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Electron beam welding is used extensively to produce essential machine parts. The control of the basic beam pa-
rameters — beam power or beam current at constant accelerating voltage, welding speed, current of focusing lens and
distance between electron gun and welded sample surface — is not enough to obtain at most of the regimes sound welds.
Control of the focus position using analysis of the high frequency component of the current, collected by plasma, at
periodic interactions on the beam (the oscillation of the beam or modulation of the focusing current) could be a way for
the formation of non-defect welds at these conditions. The statistical analysis of weld geometry is shown.
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DNeKmpoHHO-Tyuesds c6apKka WUPOKO UCHONb3Yemcsl Ol NPOU3BO0OCMEA OMBEMCMEeHHbIX uz0eaull. Tonbko KoH-
MPOJis OCHOBHBIX NAPAMEMPO8 NYYKA — MOWHOCIMU NYUKA WU MOKA NYYKA NPU NOCMOSHHOM YCKOPSIOWEM Hanpsidice-
HUU, CKOPOCMU C8APKU, MOKA (DOKYCUpyloujell TuH3bl U PACCMOSHUSL MeNCOY INEKMPOHHOU RYUKOU U HOBEPXHOCHILIO
0bpasya — He OOCMAMOYHO, YMOObL NOAYUUMb KAYeCHEEHHbIE Wbl Ha O0buUHCMmEe pedcumos. Konmpoas nonooice-
HUsL (hoKyca, UCNOB3YIOWUT AHATU3 8bICOKOYACHOMHOL COCMAGIsIIOWeld MoKda, COOpaHHO20 U3 NIA3Mbl, NPU NEPUOOU-
YecKUxX 83auMo0elcmeusx Ha ny4ox (KonebaHus nyyka iy MOOYIAYUU moKa oKyCcUposKi) modxcem Oblmb cHOCOOOM
onst popmupoganusi be30eeKmublx C8aAPHbIX U808 HA dMux ycioeusx. Ilpusedenvl pe3yibmamsl CmMamucmuieckKo2o
AHATU3A 2e0MeMPUlU CBAPHBIX UBOE.

Kniouegvie cnosa: anexmponno-nyye6as ceapka, ynpasienue nponiasieHuem, KOHmpoib QOKYCUPOBKU, OCYUIIAYUA
ayua, ckanuposamue goxyca.

Introduction. Electron beam welding (EBW) is a fu-  the electron beam, easy control of the beam energy flow,

sion welding process performed in a vacuum. The process  deeply penetrating beam producing narrow and deep
has a number of advantages: high power concentration in ~ welds, smaller heat-affected zones, equal strengths of the
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weld joint and the main metal, etc. These advantages al-
low the use of the electron beam for welding of reactive
and non-ferrous metals, high-tensile and heat-resistant
alloys that are typically used in the production of critical
products.

However, certain problems arise in the EBW process,
which are related to the instability of weld-joint formation
and the difficulties in controlling the optimal focus re-
gime. The complex character and the lack of understand-
ing of the processes during EBW make numerical model-
ling difficult, forcing scientists to rely on experimental
research methods.

The basic parameters of EBW are accelerating volt-
age, electron beam current, focusing-coil current, welding
speed, operating gun-sample distance, vacuum level in the
process chamber, etc. These parameters are chosen ac-
cording to factors such as the operator’s own experience,
mathematical models [1; 2], or statistical analysis [3; 4].
The most difficult parameter to identify and reproduce
during EBW is the beam focusing position. The operator
of an EBW machine needs manually to set the focus of
the beam. The adjustment of the focusing-coil current is
based on the operator’s subjective evaluation of luminos-
ity brightness, emitted from the interaction area of the
beam irradiating refractory target material, e.g. wolfram.
When the luminosity brightness becomes maximal, the
focusing mode is considered sharp [5]. The process of
manual focus control is subjective and can lead to per-
formance depreciation. Each operator interprets the lumi-
nosity brightness of the operational area differently and,
therefore, the welding results may not be reproducible.
Changing the focusing current by 1 % may cause a 20—60 %
fluctuation of fusion depth. The focusing position also
significantly influences the probability of various defects
specific to EBW, such as spiking, cavitations, medial
cracks, etc.

The need for real-time focusing control results from
changes in the electronic—optical systems of an electronic
gun due to cathode wear and tear or after planned mainte-
nance. For welding operation modes, the focusing current
should be adjusted based on experiments with various
materials, thicknesses and types of electronic-beam guns.
Real-time adjustments are important for welding large
objects, especially when the cathode electron emission
and thus the adjustments of the gun are significant.

Therefore, the control, monitoring and analysis of the
processes in the keyhole in the welding bath during EBW
requires analysis of the secondary signal parameters, such
as secondary electron or ion emission, optical emission,
X-rays, etc.

All the above methods use extreme correlations be-
tween the secondary emissions and the focusing lens cur-
rent. These correlations are characterised by the dead
zones and two values of the focusing lens current that
ensure similar signal parameters, but various derivatives.

One of the specific processes caused by the impact of
the intensive electron beam on the metal during EBW is
the formation of plasma in the operational area [6; 7]. The
parameters of the plasma are closely connected with the
electron beam thermal effect on the metal being welded.
In [8; 9], the plasma current parameters are suggested for
electron beam focusing control.
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A possibility to change from free to forced instabilities
of the keyhole walls is to apply beam linear longitudinal
oscillation.

The application of focal spot scanning (modulation of
the focusing lens current) is another method for control of
the keyhole wall instabilities. The low frequency scanning
of the focusing current has negative effects on the quality
of the weld. Application of high frequency scanning of
the focal spot to improve the quality of the welded joint is
known. However, its applicability to the operational con-
trol of the beam focusing has not been investigated until
now.

A simultaneous recording of the deflection coil current
or the focusing lens current and the secondary current
signals collected by the plasma was realised using both
approaches in order to affect the beam energy deposition
processes in keyhole.

This article studies the behaviour of the current col-
lected from the plasma, generated in the operational area
of the electron beam, when using EBW with oscillating
beam or with focal spot scanning (modulation of the fo-
cusing lens current), based on the coherent accumulation
method [10-12]. This method can be used to obtain not
only amplitude ratios, but also the phase ones, as well as
determining how the current signals collected by the
plasma are synchronised with the deflection current or the
focusing lens signals during EBW. These results on the
probability of the generation of the high frequency com-
ponent of the non-independent gas discharge current
(namely the instabilities of electron emission from the
super-heated spots on keyhole walls) can be useful as
methods to control the EBW focus position against the
parameters of the plasma current.

Experimental procedure. A ring electrode collector
was used to measure the secondary current from the
plasma. The collector was located over the welding zone.
The collector has a positive potential of 50 V. The loading
resistance was 50 Q. The signal from the collector was
registered by a data acquisition system and further
processed by a computer. The sampling frequency in the
experiments was in a range from 100 kHz to 1 MHz per
channel.

During the experiments, samples of chrome-
molybdenum steel (0.15 % carbon, 5 % chrome and
around 1 % of molybdenum) were welded. The accelerat-
ing voltage in all experiments was 60 kV. The welding
power was 3 kW and the welding speed was 5 mm/s for
experiments of beam oscillations and the welding power
was in the range of 2 kW to 4 kW in the case of focusing
spot scanning.

During the experiments, the welding power P, weld-
ing speed, focus degree Al (Aly= I;— I, is the difference
between the average focusing lens current of the welding
mode and the focusing lens current of the sharp focus),
the frequency f and the amplitude of the focal spot scan-
ning 4 were varied.

The current in the focusing or deflection lenses was
changed under a linear law. In the case of beam deflection
oscillations experiments, the deflection oscillation fre-
quency ranged between 50 Hz and 1.400 Hz and the range
of the duplicated maximal amplitude of the beam
deflection oscillation was 0.4 mm to 3.5 mm.
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In the case of beam focus scanning, the limits of the
scanning frequency were from 90 to 12,000 Hz. The
amplitude of these oscillations was in the range of 3
to 25 mA.

Transverse metallurgical sections of the weld were
made from all the welded samples. The focus regime was
determined by the transverse sizes of the penetration
depth. The sharp focus regime corresponds to the maxi-
mum penetration depth.

Measured results. Fig. 1 shows the spectrum of the
secondary current signal, generated from the plasma
plume over the work-piece from studied chrome-
molybdenum steel at EBW with the electron beam

oscillations.

Spectral density, rel

0 25 50 75 100
Frequency, kHz

Fig. 1. Spectrum of secondary current signal, extracted
from plasma at EBW with the oscillation of electron
beam: electron beam power P = 2.5 kW, lens focusing
current at position of ‘sharp focus’ (/; = 840 mA),
oscillation frequency f = 561 Hz, sweep size of the
duplicated amplitude of deflection oscillations 2A = 0.9 mm

The main part of the signal oscillations is in the low
frequency range up to 5 kHz. Apart from that, a peak of
oscillations of the plasma signal is observable at the fre-
quency of 15-20 kHz and its multiple harmonics, which
characterises high frequency processes in the system elec-
tron beam-penetration channel-plasma.

Fig. 2 shows a typical spectrum of the secondary
current signal collected from plasma during the welding
of steel samples. It can be noted that there is the same
characteristic maximum in the signal at frequencies close
to 15-20 kHz. The collected from the plasma signal
record (fig. 3) looks like a series of high frequency
impulses that follow each other (curve 1). For
comparison, the record of deflection oscillations current
(curve 2) is shown. The impulses of the series of the
secondary signal appear with frequency of order 10-30 kHz
and have considerable values (impulses value depends on
the current selection conditions and reached 1 A in the
performed experiments).

The similarity of these records of the high frequency
current signals, collected by the plasma at periodic inter-
action on beam energy absorption in the keyhole in the
welding bath, can be seen. There is a hypothesis to ex-
plain the mechanism of the appearance of high frequency
oscillations in the collected current by the positive elec-
trode in the plasma. The collector plays the role of an
anode in a non-independent discharge. The plasma in the
keyhole and the plasma plume over the interaction zone is
an electrically conductive media in that discharge. The
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electron emission occurs from over-heated spots on the
walls or in the bottom part of the keyhole. These spots are
explained with the assumption of the existence of electron
beam ablation (explosive boiling) [13—15]. The rate of the
energy input in the interaction zone of the electron beam
with the metal in the keyhole is much higher than the rate
of heat removal through conduction. There is local over-
heating of the metal, followed by explosive boiling. The
boiling metal vapour affects the beam structure, the local
beam part is scattered by the metal vapour and by the
blow-up ablation products, and the power density is dra-
matically reduced. After the vapour evacuation from the
keyhole, the beam power density is again above the criti-
cal and the process resumes. The frequencies predicted by
this hypothesis are close to the high frequency compo-
nent, observed experimentally (fig. 1 and fig. 2). The lo-
cal over-heating of the metal walls of the keyhole is a
result of the local areas with lower angle in respect to near
to vertical walls of the front side of the keyhole in the
welding bath. Some blow-up droplets also absorb addi-
tional energy and are for a short time over-heated. As a
result the thermal electron emission from over-heated
spots plays the role of an impulse cathode emitter in non-
independent gas discharge with an anode — the collector
electrode.
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Fig. 2. A typical signal spectrum of the secondary

current collected from the plasma during EBW with

focus position oscillation (welding power: 2.5 kW, sharp
focus regime (Al;= 0), scanning frequency: 1.523 Hz)
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Fig. 3. Records of the secondary current, generated by

plasma and of the current in the deflection coils. Welding

of steel with the oscillation: P = 2.5 kW, sharp focus

(Ir = 840 mA), oscillation frequency f = 561 Hz, sweep

size 2A = 0.9 mm. Curve 1 presents high frequency im-

pulses (packed in low frequency oscillation signal) and
curve 2 is deflection coils current
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Fig. 4. Waveform of secondary current, collected from

the plasma and the signal of the focus coil current during

EBW with focus position oscillation: 1 — Secondary
current; 2 — Signal from the focusing lens current
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Fig. 5. Record of deflection coils current signal Osc(?)
(two straight lines) and function S(t) obtained by the co-
herent accumulation method during the steel welding
with oscillation along the joint (P = 3 kW, beam current
50 mA, oscillation frequency f = 630 Hz, oscillations
sweep size 2A = 1.5 mm); S(t) is for low frequency (up
to 2 kHz) oscillations and for focusing current 825 mA
(low focused beam)

A result of the treatment of the secondary signal by
the method of the coherent accumulation, at the welding
process with deflection oscillation along the joint, is pre-
sented on fig. 5. There is also shown a record of the de-
flection coil current Osc(t). The differences in the maxi-
mal amplitudes on fig. 5 and the small shift of the posi-
tions of the maximal values of S(t) in comparison with
the positions of the changes of the deflection coil’s cur-
rent directions can be found.

Fig. 6 shows the results of the analysis of the high fre-
quency component of collected by plasma current at
modulation of the focusing current, when the beam is
over-focused. The change in the sign of the phase shift at
changes of the beam focusing position is of major interest.
When the beam is under-focused, the phase shift is posi-
tive. As the focusing current is increased, the phase shift
magnitude decreases monotonically, becoming zero in the
region of sharp focus. A similar phenomenon has been
observed in the entire range of investigated conditions as
well as in the case of oscillating beam studies.

It can be concluded that the time shift and amplitude
changes of the maximums in the created by coherent
accumulation method curves of probability of excitation of
high frequency current component S(t) could be a base for
new control methods for adjustment of the beam focus
position during welding with periodic interactions on the
electron beam (the oscillation of the beam or scanning the
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beam focus). Such method of focus position control, due
to monotonic relation of the feedback signal with the
focusing lens current, is faster than any known methods,
which need the application of an additional focus
exploratory scanning.
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Fig. 6. Curve 1 — Function S(t), obtained using the

coherent accumulation method on 1, as a result of

analysis of the high frequency component of collected

from plasma current; Straight lines 2 — Osc(t) is the

record of the focusing lens current (P = 2.5 kW, over-

focusing regime (Al = +17 mA), oscillation frequency
=966 Hz)

On the weld cross-section control. The metal-
lographic cross-sections of the welds, produced by beam
longitudinal oscillations (630 Hz, A=1 mm), shown on
fig. 7, a and fig. 7, b as fig. 8, a and fig. 8, b are compared.
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Fig. 7. Metallographic transverse cross-sections of the welds,
obtained at focusing currents: 825 mA (a); 833 mA (b)

b

Fig. 8. Metallographic transverse cross-sections of the welds,
obtained at focusing currents: 847 mA (a); 852 mA (b)

It can be seen that deflection oscillation prevents the
appearance of root defects (spiking) only in the case of a
low-focused beam, but there the penetration depth is
lower than in the case of a sharp-focused beam.

The contour plots of the dependence of the weld depth
H and of the weld width at sample surface B on the focus-
ing current I, and on the amplitude of deflection sweep
A it under linear longitudinal oscillations of the beam for
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the chosen oscillation frequency Fos. = 745 Hz are pre-
sented in fig. 9. The deflection oscillation amplitudes do
not affect the weld depth at small focusing currents
(fig. 9, a). An increase of the focusing current in this re-
gion extends slowly the weld depth. In fig. 9, a the region
of the deepest welds (i. e., the sharp focus) can be seen at
higher focusing currents in the range of 840-855 mA (in
comparison with the static beam case, where a sharp focus
was observed at 833—835 mA) and at amplitudes between 2
and 2.7 mm.
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Fig. 9. Contour plot of dependence of weld depth H
from focusing current Iy and amplitude of beam deflec-
tion oscillations A (@); contour plot of dependence of
weld width on the sample surface from focusing current
If and amplitude of beam deflection oscillations A (b)

In this case of longitudinal oscillations, as shown in
fig. 9, b, it can be seen that narrower welds appears at
oscillation amplitudes greater than 1.2—1.5 mm and focus-
ing currents higher than 833—840 mA. In the case of down
focusing position an increase of the oscillation amplitude
extends the surface width of the seam.

Fig. 10 presents the dependences of weld depth H on
oscillation amplitude A, at constant F.. The focus
position is on 13 mm (sharp focusing of the beam at
which maximal weld depth was obtained). At small

amplitudes (Ayi < 1 mm) a maximal weld depth is shown,
better for frequency of Fy, = 200 Hz. At Foi. = 1,000 Hz
an invariant weld depth can be obtained, in the range of
amplitudes of oscillations (1-2.5) mm. The weld depth at
F,. =200 Hz and at amplitudes Ay < 2.5 mm is higher,
than in higher frequencies of oscillations F,, = 1.000 Hz
or Fo,. = 1.400 Hz.
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Fig. 10. Dependences of weld depth H on oscillation
amplitude A at some frequencies Fos. = const of the
longitudinal deflection oscillations

In the case of very big oscillation amplitudes
(Agseil = 2.5 mm) the weld depth decreases, due to lower
values of the beam power density.

On fig. 11 is shown dependences of weld depth from
oscillation frequency at three amplitudes of deflection
oscillations. In the range of frequencies of oscillations
400-1.000 Hz the weld depths are invariant. In the range
of frequencies F, < 400 Hz small amplitudes lead
to higher weld depths. Frequencies F,, > 1.000 Hz and
oscillations amplitudes Ay > 1.5 mm lead to decrease of
the weld depths.
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Fig. 11. Dependences of weld depth H on oscillation frequency
F o at some longitudinal amplitudes A = const of the longi-
tudinal beam deflections

In the case of scanning the focusing position along the
beam axis at welding chrome-nickel steel the cross-
section have a big head and narrow and deep weld
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(fig. 12). In some applications a more thick shaft and pro-
portionally smallest head can be acceptable (fig. 13).

Fig. 12. Weld cross-section at
35 mA beam current, 835 mA fo-
cusing current and focus scan-
ning: 9 mA, 960 Hz v =15 mm/s

Fig. 13. Weld cross-section at

31 mA beam current, 826 mA no

focus scanning, welding velocity
5 mm/s

On fig. 14 is shown contour plot of dependences of
the weld depth on amplitude of focus scanning A and on
focusing coil current If. The weld depth has weak de-
pendence from focus scanning amplitude A and known
considerable dependence from beam focus position.

815 I e T
G
840 \q\'
7
835
=3 75
E 530 :
825 \\
820 /___”6_’
)
L L —_
8155 10 15 20

A, [mA]

Fig. 14. Contour plot of weld depth on A and If
at frequencies of focus scanning F=1.116.5 Hz

On fig. 15 is shown contour plot of weld width on sur-
face (namely width of weld-head) on amplitude of scan-
ning and focusing lens current. One can see the same
more strong dependence on position of focus on weld
width, as well as that at small amplitudes of focus scan-
ning are the regions of more width welds at down-focused
and over-focused beams.
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Fig. 15. Contour plot of weld width on surface
on A and If at focus scanning frequencies
F=1.116.5Hz
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Fig. 16. Contour plot of weld width meas-

ured on one-half of the weld depth versus F

of focus scanning and focusing current If at
scanning amplitude A = 12.5 mA

On fig. 16 is shown the contour plot of weld width,
measured on one-half of weld depth on focus scanning
frequencies and focusing current at constant scanning
amplitude A = 12.5 mA. For over-focused beam an in-
crease of scanning frequency decrease of weld width, as
well as at down-focused beam the scanning frequency is
practically not affects the weld width, measured at one-
half of the weld depth.

845 /;

1200 1400
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800 1000

Fig. 17. Dependences of the depth of the

weld-head on F of focus scanning and on

focusing current If at scanning amplitude
A=125mA
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On fig. 17 is shown contour plot of the depth of head
(more wider upper part of the weld on F of scanning and
focusing position at constant amplitudes of scanning and
welding speed). Smallest depths of the weld-heads is ob-
servable at down-focused beam and higher scanning fre-
quencies.

The study demonstrates the possibility to research
of processes in the keyhole at electron-beam welding
according to parameters of secondary current in plasma.
The signal spectrum of the secondary current at electron
beam welding contains a characteristic high-frequency
(15...25 kHz) component. The secondary current signal at
electron-beam welding with electron beam oscillation
presents a series of high-frequency impulses which follow
each other with frequency to multiple oscillation fre-
quency. The obtained by coherent accumulation method
function S(t) has a lag (time shift) in relation to the signal
of deflection coils. The Lag value is depended on welding
regime and it can be used to in-process control at elec-
tron-beam welding. There are three characteristic fre-
quency areas at EBW. In the range up to 100 Hz, from
two hundred hertz to two kilohertz, and five kilohertz and
more. When the oscillation frequency changes in these
ranges, the formation of a secondary signal and weld for-
mation are significantly different, too.
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