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FEATURES OF MODELING THE ELECTRON BEAM DISTRIBUTION ENERGY
FOR THE ELECTRON-BEAM WELDING PROCESS
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31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation
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The energy distribution of the electron beam by means of application of various scanning paths, affects formation of
the weld, which relates to the quality of the welded joints. Experimental studies, conducted by the authors of the article
showed that scanning the electron beam in the form of a raster shape gives the best quality of welded joints; therefore,
the trajectories of a classical raster and a truncated raster are proposed for the electron beam welding process. When
conducting research in this direction, the authors discovered the following regularity: with an increase in the scanning
amplitude along the junction, the vapour-gas penetration channel transforms into a stable cavity, along the front wall of
which the metal melts, and along the side walls it is transferred to the tail of the weld pool.

The discovered effect of the formation of a penetration cavity is to be investigated in electron beam welding of vari-
ous materials and thicknesses. For this the necessary equipment is to be created, allowing to make scanning in the form
of various rasters. To improve the quality of the electron beam welding process, trajectories of a classical raster and a
truncated raster across the joint are proposed. For these scanning trajectories, analytical expressions and families of
calculated characteristics of the electron beam energy density distribution over the heating spot are obtained. Modula-
tion of the electron beam oscillation in the form of a truncated raster across the junction makes it possible to obtain a
two-humped distribution of the beam energy on the surface of the part along the heating spot. The obtained characteris-
tics allow a more meaningful approach to optimizing the process of electron beam welding of various materials.

Keywords: electron-beam welding, modelling, technological parameters, electron beam, optimisation, normal
distribution law.
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Pacnpeoenenue smepeuu 21eKmMpoHHO20 NYYKa NymeMm UCHONb30BAHUA PA3TUYHBIX MPAEKMOPUll CKAHUPOBAHUA
gnusem Ha opmuposanue ceapHoco wied, Ymo C6A3aHO C KAYeCMBOM CE8aAPHO20 COeOUHeHUs. DKCnepumeHmanbhvle
UCCNe008AHUA ABMOPOS CMAMbU NOKA3AMU, YMO HAUTYHUlee KAYeCmeo CEapHuiX COeOuHeHull 0daem CKaHuposanue
INIEKMPOHHO20 NYUKA 8 8UOe PACMPOBOU QOPMbI; NOIMOMY 0I5l NPOYECca INEKMPOHHO-TYHEBOU C8aAPKU NPEON0NHCEHb]
MpaeKmopuy K1accuieckoo pacmpa u yceuennozo pacmpa. Ilpu uccnedosanuu 6 5mom HanpasieHuu asmopami
00Hapysicena credyoujas 3aKOHOMEPHOCHb. NPU YeeIUudeHul aMnIUmyObl CKAHUPOBAHUs 8001b CIMbIKA NAPO2A306bIil
KaHa nponiasieHus mpanc@opmupyemes 8 yCmoudugyo noiocmy, no nepeoreil cnmeHnke KOmopou npoucxooum nias-
JIeHUe Memanid, a no GOKOGbIM CIEHKAM — €20 NePEHOC 8 XBOCTNOBYIO YACMb C8APOYHOU BAHHDI.

Obnapyscennsiti 3¢ppexm 00pazosanus NOIOCMU HPONIABTIEHUS HEOOX00UMO UCCIe008amb NPU INeKMPOHHO-
JY4eBoll ceapKe PA3IUYHbIX MAMepUanos u moasyut. s smoeo 00A4CHA Obimb CO30aHA Annapamypa, pearusyrouas
CKaHupogauue 6 uoe pasiuiHbIX pacmpos. [[ia nosvlueHus Kaiecmsea npoyecca 31eKmpoHHO-IY4e80ll C8apKu npeo-
JI0JHCEHbl MPAEKMOPUY KAACCUYECKO20 U YCeHeHHO20 pacmpa nonepex cmuika. [{na smux mpaeKmopuii CKaHuposaHus
NONYYeHbl AHATUMUYECKUEe GbIPANCEHUA U CeMelicmed pPAcHemHblX Xapakmepucmux HIOMHOCU pacnpeoeneHus]
9Hepaul INEeKMPOHHO20 NYUKA NO namuy Hazpesa. Moldenuposanue Gopm oCYUNIAYUU INEKMPOHHO20 NYUKA & 8ude
YyceueHHo20 pacmpa nonepéx cmuika 0aém 603MOHCHOCHb NOTYYUMYb 08yeopboe pacnpedenenue dHepeuU nyyka Ha no-
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6epxHocmu demanu no naAmmuy Hazcpeea. HOlelteHHble xapakmepucmuxku no3eoJjiAion bonee OCMbICIEHHO NOOXOOUNMb
K onmumusayuu npoyecca 3ﬂeKmp0HHO—]ly'-l88011 C8APKU pA3TUUHBIX MAmMepualos.

Knrouesnie cnosa: JJIEKMPOHHO-1yYesds ceapkda, Moz)eﬂuposanue, mexHojgocuvecKkue napamempeol, aﬂekmponnbni ny-

YOK, onmumuzayus, pacnpedeﬂeHue OHepcuu.

Introduction. The combination of energy and techno-
logical parameters of the process determines the quality of
the weld in electron beam welding (EBW). The electron
beam is a source of highly concentrated energy. The for-
mation of deep penetration by a focused electron beam is
achieved by means of formation of a vapor-gas channel in
which the beam energy is transported. In this case, the
welding seam gets a dagger shape with a characteristic
mushroom formation in the upper part. The process of
forming a weld in this case is oscillatory in nature with a
periodic unstable melting channel. The mushroom-shaped
expansion of the weld in its upper part is connected
with periodic beam scattering on the metal vapor. Such
a welding process is rarely used in practice except cases
of through penetration. The pointed shape of the weld
in the root part leads to the formation of root defects —
voids arising from the displacement of liquid metal by the
penetration channel. In order to avoid such defects, it is
necessary to form a wider root part of the seam. The sim-
plest way to form the radius at the root of the seam is to
defocus the electron beam, which is used in practice
mainly at installations with an accelerating voltage
of 3060 kV.

The beam defocusing does not completely eliminate
the root defects, in addition, the seam takes a shape close
to a triangular one, the penetration depth decreases, de-
formation and tension occurs. Therefore, the defocusing
of the electron beam is used only for EBW products of
small thickness [1].

To prevent root defects, it is necessary to form a paro-
dynamic channel with a sufficiently wide lower part.
From the technical side, the most effective way of influ-
encing the formation of a penetration channel is to oscil-
late an electron beam on the surface of the welded prod-
uct. The current trend in the development of welding
technology is to use complex reamers to form welds with
a given cross-sectional shape. Illustration of an example
of such a development, executed by Steirgerwald
Strahltechnik company, is shown in fig. 1. Application of
digital signal generators allows to create rasters of any
shape with a fairly high resolution of up to 24 bits, which
opens up great opportunities in the field of heat treatment,
welding and soldering, and also plays a key role in solv-
ing the problem of pointing to the joint [2].

The technique for choosing the shape of the electron
beam scan has not yet been developed. At the same time,
a rather large amount of experimental data has been
gathered [3]. The following beam scans are most widely
used: longitudinal [4], x-shaped [4-6], circular and ellip-
tical [6-9], arc and staple [10-13]. Sweep amplitudes
usually vary between 1-3 mm.

Electron beam welding with the rotation of the elec-
tron beam along a circular path allows to gain a signifi-
cant reduction in root defects and peak formation, how-
ever, since the power density in the central part of the
heating zone is small, application of circular scanning
leads to a decrease in the penetration depth compared to a
fixed beam electron beam welding.

Fig. 1. Influence of the beam scanning trajectory on the weld cross-section:
A — without scanning; B — circle; C — eight; D — arrowhead

Puc. 1. BnusiHne TpaekTopruu pa3BepTKH MydKa Ha MOMNEPETHOE CEUCHNUE CBAPHOTO IIIBA:
A — otcyTcTBHe pa3BepTku; B — okpyxHOCTB; C — BocbMepKa; D — HAKOHEUHHK CTpeIIb
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The disadvantage of a circular sweep of the electron
beam is also the difference in the directions of the beam at
opposite edges of the weld. At the same time, on one of
the edges, the direction of the beam motion coincides with
the direction of the welding speed, and on the other side,
it is opposite to it, which can lead to uneven formation of
the weld.

n [14], the authors developed a new scanning path
based on energy input. The study suggests applying tra-
jectory instead of a contour to the beam control module
along which the beam follows. As a result, the nominal
energy density and modulation function are experimen-
tally obtained, what makes it possible to determine the
optimal input energy. However, this method of determin-
ing energy, proposed by the authors, is energy and re-
source consuming. Illustration of such a development
is shown in fig. 2.

®

Fig. 2. New trajectories for melting a rectangular area

Puc. 2. HoBble TpaeKkTOpHH AT TUTABICHUS
TIPSIMOYTOJIEHOM 001acTH

In [15], experimental studies on the application of
various electron beam scans with the aim of the qualita-
tive formation of welded joints are presented. The influ-
ence of the following scans was studied: circular and el-
liptical, x-shaped, zigzag, gimlet, raster, triangle, rowing
with oars along isotherms. Studies have shown that the
best scan for the quality of the formation of the weld is a
raster in which the beam is scanned in the coordinate
combined with the junction of the welded product accord-
ing to a unilateral saw tooth law, while the beam moves
from the front of the bath to the tail according to a linear
law with subsequent instant return to the front. Such a
scan facilitates the transfer of molted metal to the tail sec-
tion of the weld pool. During one scanning along the
joint, 16, 32 or 64 scans across the joint along a bilateral
sawtooth path are performed. The scan period along the
junction is 1-2 ms. More detailed studies with scanning in
the form of a raster revealed that with an increase in the
scanning amplitude along the joint from 5 mm when
welding small thicknesses to 15 mm when welding me-
dium thicknesses, the gas-vapor channel transforms into a
stable cavity over the entire penetration depth [16]. The
shape of the cavity was fixed by abrupt discontinuing the
welding process by switching off the accelerating voltage.

Mathematical modeling of the electron beam en-
ergy distribution. In fig. 3 a diagram of electron beam
welding during scanning as a raster is presented. The form
of the weld obtained has almost parallel walls and
a significant radius in the root, what allows root defects
to be eliminated, and instability of the penetration depth
is reduced by 3—4 times. The openness and stability of the
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penetration cavity leads to degassing of the welding pool
and a decrease in porosity. By reducing the proportion of
energy, spent on the evaporation of the material, the pene-
trating ability of the EBW process increases [1].

It is advisable to study the effect of the formation of a
penetration cavity when welding various materials and
different thicknesses. For this, equipment should be cre-
ated, which realizes scanning in the form of various
rasters. In this paper, three types of scanning are consid-
ered: a classical raster, a sinusoidal raster, and a truncated
raster. The objective of this study is to obtain the density
of the energy distribution of the scanning electron beam
on the surface of the part along the heating spot. It charac-
terizes the distribution of energy in the weld pool.

The energy distribution in an electron beam is usually
described by a normal law, which is characterized by
a density probability in the form [17]:

(x-m)

262

; ()

.exp —

1
10w

where x is the coordinate along the abscissa axis, m is the
mathematical expectation, and o is the standard deviation,
characterizing the diameter of the electron beam, and the
concentration of the energy in it. This value is determined
by the electron-optical system of the gun and its focusing
system. It depends on the welding current and is usually
determined in the range of o = 0.05-0.5 mm. The smaller
the diameter of the electron beam, the more high-quality
beam the gun forms.

In order not to take into consideration the specific
value of the standard deviation in the construction of the
characteristics of the density of energy distribution over
the heating spot, we introduce the dimensionless coordi-
nates and amplitudes of the beam scanning along these
coordinates:

y=2, )
(&)

where y is the coordinate along the joint, ¢ standard de-
viation, y 1is the dimensionless coordinate along the joint.
In the system of dimensionless coordinates ¢ = 1

x=2, 3)
(e}

where x is the coordinate across the joint, x — is the di-
mensionless coordinate across the joint.
i=4 4)
c
where A4 is the amplitude, A — is the dimensionless am-
plitude.

It is known that the maximum ordinate of the normal
distribution (1), is equal, corresponds to the point x = m;
as the distance from point m increases, the distribution
density decreases. The centre of symmetry of the distribu-
tion is the scattering centre m. This is clear from the fact
that when the sign of the difference (x—m) is reversed,
expression (1) does not change. If the scattering centre m
is changed, the distribution curve will shift along the ab-
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scissa without changing its shape. The scattering centre
characterizes the distribution position on the coordinate
axis [9]. Therefore, by changing the scattering centre ac-
cording to the corresponding law, one can obtain the en-
ergy distribution density along the corresponding coordi-
nate.

Energy of an electron beam [18]:

W) =U-1-[ [WeWpdxdy, (5
where U is the accelerating voltage, / is the beam current,
W (x) and W (y) are the normalized energy distribution
functions along the corresponding coordinates,

T W(x)dx=1, T W(y)dy=1.

—00 —00

Next, let us consider each scan in more detail. Scan-
ning is conducted in the form of a classic raster, while the
movement along the coordinate across the joint is carried
out on a two-sided saw, described by a piecewise linear
function:

x=k-t+m,

(6)
where ¢ is an independent variable, k and m are some
numbers, and in case, when, k£ = 1, for a time ¢ = [-1; 1]
for a period 7, this graph will be presented in the form
of a triangular function (fig. 4).

It is known that when changing the mathematical ex-
pectation in formula (1), the graph shifts relative to its
center. Consequently, instead of mathematical expecta-
tion, it is possible to substitute the necessary expression,
for a raster it is a linear function. It is also necessary
to integrate the resulting expression.

The following formula is obtained [18]:

! (v (4, -k-t+m))
2.6°

dt (7)

where, Zx e[1;10], x €e[-15;15],k=1,m=0, x isthe
dimensionless coordinate along the joint, ZX is the di-

mensionless amplitude across the joint, and ¢ is the stan-
dard deviation.
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Fig. 3. A scheme of electron-beam welding when scanning
in the form of a raster:

1 — electron beam gun; 2 — focusing system; 3 — focus current source;
4 — deflection coil; 5 — deflection coil; 6 — product surface; 7 — beam
scan generator

Puc. 3. Cxema 371eKTpOHHO-ITy4eBON CBAPKH IIPU CKAHUPOBAHUH
B BUJIE pacTpa:
1 — 3NeKTPOHHO-Ty4eBast Mymika; 2 — GOKyCHUPYIOIIasi CHCTEMA,;
3 — HCTOYHUK TOKa (POKYCHPOBKH; 4 — OTKJIOHSIONIAs KaTyIIKa,
5 — OTKIJIOHSAIONIAS KaTyIIKa; 6 — IIOBEPXHOCTh U3JENUS; 7 — TCHePaTop
CKaHUPOBAHUS MyuKa
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Fig. 4. Graph of successive triangular pulses

Puc. 4. I'paduk nocneoBaTeNbHBIX TPEYTOJIbHBIX UMITYJIECOB
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Fig. 5. Energy distribution on the surface for the case of a scanning trajectory in the form of a truncated raster:
Ax1 =1 sz =2; Ax3 =3; A,=4 A5=5 A,=6; A, =T, Axs =8; A9=9; 4, =10

Puc. 5. Pactipenenenue sHepruu mydyka Ha MOBEPXHOCTH JETAIH IIPH PaCTPOBOM CKaHHUPOBAHUU:
A, =1 A, =2, A, =3 Ay=4 As5=5 Ag=6 A, =T, A, =8 A4y=9 4,,=10

Fig. 5 shows a figure with a normal energy distribu-
tion for the case of a scanning trajectory of an electron
beam in the form of a raster across the junction.

Fig. 6 shows the scanning path of the electron beam in
the form of a truncated raster. The scanning trajectory in
the form of a raster is described by formula (8), but addi-
tional restrictions are added in the form of the following

system [18]:

Note that when scanning with a truncated raster on the
definite areas at a definite period the amplitude takes a

A=l npute [0.7; 1.2],

A=-1,mpute [2.6; 3.2]. ®
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fixed value. Therefore, in the formula (7) we add the ex-
pressions with the help of which the peaks, arising at val-
ues equal to the amplitude, are described. We get the fol-
lowing expression:

! (v~ (A, k-t +m))

- T-2-M 1
W(x)= | ——=—exp| - dt+
YTTT JIG'\/Z-TE P 2.6 o)
— _ 2 - — 2
- 4, +( 4,
|

where X is the dimensionless coordinate across the junc-
tion, A, — is the dimensionless amplitude across the junc-
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tion, o is the standard deviation, m = 0, k = 1, M is the the limits of the saturation zone boundaries

saturation time, T is the scanning period. M .
In formula (9), with an amplitude equal to 3 7 = [0.05;0.1;0.15;0.2;0.25;0.3;0.4] and obtain the fol-

and, taking into consideration that the area of the

; : o aer v lowing energy distribution curves shown in fig. 7.
figure with a normal energy distribution, we change

Flx)

0.8

0.6

0.4

0.2

04

-0.6

-0.8

t, [cek]

0 0.5 1 15 2 25 3 35 4
Fig. 6. The shape of the controlling signal in the form of a triangle with saturation zones

Puc. 6. ®opma ynpasiisiioliero cCurqaia B Bujie TpeyroJibHUKa ¢ 30HaMU HACHIIIEHUS

W(x)

0.8 , |

-4 i2 0 2 4
Fig. 7. Beam energy distribution on the surface of a detail when scanning with a truncated raster and changing the

boundaries of the saturation zone

Puc. 7. PacnpeneneHI/Ie OHEPruu nmy4vkKa Ha NOBEPXHOCTU ACTAJIN IIPU CKAHUPOBAHUU YCCUCHHBIM pacCTpOM
U [IpU UBMEHCHUU I'paHUL] 30HbI HACBIIICHU ST
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From the obtained graphs it can be seen that by chang-
ing the value of the saturation zone M, it is possible to
control the amplitude of the two-hump energy distribution
over the heating spot and achieve the best shape of the
weld. In order to use the obtained calculated characteris-
tics, it is necessary to get from dimensionless coordinates
to dimensional coordinates, for this it is necessary to carry
out the following actions [18]:

y:;-c; x:;-c; A=Z~G;

W(x)=%x); W(y>=%y).

As a result of the conducted research, a program was
developed to control the energy distribution over the heat-
ing spot using various scans [19].

Conclusion. 1. For conducting investigations to opti-
mize the process of electron beam welding, it is reason-
able to use scanning electron beam in the form of a raster,
which allows to obtain a stable penetration cavity and
high quality welded joints.

2. The scanning shape in the form of a truncated raster
allows to obtain a two-hump distribution of energy along
the coordinate across the joint, which is necessary to form
a weld with parallel walls and a significant radius in the
root, excluding the appearance of root defects.

3. Numerical modelling of thermal processes to de-
termine the parameters of EWB will significantly reduce
the cost of developing technologies for structures made of
new materials and various thicknesses.
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