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The efficiency of using electron beam welding in producing permanent joints of structural materials of all thicknesses 
and shapes is well-known. The work for the first time considers the possibility of using electron beam welding for 
the production of high-precision parts of optical system in cathode unit, providing the necessary parameters and their 
joining with electron beam gun insulator in future. The use of electron beam welding at the final stage of manufactur-
ing cathode unit opens the opportunity of minimizing the number of further technological operations. It is noted that 
to create the welding technology, in which the operation of welding would become a final assembly operation, the 
development of new designs of welded joints and schemes for assembly of cathode unit are required. Due to a correct 
design of welding units and compliance with the accuracy of assembling for welding, it became possible to preserve 
geometric dimensions after electron beam welding and to provide the operational reliability of the design as a whole. 
5 Ref., 6 Figures.
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In the industry new tasks are emerging that are suc-
cessfully solved by using electron beam welding 
(EBW). In this process welding guns of different 
power are used to provide the formation of welded 
joints with a thickness from 0.5 to 150 mm or more.

Cathode units (CU) of optical systems are the base 
of electron beam guns and are subjected to increased 
requirements during manufacturing. Taking into ac-
count the capabilities of EBW, it is very promising 
to use it in the manufacture of CU, which represent a 
complex metal-ceramic product. Considering a high 
cost of equipment for electron beam welding, the task 
of manufacturing and at the same time extending the 
service life of CU is very important. In order to in-
crease the long-term and stable formation of electron 
beam welds, high-precision parts of a cathode part of 
the electron beam gun (EBG) were designed and man-
ufactured using EBW.

In the manufacture of such units it is necessary to 
solve a number of problems related to the presence of 
residual inherent stresses caused by the difference of 
thermal coefficients of linear expansion of metal and 
ceramics [1].

As is known, cathodes for electron welding guns 
are made of tungsten and lanthanum hexaboride LaB6. 
Tungsten is much more resistant to vapors of welding 
metals and residual gases, while the cathodes of lan-
thanum hexaboride are rapidly contaminated by va-

pors of welded metals and lose their emission capaci-
ty [2]. However, the power of heating required for the 
normal operation of the tungsten cathode is 3−4 times 
higher than the heating power of the cathode of LaB6. 
Due to the influence of high operating temperatures, 
the cathode can be shifted relative to the optical axis 
and the focusing of the electron beam can be violated.

As a consequence, the operating temperature of 
the tungsten cathode holder and the elements con-
nected with it prevent the use of brazed joints in 
the cathode assembly design. The paper for the first 
time considers the possibility of using EBW to join 
high-precision parts of the optical system (CU) with 
the necessary parameters.

The problem solved in this work consisted in devel-
oping a technology that allows the EBW operation to 
be a finishing operation of the CU electrode connection 
while maintaining its full operational properties.

The experimental works were carried out in the 
SV112 installation of the design of the E.O. Paton 
Electric Welding Institute (PWI) with the computer 
control of EBW parameters. Carrying out EBW in 
a small-sized SV112 installation in difficult-to-weld 
places (interelectrode spaces), where the use of a stan-
dard monitoring system in the secondary electrons 
was problematic, became possible due to the presence 
of a coaxial monitoring system on the base of digital 
videocamera.
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To produce welded joints from the parts of kovar 
used during the manufacture of CU it is necessary to 
minimize residual stresses by minimizing penetration 
depth and overheating of the base metal [3]. This is 
achieved by optimizing the welding parameters: weld-
ing speed Vw, beam current Iw, focusing lens current 
If and working distance, which provide the formation 
of welds with penetration to a partial thickness with a 
minimum recrystallization zone. The weld formation is 
significantly influenced by the position of the electron 
beam focus relative to the surface of the product. The 
best results are achieved by placing the focus below 
its surface. The welding modes are selected such that 
to provide that the value of the weld shape factor was 
close to Hp/B = 1.8−2.0 mm. Such shape is predeter-
mined by the need in a minimal heat input to reduce the 
probability of arising burns out, cuts, increased spatter-
ing and periodic hump shape of the weld.

For the same purpose EBW pulsed mode is suc-
cessfully used. Pulsed EBW due to a low heat input 
has become irreplaceable during welding in the direct 
vicinity from the place of soldered joints of metal with 
ceramics. The heat input during welding is minimized 
and the welding speed is maximized to reduce the size 
of the weld pool and crystallization period.

The EBW pulsed mode parameters are the following:
● rigidity of the G mode (ratio of pulse duration to 

pause duration between them);
● frequency of transmission of current pulses of 

electron beam F.
A significant influence on the value of input en-

ergy and quality of welded joint during welding in a 
pulsed mode is also provided by the welding speed 
Vw, the choice of which in each specific case depends 
on duration of an individual pulse and length of the 
path traveled by the beam during a pause between the 
pulses, which determines the factor of the overlap.

To keep with the conditions of formation of a 
sealed (vacuum-tight) welded joint, the overlap factor 
of welding points is set not less than 0.6−0.7. Based 
on the carried out calculations and experiments, the 
pulsed mode parameters of EBW were determined.

EBW pulsed mode parameters
Up, kV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
Beam current, mA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10−12
Working distance, mm  . . . . . . . . . . . . . . . . . . . . . . . . . . 150−300
Pulse frequency F, Hz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
Pulse duration τpulse, ms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16.5
Pause duration τpause, ms  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16.5

The welding speed on different types of welded 
joints of CU varied from 3 to 10 mm/s. The further 
increase in speed resulted in the Humping effect.

The reduced welding speed threatens with overheat-
ing of the product right up to distortion of its shape.

In addition, the EBW pulsed mode allows re-
ducing the requirements to the accuracy of aligning 
thin-walled structural elements and, first of all, the 
value of gap between these elements. Our previous 
investigations have shown that the gap in the joints 
of CU should not exceed 0.06−0.08 mm. In this case 
the error of 0.09 mm is admitted. The excess of edges 
should be not more than 0.5 mm or 20−25 % of the 
thickness. Welding on the edge flange while maintain-
ing the assembly gap within 0.06−0.08 mm also did 
not cause any difficulties.

All the welds in the considered welded design of 
CU were circumferential. It is known that the prod-
ucts, the parts of which substantially differ in thick-
ness, are welded with a preliminary treatment of the 
edge to equalize the temperature field, which provides 
a symmetrical shape of penetration. In order to mini-
mize the heat removal into the product during welding 
of circumferential welds of CU, the designing sam-
plings were used (Figure 1).

The welding process is also critical as to the accu-
racy of the heating spot location with respect to the 
butt. In case of its deviation from the trajectory of the 
butt, lacks of penetration, burns out and undercuts 
are possible. Lacks of penetration and burns out do 
not provide the vacuum density of welds and are the 
main rejection criteria as the most dangerous defects. 
Such defects are difficult to eliminate during remelt-
ing. Repeated passes lead to the formation in weld of 
a coarse-grained columnar structure and hot cracks to 
which nickel alloys are prone. Therefore, the number 
of passes should not be more than two.

Based on the results of previous investigations of 
EBW, a small chart of technological production of CU 
was created, consisting of six parts: Wehnelt electrode 
bushing, cathode bushing, heater bushing, lid and pin 
of cathode heater (Figure 2).

In Figure 3 the chart is supplemented with a photo 
of macrosection of typical types of welded joints.

The parts of CU (cathode bushing with a high-volt-
age input and bushing of the heating device with a 
high-voltage input) were manufactured and joined 
(weld No.2 and weld No.3) in two design variants: 
a — butt joint of CU electrodes; b — butt joint of CU 
electrodes with the use on flanging.

The use of the design as to the variant (b) made 
it possible to reduce the criticality of a butt gap val-
ue. The welded joint with edge flanging was also 
produced when the pin of the heating device was in-
stalled to the CU lid (weld No.5).
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As a result, in the cathode unit high quality welds 
were produced, the fragments of which together with the 
general appearance of CU are presented in Figure 4.

The final and the most responsible stage of weld-
ing-in CU into a thin-walled (0.5−0.8 mm) flange of 

the EBG ceramic insulator is carried out in the con-
ductor specially made in the form of seating positions 
of the insulator. The conductor is fixed in the rotator 
at an angle with a deviation from the vertical to 10°. 
This requirement is mandatory to provide the possi-
bility of welding-in difficult-to-reach areas of welded 
CU with coaxial welds at different heights.

In order to increase the manufacturability of the 
assembly and welding process, the design of CU was 
modernized. In particular, the type and shape of weld-
ed joint during welding-in CU into the insulator were 
changed.

Replacement of one type of welded joint – over-
lapped welded at a sharp angle into the end (Figure 1, 
c), i.e., a welded joint in which welded elements are ar-
ranged in parallel and partially overlap each other on 
a bilateral flanging (Figure 1, d) made it possible to 

Figure 2. Sequence of assembly and welding of CU with the help 
of EBW: weld No.1 (Wehnelt electrode bushing with a high-volt-
age input); No.2 (cathode bushing with high-voltage input); No.3 
(heating device bushing with high-voltage input); No.4 (lid with 
high-voltage input); No.5 (mounting of pin of heating device into 
the lid); No.6 (joining of CU with insulator)

Figure 3. Macrosections of characteristic types of welded joints 
of cathode unit (CU): a−c — respectively welds No.1, No.5, No.6

Figure 1. Examples of design of welded joints of CU (c, b): a — butt joint with one-sided edge flanging; b — with double-sided edge 
flanging. Two types of electron beam joints of cathode unit with EBG insulator (c, d): c — overlapped; d — with double-sided edge 
flanging
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simplify the welding scheme at the final stage. Such a 
scheme allowed reducing the risk of both lack of pen-
etration as well as burn out of a thin side wall of CU. 
On the other hand, the probability of overheating the 
area near the brazed joint (flange with insulator) and, as 
a consequence, a violation of its vacuum density were 
eliminated. After completion of all welding stages, the 
geometric dimensions of CU were within tolerance. 
At the same time the time of preparatory works before 
welding was significantly shortened without reducing 
the accuracy of assembly of such products. Figure 5 
shows CU as-assembled with a high-voltage insulator.

The technique of assembling thin-walled high-pre-
cision welded structures, the corresponding welding 
devices and the ways of their improvement are de-
scribed in the literature [4, 5].

We developed a set of welding equipment for the 
assembly-welding of electrodes in CU and a subse-
quent welding into the EBG insulator.

The welding equipment represents a set of cylindri-
cal frames, which are fixed on the rotating device, de-
pending on the stage of welding process, (Figure 6, a).

EBW of the cathode unit is a precision process 
and requires a minimal axial and radial beating of ro-
tating device. With this aim, the welding equipment 
was manufactured in such a way that its attachment 
together with a welded products occurs directly on the 
shaft of the rotating device.

Figure 4. Fragments of welds of different parts of CU (a−c) and its general appearance as-assembled (d): a — top view on the lid of 
CU with welds No.4 and 5; b — fragment of weld No.5; c — fragment of weld No.1

Figure 6. Welding equipment (a), screening device (b) and heat removing equipment (c)

Figure 5. Appearance of CU as-assembled with insulator: 1 — 
insulator; 2 — CU; 3 — weld
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Such a solution allowed minimizing the need in 
a software adjustment of the electron beam position 
relative to the butt joint during welding.

During assembly of parts for welding, the absence 
of a gap on the end surfaces and a guaranteed tension 
on the cylindrical ones were provided.

To protect the interelectrode space of CU of the 
electron optics from contamination with metal va-
pors during EBW at an operating power and avoiding 
short circuits of electrodes as a result of that, insulat-
ing spacers, caps and shields of nonmagnetic material 
were used (Figure 6, b, c). In case of welding-on bush-
ing of the Wehnelt electrode the heat-removal equip-
ment with a non-magnetic material of ring type with 
a copper insert was additionally applied (Figure 6, c).

Finally it can be noted that due to changes intro-
duced to the design of CU, development of EBW 
technology, including on the pulsed mode, the exper-
imental industrial batch of CU for domestic EBGs 
with accelerated voltage of 60 and 120 kV was man-
ufactured. 

Conclusions

1. The optimal design of the cathode unit (CU) and 
assembly-welding device were developed.

2. The order of assembly and welding of the cath-
ode unit was proposed, which allowed eliminating the 
losses of a shape of a product, burn outs and contami-
nation of CU electrodes with metal vapors. 

3. The possibility of using EBW as a final opera-
tion during manufacture of CU was grounded provid-
ing operation reliability of the whole unit, including 
its connection to insulator.

1. Kostin, A.M., Labartkava, Al.V., Martynenko, V.A. (2014) 
Investigation of processes of interaction between titanium-
containing brazing filler metal and oxide ceramics and covar. 
Metallofizika i Novejshie Tekhnologii, 36(6), 815−827 [in 
Russian].

2. Nazarenko, O.K., Lokshin, V.E., Patsiora, S.K. (1981) Repro-
ducibility of spatial-time characteristics of welding electron 
beams. Avtomatich. Svarka, 8, 41−43 [in Russian].

3. (1978) Welding in machine-building: Refer. Book. Vol. 2. Ed. 
by A.I. Akulov. Moscow, Mashinostroenie [in Russian].

4. Krampit, N.Yu., Krampit, A.G. (2008) Welding accessories. 
Yurga, YuTI TPU [in Russian].

5. Kurkin, S.A., Khovov, V.M., Rybachuk, A.M. (1989) Tech-
nology, mechanization and automation of production of weld-
ing structures: Atlas. Moscow, Mashinostroenie [in Russian].

Received 13.11.2019


