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Qusuxo-mexnonozuieckue U dHepeemuyeckue ocobeHHocmu Inekmponno-nyyesol ceapku (AJIC)
Onpeoensiom payuoHalIbHOCb ee NPUMEHEHUsl 8 YCIOBUAX NOBbIUEHHbIX mpebosanull K ceolicmeam u
Kauecmey CEapHuIX COeOUHEHUT U NOMYUEHUs. YIIYHUEHHbIX 8eCOBbIX U IKCHIYAMAYUOHHBIX XAPAKMEPUCTIUK
OMOeNbHBIX Y3108 U u30enull 8 yeiom. B mo sce epemsa, smu ocobennocmu onpedensrom DJIC kak croxcHulil
npoyecc, AGIAOWUNCA Pe3VIbIMAMOM COBMECMHO20 Oelicmaus MHodicecmsea @axkmopos. Ha kauecmeo
CBAPHO20 COEOUHEHUs GIUAIOM MOYHOCHb COBMEWEHUs Jy4d C HIOCKOCMbIO CMbIKA, HOJI0JNCEeHUe
MUHUMATBHO2O cedenus ((PoKyca) nyuxa 21eKmpoHo8 8 KaHaie NPoniagneHus. Imo cywecmeeHHo 1usem Ha
2nyouHy nponiasnenus, Gopmy wea u obpazosauue 8 Hem Oeghekmos. Bonpocvl obecneuenus mounozo
NO3UYUOHUPOBAHUS IYHA NO CIMBIKY C8APUBAEMBIX Oemanell OCMAaromcs aKmyaibHbIMU, 0COOEHHO NpU céapke
NPOMSAIICEHHbIX ~ CIBIKO8 — KpYnHo2abapummuslx — KoHcmpykyui. Takas  mouyHocms — 00ycio6nueaem
HeobX00UMOCMb NPUMEHEHUsl YCMPOUCME d8MOMAmMU4eckoeo HaeedeHus ayua Ha cmeik. Paccesmue u
nepeompaoiceHue 3IeKMPOHO8 8 NyuKe NpUsooum K pacgokycuposke ayua npu CMadUIbHOM MoOKe
gokycupyioweii cucmemvl. /[na nonyyenus ungopmayuu 0 NOJONACEHUU yYd OMHOCUMENbHO CMbIKA U
nojodceHuu  (OoKyca  Iyda  OMHOCUMETbHO — C8APUBAEMbIX — NOBEPXHOCHEl  UCNOIL3YIOMCS — aKue
conymcmsytowue DJIC agnenus, Kax GMopuyHas 2AeKMPOHHASL IMUCCUSL U PEHM2EHOBCKOe U3YUeHUe U3 30Hbl
ceapku. Paccmompena ¢hynxyuonanvhas cxema ycmpoicmea aemomMamuiecko2o NO3UYUOHUPOBAHUSL U
oKy cuposKu 21eKMpoOHHO20 IYUd.

Kmouesvle cnosa: INIEKMPOHHO-Iy4esds ceapka, 6MmMOpPUHHO-DIIEKMPOHHAA IMUCCUA, PEHM2EHO06CKoe
usjnyderue, OonmkjaoHeHue iyua om cmslka, pacgboxycupoeka Jayua, yacmomHudas cejleKkyus cuceHala oamuuxa.
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Part 3. Technological processes and material science

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.

Puc. 1. IIpumep 0601109K0BOH KOHCTPYKIMH KPYITHOTA0APUTHOTO U3IETHS

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(g) and intensity J(¢) of
X-ray radiation on the position ¢ of the beam relative to the joint during EBW are known [9].

L, () = K@ (x) IF;

J(g)=K,CZU?IF, @

where | is the beam current; |, (g) is the secondary-emission current; J(g) is the X-ray intensity; ¢ is
the secondary emission coefficient; K, is the coefficient taking into account the share of secondary
electrons coming to the sensor [9]; K, 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); ¢ 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

i

2¢6°

F=1 iy J'Ae dx , (2)
2

where o is the standard deviation of the electrons from the beam axis; A is the gap in the joint.

The analysis of expressions (1) and (2) shows that the dependences I, () and J(g) are identical and
are determined by the distribution function. The minimum of these dependences appears at € = 0,
i.e. at coincidence of beam and joint coordinates (Fig. 2) [11; 12].

Extreme character of I, (€) and J(€) 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

| = j G(t)o(t)dt, ©)

where G(t) = f(t) + n(t) is the sum of the signal and interference respectively; ¢(t) is the weight func-
tion determining the reception mode; T is the period.

Thus, for example, we have:

—accumulation method — ¢(t) = 1;

— autocorrelation method — ¢(t) = G(t — 7);

— coherent method — o(t) = f(t);

— filtering — o(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 (o 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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Puc. 2. PacueTHble 3aBUCHMOCTH F OT MONOXKEHUS Jyda OTHOCHTENBLHO CThIKA:
A=const=0,1 mm,c=var;1-6=0,25mm;2—-6=0,15Mmm;3-6=0,1 mm; 4 — 6= 0,05 Mmm

Fig. 2. Calculated dependences of F on the position of the beam relative to the joint:
A=const=0,1mm,c=var;1-06=025mm;2-06=0,15mm; 3-5=0,1 mm; 4 —o = 0,05 mm

The expression (2) and graphs (Fig. 2) show that increasing ¢ 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 o can be represented as follows [11]:

o =00+ Ao, 4)

where oy is the minimum o for a given electron-beam gun; Ao is the increment o caused by the fea-
tures of the EBW process.
Hence, the algorithm for stabilizing ¢ at a level close to oy is obvious:

60=0 — Aoc. (5)

During EBW, o is controlled by the focusing system of the EBW. In this case the change of current
I of the focusing system (FS) relative to current lgo, corresponding to oo, leads to increase of o irre-
spective of a sign of increment Alg. In this case

c=0,+ ‘AG(A'd) )‘ , (6)

where Ac(Aly) is the increment o of the current increment Aly.
The dependence Ac(Aly) can be represented as follows [14]

('¢0+A|¢)2
2

b0

As(Al,)=|R -1, (7)

where R is the focusing system parameter (mm); l4o is the FS current corresponding to co.
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Substituting (4), (7) into expression (2) allows us to determine the dependence of the distribution
function Fo on the change of I relative to l4o at zero displacement of the beam relative to the joint (e =
0):

X2

exps — dx.

R[W—ll‘ Vo5 | 2o+ R{W‘ll |

po I po

1

Fo—_

|
| >

Fig. 3 shows a graph built according to this formula. The calculation is made for electron-beam gun
K3II-2M (R = 10 mm; lgo = 50 mA; oo = 0,1 mm; the gap in the joint A = 0,1 mm).
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Puc. 3. 3aBucumocts GyHKIMH pactpeneneHus Fo ot crenenn pachokyCHpOBKH Jiyda

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

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

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

Taking into account (6), (7), expression (5) will look like

i

CO =0—

Thus, by measuring F (the current value of ) and comparing it with Fo (o0), it is possible to form a
control signal Al to correct the size of the heating spot

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 o 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 (JI) signal reception - secondary emission or X-ray signal [15]. The search signal generator
(T'TIC) scans the joint of the parts to be welded with an electron beam and generates a reference signal
o (t) for the synchronous detector CI. The sensor signal is converted by the synchronous detector into
the voltage proportional to the beam deflection € from the joint and through the amplifier (V) is fed
into the deflecting system (OC) 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 (YC). At the rectifier output the analog of the current value F is
formed. The focusing current source (U®T) sets the required value of current lgo in the focusing sys-
tem (®C). The current is injected until the maximum voltage value is obtained at the rectifier output.
This voltage value (analogue of Fo) is stored in the setting device (3V) and fed to the second input of
VC.

The current control signal of ®C is generated by the search signal generator ®IIC in case of ine-
quality of values F and Fo. If the condition F < Fo is fulfilled, ®IIC generates a signal Alg. If the dif-
ference F — Fo increases (in absolute value), ®IIC changes the sign of Alg. This decreases the value of
Alg. The process continues until the condition F = Fo s fulfilled.

— QIIC |

Puc. 4. ®yHKIIMOHATIBHAS CXEMA YCTPONCTBAa aBTOMATHYECKOTO CIICKECHHS 32 CTHIKOM U (DOKYCHPOBKH Jiyda

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 DJIY-8. Circular specimens with thickness of 20 mm and diameter of 500 mm
were welded from materials AMI'-6 and X18H10T.

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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