Cubupckuil srcypHan Hayku u mexvoaoeui. Tom 18, Ne 3

UDC 621.791.722
Siberian Journal of Science and Technology. 2017, Vol. 18, No. 3, P. 634—641

INVESTIGATION OF THE POSSIBILITY OF USING A DEFLECTING SYSTEM
FOR MAGNETIC FIELDS IMPACT COMPENSATION DURING ELECTRON-BEAM WELDING
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The impact of magnetic fields caused by thermoelectric currents and residual magnetization of the welded parts on
the accuracy of an electron beam positioning along the welded joints is a complicated scientific and technical problem
to achieve high quality of welds in the aerospace industry, shipbuilding and power engineering. Presented in the article
mathematical models of distribution of magnetic fields of interference in the space between the electron beam gun and
the surface of a welding workpiece and also inside a workpiece allow to culculate the quantitative characteristics of the
electron beam deflection from welded joints. The authors propose to use a deflection system for compensation of mag-
netic interference impact. The deflection system must be set to a certain height above the workpiece to be welded. The
authors obtained a mathematical model of the magnetic field induction of the deflecting system distribution along its
axis which coincides with the optical axis of the electron beam gun. The coordinates of installation of the deflection
system concerning the surface of the parts to be welded are determined using the presented mathematical models. Cal-
culations showed that the height of installation of deflection system depends on the thickness of the welded components.
Using the deflection system installed at a certain height above the workpiece to be welded allows to eliminate the
impact of magnetic fields caused by thermoelectric currents and residual magnetization of the welded parts on the quality
of welded joints.
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NCCJIEJOBAHUE BO3MOXXHOCTH UCIIOJIb30OBAHUSI OTKJIOHAIOIIEN CUCTEMBI
JJI KOMIIEHCAIIMU BJIUSTHUSI MATHUTHBIX ITOJIEX ITPH DJIEKTPOHHO-JTYYEBOU CBAPKE
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Brusnue macnumuulx noneil, 6vbi36aHHbIX MEPMOINCKMPUUECKUMU MOKAMU U OCHAMOYHOU HAMASHUYEHHOCbIO
ceapusaemMvix Oemanell, HA MOYHOCMb NOZUYUOHUPOBAHUSI INEKMPOHHO20 NYYKA NO CMbIKY COCOUHEHUs. S6ISemcsl
COMNCHOU HAYYHO-MEXHUYECKOU NPOOIEMOU NO OOCMUICEHUIO BbICOKO20 KAYECMEd CEAPHBIX COCOUHEHUL 8 AdPOKOCMU-
yeckol ompacau, cyoocmpoeHuu u 3uepeemuxe. IIpedcmasnenvl mamemamuyeckue Mooenu pacnpeoeseHus MazHum-
HbIX NOJel NOMeX 8 NPOCMPAHCIEE MeNCOY JIeKMPOHHO-IYYEB0U NYWKOU U HOBEPXHOCIBIO C8APUBAEMO20 U30eUs,
a makdice BHympu uzoenusi, KOmopwle nO3680JsII0M PACCYUMAmMyb KOIUYECMEEeHHble XAPAKMEPUCTIUKY OMKIOHEeHUU NyYKd
NEKMPOHO8 OM CMbIKA CcOeOuHeHus. [ KoOMneHcayuu 6IuUsHUs MAZHUMHBIX NOMeX Npeodlazaemcs UCHOJb308amb
OMKIOHSIOWYIO CUCTEMY, YCMAHOBIEHHYIO HA ONpeoesieHHyi0 GblcOmy HAd C8apueaemviM uzdeiuem. Asmopamu
NONYHEeHa MaAMmeMamuieckdass Mooelb PACHpeOeNeHuss MAZHUMHOU UHOYKYUU Nojsi OMKIOHSIOuel CUCHEeMbl 600Jb
ee ocU, co8naoaiowell ¢ ONMUYECKoU OCbIO INEKMPOHHO-TY4e6ou nywky. C nomMowblo npedCcmasieHHbIX MAMeMamuyeckux
Modeneil onpedenerbl KOOPOUHAMbL YCMAHOBKU OMKIOHSIOUell CUCHEMbl OMHOCUMENbHO NOBEPXHOCTU C8APUBAEMBIX
Odemanei. Pacuemul noxazanu, umo evlcoma ycmano6Ku OMKIOHIOWEN CUCTNEMbL 3A6UCUN OM MOTUWUHBL C8APUBAEMBIX
Odemanet. Vlcnonv3oeanue omxioHAOWeEN CUCeMbl, YCMAHOBIEHHOU HA OnpeodesieHHOU 8bicome HA0 C8apusaembiM
uzoenuem, nO380asem YCMPAaHums GIUSHUE HA KAYeCmE0 C8APHBIX COCOUHEHUL MACHUMHBIX NOJel, 6bI36AHHbIX MEPMO-
INEKMPUYECKUMU MOKAMU U OCIAMOYHOU HAMAZSHUYEHHOCBIO.

Knroueswvie crosa: JNIEKMPOHRHO-Iy4esas ceapKka, MacHUmMHoe noJe, OMKIOHAIOWAA cucmema, 3.7l€Kmp0HHbluv NnY4oK,
Komnerncupymowas cucmema.
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Introduction. High demands on quality of welded
joints in aerospace branch, shipbuilding, automotive
industry, nuclear power engineering assume precise align-
ment of an electron beam with an interfacing surface
at the electron beam welding (EBW). The magnetic fields
occuring during dissimilar materials welding and products
with a residual magnetization cause a deflection of an
electron beam from an optical axis of the electron beam
gun in an interval from the gun to the welded product and
on the depth of weld penetration channel as well. If these
deflections exceed 0.3 mm, then they lead to incomplete
root penetration, especially at welding of thicker parts
[1-7].

A more perspective way of electron beam protection
against magnetic fields interference is their compensation
in a welding zone. For this purpose a longitudinal in rela-
tion to a welded joint component of a magnetic field
is measured in area the electron beam gun — the welded
product, and carry out its compensations [8; 9].

The compensation of a longitudinal component of
a magnetic field impact on an electron beam when welding
dissimilar materials can be carried out by applying the
welded parts of the local compensating magnetic field,
parallel to the interfacing surface which is generated
by electromagnetic coils [10], or introduction of compen-
sating currents to the welded product which are counter-
directed to thermoEMF currents [11; 12]. When welding
products from ferromagnetic materials compensation of
a longitudinal component of a residual magnetization
magnetic field can be carried out by means of the elec-
tromagnet creating a compensating magnetic field in the
welded product, counter an interference field [12; 13].

These methods of magnetic fields compensation assume
a possibility of a contact supply of the compensating field
in the welded product that in some cases complicates their
technical realization. Therefore consideration of a possi-
bility of an interference magnetic field compensation
by means of the deflection system located in an interval
between the electron beam gun and the welded product
is relevant.

Magnetic field of interference. It is known that weld-
ing of products from dissimilar materials is followed by
the magnetic fields caused by action of thermoelectric
currents.

In the absence of external magnetic fields distribution
of an induction of a longitudinal component of the field in
the channel of weld penetration has almost linear charac-
ter [14; 15]. The size of an induction of a magnetic field
has the maximal values B, on a product surface, decreases
to the center of the channel of weld penetration and is
defined from the ratio:

2z 2]
B,(2) Bo(l 5" 8)’ (M
where B, — the size of a magnetic induction on a surface
of the welded product near a joint; & — thickness of the
welded product; / — distance from the electron beam gun
to a surface of the welded product.

Over the surface of welded parts in the space between
a product and an electron beam gun a magnetic induction
of a longitudinal component of the interference field decreases
on dependence which is defined by expression [13]:
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Thus, distribution of a longitudinal component mag-
netic induction of the interference field on the way of an
electron beam will be as follows

)
et

3)

The slope angle of an electron beam trajectory and
amount of deflection of the beam from an axis of the elec-
tron beam gun can be estimated according to approximate
formulas [8]:

e r .
v=—0 { B(2)dz; )
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where e = 1,602:10" — electron charge, KI; ¥ (m/s) —
electron speed which can be calculated on the known
accelerating voltage, U (B) [16]:
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B 1+1,967-10°U

m — electron mass determined by a formula
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where m, = 9,109-10°" — rest mass of electron, kg;
¢ =2,977-10% — light velocity, m/s; B(z) — the distribution
law of a longitudinal component of a magnetic field in-
duction in the space between a gun and a welded product.

Substituting (3) in formulas (4) and (5) and integrating
ranging from 0 to (/ + 6/2), we will get
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Formulas (6) and (7) allow to define the slope angle
and amount of deflection of an electron beam from an
optical axis of the gun caused by action of magnetic inter-
ferences in the center of the channel of weld penetration.

The size of the circulating thermoelectric currents can
reach 100 A [17] and the deflection of an electron beam
caused by these currents from an optical axis of the gun
on a surface of a product can make 1 mm and more.
Substituting expression (2) in formula (5), integrating in
the range from O to /, it is possible to receive a formula for
the definition of an induction of a magnetic field on the
surface of the welded product near a joint on the known
deflection of an electron beam from an optical axis of the gun
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The values of magnetic induction calculated by for-
mula (8) at various deflections of x beam from an optical
axis of the gun for products of various thickness & are
presented in tab. 1.

Thus, distribution of a longitudinal component mag-
netic induction of a residual magnetization field on the
way of an electron beam will appear as:

/ 0<z<

%
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The compensating system. Compensation of the
magnetic field rejecting an electron beam can be carried
out in an interval between an electron beam gun and
a welded product by means of compensating system repre-
senting electromagnetic coils placed in the metal cylinder
made of a permalloy. The axis of the cylinder coincides
with an optical axis of the electron beam gun (fig. 1).

In the vicinity of the compensating system center there
is a zone of the homogeneous magnetic field. The size
of an induction of a compensating system magnetic field
in the arbitrary point with z coordinate on an axis of
system can be described by the equation

&
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where B,.x — the size of a magnetic induction in the center
of the compensating system; L — the height of the com-
pensating system (diameter of electromagnetic coils).

The normalized distribution of an induction of a mag-
netic field (B.z)/Bm.x) of the compensating system on
axis Z at L =25 mm is presented in fig. 2.

Substituting (10) in formulas (4) and (5), considering
that an origin of coordinates is DJII1 (Electron Beam
Gun), integrating ranging from 0 to z, we will get
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Operation of the compensating system has to be di-
rected to elimination of a deflection of an electron beam
from an optical axis of the gun and decrease of a tangent
slope angle to a beam trajectory.

The system of equations

(13)

allows to determine the size of a magnetic induction By
necessary for elimination of a deflection of an electron
beam from a gun axis, and distance of @ where the com-
pensating system concerning the gun has to be installed so
that the beam trajectory slope angle was equal to zero in
the center of the channel of weld penetration.

In fig. 3-5 schedules of dependence y(a) = v, — V.
a tangent slope angle to an electron beam trajectory from
height of installation of the compensating system for the
welded parts of various thickness made of dissimilar
materials are submitted.

At a product thickness 6 = 25 mm the center of the
compensating system has to be at the height of 43.05 mm
from a product surface, at 6 = 50 mm — at the height
0f 36.98 mm, at 6 = 100 mm — at the height of 16.95 mm.

Table 1
Values of a magnetic induction of the field caused by a current of thermoEMF
8, mm 25 50 100
X, mm By, MTn
1 0.321 0.179 0.106
2.5 0.802 0.447 0.265
5 1,6 0.894 0.53
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The analysis of the presented dependences shows: the
size of a magnetic induction field caused by action of
thermoelectric currents does not exert an impact on height
of installation of the compensating system; if the distance
from the gun to the welded product remains constant, then
with the increase in thickness of a product up to some
critical value the coordinate of the application of the com-
pensating magnetic field approaches a product surface.

In tab. 2 the values of deflections of an electron beam
are given in a root of penetration at compensation of the
magnetic fields caused by thermoEMF currents for details
of various thickness.

In fig. 6 schedules of dependence y(a) = vy, — .
a tangent slope angle to an electron beam trajectory from
height of installation of the compensating system for the
welded parts with a residual magnetization of various
thickness are given.

At a product thickness & = 25 mm the center of the
compensating system has to be at the height of 34.56 mm
from a product surface, at 6 = 50 mm — at the height
of 26.16 mm, at 6 = 75 mm — at the height of 15.2 mm;
at a product thickness 6 = 100 mm technical realization
of system of compensation of the considered design
is impossible. It is necessary to apply a design of the
compensating system with the magnetic tips used for con-
centration of a magnetic field. To use the considered
compensating system it is necessary to limit acceptable
magnetic fields of interference.

Let the center of the compensating system be located
at the height of 17.5 mm from a product surface the
thickness of which is equal to 100 mm. The solution of
a system of equations

| an
' -~

i

a

{xn -x.=0,

(14)
X,, —X,. =0.0003,
where 0.0003 — the maximum permissible deflection in a root
of penetration, m; x,, — the deflection in a root of penetra-
tion caused by action of the field of a residual magnetiza-
tion; x,. — the deflect in a root of penetration caused by
action of a magnetic field of the compensating system;
allows to determine the most admissible size of an induc-
tion of a magnetic field of a hindrance By = 0.1257 mTn
that corresponds to a magnetic intensity of 100 A/m.

In tab. 3 values of deflections of an electron beam are
given in a root of penetration at compensation of fields of
a residual magnetization of parts of various thickness.

Thus, for most cases happening in practice it is possi-
ble to define the distance from a product surface to the
center of the compensating system providing acceptable
values of a beam deflection in the root of penetration.
During thicker products welding when this distance is
very small and does not allow to realize compensation of
a residual magnetization fields technically, it is necessary
to introduce restrictions on the size of a magnetic field of
interference induction.

Conclusion:

1. With the use of the deflection system installed at
a particular height over the welded product, it is possible
to eliminate an impact on the quality of welded joints
of magnetic fields caused by thermoelectric currents and
a residual magnetization.

2. At electron beam welding of products of larger
thickness with a residual magnetization it is necessary
to limit acceptable magnetization for the purpose of ex-
ception of incomplete penetration.

a

Fig. 1. The scheme of DJIC (Electron Beam Welding) installation with

the compensating system (a) and

distribution of an induction of

a magnetic field of the compensating system (b): DJIII — the electron
beam gun; KC — the compensating system; OW — a workpiece

Puc. 1. Cxema ycranoBku JDJIC ¢ xomneHcupymomeil cucteMoit (@)

U paclpesielieHue WHIYKIUM MarHUTHOTO MOJIST KOMIIEHCHpYIOIIeit

cucrembl (6): DJIIT — snekTponHO-nyyeBas nymnika, KC — kommeHcH-
pytomas cucrema; OU — o6pabaTeiBaeMoe uzeine
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Fig. 2. Distribution of magnetic induction on axis Z

Puc. 2. PacnipenienieHue MarHuTHOM MHIYKLUY 110 OCU Z
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Fig. 3. Dependency y(a) at d =25 mm, / =250 mm, L =25 mm

Puc. 3. 3aBucumocts y(a) npu 6 =25 MM, [ =250 MM, L = 25 mm
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Fig. 4. Dependency y(a) at 6 = 50 mm, / =250 mm, L =25 mm

Puc. 4. 3aBucumocts y(a) npu 6 = 50 MM, / = 250 MM, L = 25 mm



Texnonozuueckue npoyeccost u mamepuaiiol

0.04

-0.04

Beam slope angle, rad.

0.06 - --

008 femee e ;

1117] FRRES S — S S ——— S

) ) PP N S SR Ay A
Bp= 0.4 mIn : :

0.1

|
0.05

0z 025

Fig. 5. Dependency y(a) at 6 = 100 mm, / = 250 mm, L = 25 mm

Puc. 5. 3aBucumocts y(a) npu & = 100 mm, /=250 mm, L =25 MM

Table 2
Deflections in a root of penetration at compensation of the magnetic fields caused by thermoelectric currents
3, mm 25 | 50 | 100
By, MTn Beam deflection in a root of penetration, mm
0.94 0.0576 0.2306 0.9222
0.5 0.0307 0.1226 0.4905
0.4 0.0245 0.0981 0.3924
0.3 0.0184 0.0736 0.2943
0.8 ! ! ! !
. oM
3
<
Sonm
g
9 ]
[
S o2}
[
]
.S‘ -0.04
&
o= -0.06 .
5 :
o -0.08
© :
5 O : :
8 : : :
2 -0.12 i : :
= : : : :
-0.14 ' ' ' '
0.05 0.1 0.15 0.2 0.25
a
Fig. 6. Dependancy y(a) at By = 0,94 mTu, /=250 mm, L =25 mm
Puc. 6. 3aBucumocts y(a) npu By = 0,94 mTm, [ =250 mm, L = 25 Mm
Table 3
Deflections in a root penetration at compensation of fields of a residual magnetization
3, mm 25 | 50 | 75 | 100
By, MTn Beam deflection in a root of penetration, mm
0.94 0.0865 0.3458 0.7781 2.3
0.5 0.046 0.184 0.4139 1.2
0.4 0.0368 0.1472 0.3311 0.9593
0.2 0.0184 0.0736 0.1656 0.4797
0.125 0.0115 0.046 0.1035 0.2998
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