; 1 – σ = 0,25 мм; 2 – σ = 0,15 мм; 3 – σ = 0,1 мм; 4 – σ = 0,05 мм 
 

Fig. 2. Calculated dependences of F on the position of the beam relative to the joint: 

Δ = const = 0,1 mm, σ = var; 1 – σ = 0,25 mm; 2 – σ = 0,15 mm; 3 – σ = 0,1 mm; 4 – σ = 0,05 mm 

 

The expression (2) and graphs (Fig. 2) show that increasing σ leads to a decrease in the dynamic 

range of change in the F-function of the beam current distribution. This phenomenon can be used to 

measure the degree of defocusing and to control the position of the beam focus with a focusing sys-

tem. 

In the EBW process, the current value of σ can be represented as follows [11]: 

σ = σ0 + Δσ,                                                                    (4) 

where σ0 is the minimum σ for a given electron-beam gun; Δσ is the increment σ caused by the fea-

tures of the EBW process. 

Hence, the algorithm for stabilizing σ at a level close to σ0 is obvious: 
 

σ0 = σ – Δσ.                                                                   (5) 
 

During EBW, σ is controlled by the focusing system of the EBW. In this case the change of current 

Iф of the focusing system (FS) relative to current Iф0, corresponding to σ0, leads to increase of σ irre-

spective of a sign of increment ΔIф. In this case 

 0 фI      ,                                                             (6) 

where Δσ(ΔIф) is the increment σ of the current increment ΔIф. 

The dependence Δσ(ΔIф) can be represented as follows [14] 
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where R is the focusing system parameter (mm); Iф0 is the FS current corresponding to σ0. 
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Substituting (4), (7) into expression (2) allows us to determine the dependence of the distribution 

function F0 on the change of Iф relative to Iф0 at zero displacement of the beam relative to the joint (ε = 

0): 
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Fig. 3 shows a graph built according to this formula. The calculation is made for electron-beam gun 

КЭП-2М  (R = 10 mm; Iф0 = 50 mA; σ0 = 0,1 mm; the gap in the joint Δ = 0,1 mm). 
 

 
 

Рис. 3. Зависимость функции распределения F0 от степени расфокусировки луча 
 

Fig. 3. Dependence of the distribution function F0 on the degree of defocusing of the beam 

 

From the graph we can see that changing the focusing current relative to the current Iф0 leads to  

to decrease the range of variation of the distribution function. An increase in σ leads to the same 

effect. 

Taking into account (6), (7), expression (5) will look like 
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Thus, by measuring F (the current value of σ) and comparing it with F0 (σ0), it is possible to form a 

control signal ΔIф to correct the size of the heating spot 
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Functional scheme 

The automatic joint tracking and focusing of the electron beam is implemented on the 

STM32F405RGT6 microcontroller according to the functional diagram shown in Fig. 4. 

The control is performed via two channels: the beam position control channel relative to the joint 

and the σ stabilization channel by controlling the FS current. 

The first channel (the faster one) provides the alignment of the beam with the joint during welding 

(maximum value of F). Using the STM32F405RGT6 microcontroller allows you to implement any of 
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the above methods of receiving the sensor signal in accordance with (3) to determine the position of 

the beam relative to the joint. In this case, the choice of the reception method is made programmatical-

ly. 

In the paper, the joint tracking channel is represented by an extreme regulator based on coherent 

sensor (Д) signal reception - secondary emission or X-ray signal [15]. The search signal generator 

(ГПС) scans the joint of the parts to be welded with an electron beam and generates a reference signal 

φ (t) for the synchronous detector СД. The sensor signal is converted by the synchronous detector into 

the voltage proportional to the beam deflection ε from the joint and through the amplifier (У) is fed 

into the deflecting system (ОС) of the electron-beam gun, eliminating the mismatch of the beam and 

the joint positions. 

The beam focus position stabilization channel is represented by an extreme regulator based on sen-

sitivity extremum search [16]. The signal from the sensor output through the rectifier (B) goes to the 

input of the comparison device (УС). At the rectifier output the analog of the current value F is 

formed. The focusing current source (ИФТ) sets the required value of current Iф0 in the focusing sys-

tem (ФС). The current is injected until the maximum voltage value is obtained at the rectifier output. 

This voltage value (analogue of F0) is stored in the setting device (ЗУ) and fed to the second input of 

УС. 

The current control signal of ФС is generated by the search signal generator ФПС in case of ine-

quality of values F and F0. If the condition F < F0 is fulfilled, ФПС generates a signal ΔIф. If the dif-

ference F – F0 increases (in absolute value), ФПС changes the sign of ΔIф. This decreases the value of 

ΔIф. The process continues until the condition F = F0 is fulfilled. 

 

 
 

Рис. 4. Функциональная схема устройства автоматического слежения за стыком и фокусировки луча 
 

Fig. 4. Functional diagram of the device for automatic tracking of the joint and focusing the beam 
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Conclusion 

The device was tested under laboratory conditions at M.F. Reshetnev Siberian State University on 

the electron-beam unit ЭЛУ-8. Circular specimens with thickness of 20 mm and diameter of 500 mm 

were welded from materials АМГ-6 and Х18Н10Т. 

Beam alignment error with the joint does not exceed 0.15 mm. 

Stabilization of the heating spot position increases the reproducibility of geometrical parameters of 

welds and reduces the number of root defects. 
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