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Abstract— Keyhole welding using concentrated energy beams (electron beam and laser beam) is at the forefront of
welding technology and finding ways to improve welding quality is a pressing issue. Finding optimal welding modes,
monitoring weld quality and/or detecting weld defects in real-time during the welding process using nondestructive, cost-
effective and reliable methods is one of current challenges. Plasma generated in the keyhole and the plasma plume (space
above the welding pool) provides an opportunity to study welding stability and optimal modes as well as formation of
weld defects.

Generation and characteristics of plasma in the keyhole and above the welding pool are discussed in the paper. For laser
keyhole welding spectral analysis data and video image techniques are widely used for control and inspection of laser
induced plasma in real time. Electron beam welding is studied using plasma parameter measurements and by studying the
current collected by the positively polarized ring electrode above the welding pool. In case of electron beam welding with
beam oscillations the method of coherent accumulation is applicable to analyze of the plasma fluctuations process at the
plasma electron current.

l. INTRODUCTION

Electron beam and laser beam welding are widely used technologies for joining of metals due to numerous advantages in
comparison to other welding technologies. However, certain problems arise in the keyhole welding process, related to
instability of weld joint formation and difficulties in creating and controlling the optimal welding modes. One of the main
concerns of the industry is to assure the weld quality in real-time using a cost-effective and reliable method. It would be
significant for the industry to be able to find optimal welding modes and/or detect defects non destructively in real-time
during the welding process.

One of the phenomena that occur during interaction of concentrated energy beam with metal sample is generation of plasma
in the welding zone. Study of plasma characteristics and their relation to process/product performance/quality could help
increase knowledge of control of electron beam welding using concentrated energy beams and create approaches for its
optimization. Due to the complex character of keyhole welding using high energy beams, differences in interactions of both
beams with materials, and lack of adequate models of physical processes in the crater in the welding bath optimization and
quality improvement of electron and laser beam welding technologies are empirical and still need more research.

1. PARAMETERS OF PLASMA, GENERATING IN THE INTERACTION ZONE OF INTENSE ENERGY BEAM WITH
WELDED SAMPLE

2.1 Vacuum electron beam welding

During interaction between intense electron beam and metal low temperature plasma is generated in the welding zone [1-
12].Deep penetration electron beam welding is associated with absorption of beam energy (over 5.10° W/cm™) by a work-
piece through a capillary crater in the work-piece referred to as the keyhole. The keyhole is filled with metal vapor,
ionized atoms and electrons. Vapor pressures in the keyhole near the root of the weld are higher thereby creating a vapor
flow to the space surrounding the sample. Generation of plasma inside and outside the keyhole is a result of collisions of
vapor atoms with beam electrons, electrons reflected by the sample wall and the generated x-rays. It can be assumed that
in the root part of the keyhole due to concentration of ions (there are beam electrons and free electrons and ions, created
by the ionizing processes) of order of 10— 10® m™ a compensation and/or overcompensation of the beam negative
charge takes place temporarily or continuously(free electrons are loosed off the wall). In the next keyhole part due to
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transportation of ions and mainly due to additional ionization of the ionized vapor flowing along the keyhole region, the
electron concentration increases to 10>-102m=[3] and Debye radius becomes less than the keyhole radius - i.e. ionized
vapor achieves plasma state. Due to maximum plasma concentration in this deep part of the keyhole plasma parameters
such as plasma potential and electron temperature are determined here. The Debye layer around the liquid metal walls of
the keyhole keeps the balance between the numbers of plasma electrons and ions in the rest of the keyhole propagation
distance. The flow of a mixture of hot neutral atoms and cold plasma ions, directed towards the orifice of the keyhole on
the sample surface is controlled by gas-dynamic conditions in the keyhole and the concentration of these particles
decreases. Then vapor cloud and plasma plume are emitted in the space over the welding zone [6-8]. Note that neutral
atom distribution and plasma particle distribution over the welding sample surface are different due to different nature of
their ensemble expansion.

2.2 Plasma parameters in case of vacuum electron beam welding

The plasma plume above the welding pool has been studied because it is readily observable.

FI1G.1. MEASUREMENTS OF PLASMA PARAMETERS DURING ELECTRON BEAM WELDING [4]

The plasma plume above the welding pool has been studied because it is readily observable. Some research used
Langmuir probe methodology (the Langmuir probe is shielded from direct back scattered electron current by a grounded
metal shield) [1,2,4,5,8],as shown in Fig.1. There 1 is electron beam, 2 - focusing coil, 3 — vacuum chamber, 4 - Langmuir
probe , 5 — grounded metallic shield,6 - welded sample, 7 — two-polarity energy source, 8- logarithmic amplifier,
9 —recorder, 10 — measuring device, 11 — resistor.

At distances of 3-10 cm from the interaction zone electron temperature is kTe=~1-6 eV and electron density is of order of
10"®m(note, here density of neutral vapor atoms is of order of 10*° -10"m™).In ref. [1,2] for Cu, Ni, Fe and Mo and
semi-spherical welding pool (no keyhole penetration: U=13 kV; 1=44 mA) density of charged particles at distances of 3-4
cm from welding bath is more than 10*-10"°m™. The measured electron temperature there was 80 000 K-90 000 K.
Plasma potential was 20-30V. Langmuir probe method was not applicable at higher beam powers due to oscillations of the
probe characteristic data.
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In ref. [4] at beam current of 10-70 mA and accelerating voltage of 25 kV, as in [4,5] at beam current 0f40-80 mA at
accelerating voltage of 60 kV and welding velocity of 5-20 mm/s the density of charged particles is 10'°m™, the electron
temperature is 4 000 K at distances of 1-2 cm from the welding pool and the plasma potential is 3-4 V.Data accuracy is
not high(with rate of mistake from 20% to 50%) due to oscillations of measured values, unclean surface of the probe in
electron beam welding conditions and presence of negative ions or charged droplets. On Fig.2 to Fig.4electron partof volt-
ampere probe characteristics is shown for three beam currents, three sample materials and two distances between welding
pool and Langmuir probe. The ion part is not shown, because ion currents are more than 100 times smaller.

In ref. [5]electron temperature, density of charged particles and floating plasma potential are measured using the same
Langmuir probe methodology at various beam parameters(beam current 40 mA, 50 mA and 60 mA; accelerating voltage
60 kV) and using various welding samples (Al, Ni, Cu). The results were as follows: electron temperature of plasma
above the interaction zone Te was from 4 eV to 6 eV; density of charged particles in plasma plume Ne was from 10*m
(for Cu), 10**m(for Ni) and to 10°m™ (for Al); plasma potential Upl = 4 V.
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Discussing the two models — namely, hemispherical or cylindrical sources of free plasma expansion in the space over the
beam-work piece interaction zone[6-8], it has been concluded [6] that a cylindrical plasma column in the region traced by
the electron beam over the welding zone is formed. In ref. [8] oscillations of potential in the radial direction was
predicted, due to different velocities of ions and electrons in the expanding plasma.

The relative distribution of the electron density and the electrostatic potential in the welding vacuum chamber were
compared to experimental results and they showed good agreement.

2.3 Laser keyhole welding under atmospheric pressure

One of the best studied and most reliable methods to monitor laser keyhole welding is the analysis of detected plasma plume
spectrum (Fig.5). This easy, non-contact, and inexpensive method can be automatized without difficulty in accordance with
the required laser welding process. Spectral analysis is a useful method for acquiring desirable information during the laser
welding process by recording the plasma spectral intensity with a spectroscopy sensor. The two main categories regarding
the plasma diagnostic procedure are defined as direct and indirect methods. In the direct method (Thomson scattering and
Stark broadening) [13], there is no assumption as to the type and degree of discharge equilibrium. The indirect method
(Boltzmannplot and Sahajump) applies assumptions to the distribution of particles in the plasma region [14]. The Thomson
scattering method has difficulties that are caused by its optical nature [15]. TheBoltzmann plot and Stark broadening are
methods that have been typically used in a variety of studies [15]. The Boltzmannplot is a method that has been widely used
in the electron temperature calculation flaser-induced plasma [16,17].
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FIG.5. EXPERIMENTAL SETUP FOR PLASMA PLUME

In ref.[18]Szymanski and Kurzyna measured the emission spectra from plasma plume with a spectrograph during laser
welding of stainless steel. The spatial variation of the plasma temperature was plotted on the assumption that the iron plasma
was fairly symmetrical. They found that the whole temperature distribution of plasma plume appeared to be higher at the
center and lower around it.

Laser-induced plasma in deep penetration laser welding is located inside or outside the keyhole — keyhole plasma and plasma
plume respectively. The emergence of laser-induced plasma in laser welding reveals important information about the
technological process of welding. Generally, electron temperature and electron density are two important characteristic
parameters of plasma.
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In [19], spectroscopic measurements of electron temperature and electron density of keyhole plasma and plasma plume in
deep penetration laser welding conditions were carried out on the assumption that the plasma was in local thermal
equilibrium. Electron temperature of keyhole plasma is higher than that of the plasma plume (see Fig.6 and Fig.7). The
maximum electron temperature in the key hole was 17,931 K generated at the centre of the keyhole plasma (Laser power
was 1500W (CW) CO2 laser; the welding speed was 1.2 m/min; shielding gas was Argon at flowrate,0.5m%h).
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Miyamoto and Mori [20] proposed an idea to ‘peak’ into a keyhole using not one but several photodiodes arranged at
different angles (Fig.8). Each photodiode provides a partial view into the keyhole and a photodiode can ‘peak’ deeper into
the keyhole if it is arranged at a higher angle with respect to horizontal axis. By comparing the signals measured at different
angles one can establish the plasma distribution inside in keyhole.

In [21] for 20 kW continuous wave CO2 laser, at welding speed of 2,7 m/min, assist. gas Helium, flow rate of 50 I/min,
welded material — mild steel 25 mm thick, focus at 0 mm, and average keyhole depth of 9 mm the following were calculated.
a) for plasma plume above the welding pool: from broadening the spectral lines Te=0,6795+0,0159 eV and from Boltzmann
plot 0.689+0.207 eV; the electron density of the plume, based on the broadening of Fe 538.337nm as 0.632x10% m~and
based on Lorentzian profile 0.699x10% m™ respectively. The electron temperature inside the keyhole did not vary
significantly, but a small increase (less than 10%) is observed at top portion of the keyhole. The electron density in upper 2-3
mm from the keyhole reaches 1,5x10%°m™, while the electron density in the rest of the keyhole is about 0.3x10%m. If this is
compared to the electron densities of the plume and those inside the upper portion of the keyhole it will be found that plume
electron density is two times less.

With the help of a spectrograph, plasma spectra in the keyhole are acquired [22] during deep penetration laser welding of
aluminum alloy 6016 and the electron temperature and density (in the keyhole)are calculated. Results indicate that electron
temperature is very unstable in the keyhole, which has a declining tendency in the radius direction (11 000 K to 8 300 K at
keyhole walls) and Te on the keyhole depth fluctuates between about 0.4x10* K and1-1x10* K as the keyhole depth changes
from 1mm to 4mm. The electron temperature has a downward tendency as the laser welding keyhole depth increases. As is
well known, the laser power at the lowest place of the keyhole is much higher than that at the uppermost place because of the
keyhole effect. When plasma escapes from the keyhole, it is increasingly heated. So while the keyhole plasma electron
temperature is10 000 K, it reaches 15 000 K just above the surface of the orifice. The electron density increases in the depth
direction (5.3-6.1x10*m®), while it does not change too much towards the radius (5.2-5.3x10*'m™®). As the keyhole depth
increases from 1mm to3 mm, electron density rises from 5.3x10% m™ to 6.2x10% m™. The recoil pressure at the bottom is
higher than that at the upper keyhole part, so ionization at the bottom is stronger than that at the top.

Concerning electron temperature during laser welding, different researchers may obtain different results. In some references
[23,24,28-32,35], the electron temperature during deep penetration welding is less than10 000K, while in others [22,25,33],
the electron temperature is more than10 000K.Finke et al. [23] carried out one-dimensional calculation with a cylindrical
keyhole and pointed out that energy transferred from plasma to work piece due to the release of kinetic and recombination
energies of electron-ion pairs is more effective than that by heat conduction at the surface of the material under their
conditions.
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Bhatti et al. [33] even got the highest electron temperature of over1x10° K. To explain the phenomen on Djebli [34] pointed
out that plasma with two electron temperatures is common in many laboratory devices, where different temperatures of
electrons are produced by two kinds of plasma sources. Besides, Bhattietal. [33] indicated that plasma parameters strongly
depended upon the atomic number and surface binding energy of metals. Therefore it is not difficult to understand why the
electron temperature is different in different articles. But referring to the relationship between plasma temperature and laser
power, there is a contradiction: D’Angelo’s [28] and Qi’s [29] results showed that the maximum temperature of plasma
increases with the growth of pulse laser energy, while Sibillano et al. [23] found that the electron temperature decreases as
the laser power increases.

In ref.[36] during fiber LBW of aluminum alloy the electron temperature of 5300 K was measured. Electron density is in the
range of 1.418 x 10*m ®to 1.636 x 10?*m > and ionization degree is no more than 1%. It was found that laser power of 5 kW
is a turning point. After laser power reaches5 kW, the plume changes from metal vapor dominated weakly ionized plasma to
strongly ionized plasma. The corresponding phenomena are the dramatic increase in the values of characteristic parameters
and the appearance of a strong plasma shielding effect. Here, some Mg Il ionic lines appear around the wavelength of 280
nm. The electron temperature (Fig.9a)., electron density(Fig .9b) and ionization degree of the plasma plume at laser power of
6 KW jump to 8448 K, 2.110 x 10**m > and 25% respectively.
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As is seen in Fig.9 during LBW of aluminum alloy electron temperature was measured at 5300 K, electron density was in the
range of 1.418 x 10*m~to 1.636 x 10%*m 3, and the ionization degree was no more than 1%. After laser power reached 5
kW, the plasma plume became characterized by strongly ionized plasma. Here, some Mg Il ionic lines appear around the
wavelength of 280 nm. The electron temperature, electron density and ionization degree of the plasma plume at laser power
of6 kW jump to 8448 K, 2.110 x 10*m3and 25%, respectively.

In ref.[37] for both continuous-wave laser and pulsed laser welding of zinc ‘‘sandwich’ sample the average electron
temperature of the zinc keyhole plasma was higher (10 000 K for pulsed laser and 6 000 K for continuous one) than that of
the zinc plasma plume outside the keyhole (7 000 K for pulsed and5 000 K for continuous laser). In the welding process the
continuous wave laser with higher input energy resulted in higher position of the zinc plasma with higher electron
temperature above the sample surface (max 16 000 K for pulsed laser, 12 000 K for continuous-wave laser). More zinc vapor
resulted in a higher average electron temperature of the plasma. In [38] experiment was conducted on fiber laser welding of
galvanized DP980 steel by setting the laser power to 300W and welding speed to 1 mm/s. The calculated average electron
temperature under these conditions was 7300 K. In the case of laser power of 2 500 W and welding velocity of 30-50 mm/s
and the same steel, covered with zinc or not covered (v=30-50mm/sec) the Te was 9 000K and 7 500K respectively (from
spectra of iron) and 28 000 K and 20 000 K (from spectra of zinc). The effect of weld speed on electron temperature is
negligible. The sensitivity of electron temperature on the depth of weld penetration is ignorable.

In paper [39] based on the selected spectral lines, electron temperature and electron number density of plasma plume were
calculated. (Te =7 000 K — 13 000 K).
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Optical emission spectroscopy [40] was also applied to analyze the plasma temperature and the electron number density in
hybrid laser welding. The temperature and electron density distribution showed bimodal behavior (Te=10 000 K; Ne= 10®m’
3).

Plasma electron temperature was found [41] to decrease as far as laser power was increased together with the penetration
depth in static as well as dynamic conditions. Such behavior does not correspond with an actual decrease of the plasma
plume temperature but has to be attributed to the position of the optical collimator collecting light only from the top of the
keyhole. Indeed, for deeper penetrations the hottest core of the plume moves down into the vaporized capillary so that the
plasma temperature measured on top of the keyhole appears lower at higher incident powers. The electron temperature signal
could be useful for development of a laser power feedback loop system to control the weld penetration depth. The calculated
data are: Te=5 330 K -5 650 K.

2.4 A comparison of plasma parameters during electron beam and laser beam welding

Note, that during vacuum electron beam deep penetration welding the generated plasma is weak low temperature plasma
(measured using Langmuir probe) and during atmospheric pressure keyhole laser welding plasma is isothermal(light
emission from exiting neutral atoms or ions is observed). The average plasma temperature in keyholes is found to be
considerably higher than that in plumes in both types of energy sources. Plasma parameters in the keyhole are experimentally
evaluated only for welds that are not very deeply penetrating.

Plasma plume outside the keyhole has been studied extensively in both types of concentrated energy beams because it is
readily observable. Plasma above the welding bath in electron beam welding (EBW) is collisionless [6], because the mean
free pathsle>10% cm and li>10%m even for maximal values of neutral and charged particle densities. In the beam region weak
light emission from exiting vapor or residual gas atoms is sometimes observed. Plasma plume above the keyhole in case of
laser welding is a bright, often bluish or green flash from isothermal light emitting plasma.

During deep penetration welding the plasma in the keyhole is in the temperature range of 4 000-80 000K.In ref.[36] as was
mentioned above it was found that laser power of 5 kW is a turning point for plasma characteristics during laser welding.
After laser power reaches 5 kW, the plume changes from metal vapor dominated weakly ionized plasma(ionization degree
about 1%) to strongly ionized plasma(ionization degree reach 25%). Corresponding phenomena are the dramatic increase of
the value of characteristic parameters and the appearance of a strong plasma shielding effect. Calculation of effective laser
power density demonstrated that the plasma shielding effect is dominated in this case by inverse Bremsstrahlung absorption.
The finding suggested that the plasma shielding effect must be considered in fiber laser welding of aluminum alloys, rather
than ignored as claimed in several references concerning laser welding with laser power less than 5 kW.

No published data was found regarding plasma parameters in non-vacuum electron beam welding and in vacuum laser
keyhole welding.

1. PLAZMA OSCILLATIONS AND SOME APPLICATIONS TO MONITOR LASER AND EB WELDING
PROCESSES

3.1 Monitoring light emission from plasma in laser beam welding

In deep penetrating laser beam welding (LBW) study of keyhole instabilities is essential to understanding the welding
process and appearance of weld seam defects [42-49]. In spite of extensive studying of spectroscopic characterizations of
the plasma plume and of spatially integrated light intensity emission from the plasma plume only a few studies have so far
focused on the description of its oscillations. Investigations of plasma plume image fluctuations are usually execute during
one or more video cameras (Fig.10).

During the laser welding process the keyhole is kept open by the temporal pressure equilibrium. Keyhole shape and melt
pool movement are undergoing forced instabilities and fluctuations at every violation of that equilibrium. These changes
influence plasma plume dynamics and cause oscillations of plasma parameters. Assuming that fluctuations of the plasma
plume are directly associated with melt pool and keyhole instabilities, examination of light signals emitted from the
plasma plume is a tool for determining keyhole stability, transition of welding state and identifying defects.

In [42] high speed video observation and analysis of cause of periodic oscillations of plasma vapor flame with frequency of
2000-2500 Hz are discussed. These oscillations can be attributed to the oscillation of the keyhole. In paper [43] it is
concluded, that the keyhole oscillates with frequencies higher than 500 Hz
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In ref. [46] the plasma/vapour induced during 4kW CW fiber laser welding of ZL114 aluminium alloy in the form of an
8mm thick plate is roughly divided into two parts: the keyhole plasma and the plasma plume. Keyhole plasma always exists,
but its size and brightness change periodically. As its size increases, its brightness also increases. The plasma plume stays
above the weldpool. Its size and brightness also change periodically, and it can be blown away by the gas flow. The plasma
plume originates from keyhole plasma. Periodic change of the plasma plume is closely synchronized with that of keyhole
plasma. Laser induced plasma/vapour oscillates periodically at cycles of 450-600 ms. Use of a shielding gas has little effect
on the oscillation cycle. Plasma/vapour absorption is not the main reason for the periodic oscillation of plasma/vapour
induced during fiber laser welding. Instead periodic oscillation of plasma/vapour can be largely attributed to oscillation of the
keyhole opening.

In paper [48] LBW was performed on 12mm E-grade ship building steel plates using a 15kWCO2 laser, with helium as
blowing gas. Plasma area, plasma radiation intensity and angle of plume were used as characteristics of plasma plume
fluctuations and keyhole stability.

For analys is of the process of LBW in ref. [49] two high-speed cameras and a spectrometer were used. The authors managed
to capture the plasma plume and the keyhole (where most of the process instabilities occur) during laser welding
isochronously. Applying different image processing steps to the images taken by these two high-speed cameras the dynamic
behavior of the process was detected. First the plume inclination angle B and the keyhole area were determined. Then
frequency analysis was applied and discrete Fourier Transform computed with a Fast Fourier Transform (FFT) algorithm in
MATLAB. There sulting single-sided amplitude spectrum was analyzed for every power step and as a result (Fig.11)
characteristic frequencies were defined for every power step as the maximum frequency in the range of 0.5-3 kHz. At this
dominating frequency there must be a change of the factors which determine keyhole characteristics and therefore plasma
plume shape.
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FIG.11.SPECTRA OF THE PLUME INCLINATION ANGLE (A) AND THE VISIBLE KEYHOLE AREA (B) FOR A CONSTANT FEED
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KW).
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Based on these figures a correlation between those two process characteristics (Fig.12) is derived. Additionally the plasma
plume was imaged from two directions and volume of vaporized material the plasma plume carries was calculated (Fig.13).
Due to these correlations the authors were able to conclude the keyhole stability. The authors were using the found
correlation between the keyhole behavior and the plasma plume to explain the effect of the changing laser power and feed
rate on keyhole geometry.

) 800 T T T T T T T T T 1 f 1 v ] v | " | v 1

< Hz4 | 7 ) -

= 1200 4 _ mm* — I 1 4

= 1200 T 6 I

. - 2 - :

< 1600 - - 5 T A T

g ] ] R 5

= L] . — -4

= 2000 . g 4,14 i

< J plume =

l 2400 — keyhole _| O a

I 4 I ' 1 f I ' I 1 LENEE LI DAL LI BRI |
1.5 2.0 2.5 kW 3.5 1.0 15 20 25 kW 35
laser power —= laser power —

FI1G.12. MAXIMA OF THE SPECTRA OF THE PLUME FI1G.13. CALCULATED PLUME ESTIMATED VOLUME FOR
INCLINATION ANGLE AND THE KEYHOLE AREA IN DIFFERENT LASER POWERS AND A CONSTANT

DEPENDENCY OF THE LASER POWER (Y-AXIS IS FEEDRATEOF7M/MINONTWO1MMSTAINLESSSTEELPLATES, N=3

REVERSED)

Sensor module

F1G.14 SETUP FOR COAXIAL OPTICAL RADIATION DETECTION [50]

The beam splitter mirror installed inside the laser head can help to transmit optical radiation signals from the welding area to
the sensor [50]. Some of the welding statuses can be determined by analyzing the signal intensity of different spectral bands.
Independent analysis of the features of different spectral bands is carried out by using different filter lenses. The light that
travels through the filter is detected by the photodiode sensor, processed by the signal amplifier, and then data collected by
the memory is obtained [51,52]. During the detection of the auxiliary light, it is preferred to use high frequency stroboscopic
laser as light the source, and its waveband is set between 800 and 990 nm [53]. Video-camera and suitable filter, connected
to one end of the beam splitter (in place of Sensor module in Fig.14) can provide an optical image of the laser induced
plasma during the LBW.

3.2 Plasma charge electrical conductivity monitoring in laser keyhole welding

Electrical conductivity of the plasma plume had been utilized for monitoring laser induced plasma [54-56]. A contact probe,
situated in plasma plume can be used to effectively measure plasma resistivity between the probe and the welding sample and
thereby identify the welding status [55]. Second possibility is to use measuring circuits as follows: one end of the circuit is
connected to the welding sample; while the other end is connected to the laser head (the welding sample and focus lens of the
laser head should be electrically isolated). A load resistors (and capacitor) are used in the measuring circuit, and signals are
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sent to the data processing system in the form of voltage [56]. In ref.[54] - see fig.15 - it is stated that by adding external
voltage in series to the resistor (“+” on the nozzle and “~” is on the work piece) plasma current can be increased. Author had
observed an increase of weld depth (namely increased efficiency of use of laser energy due to decreased energy absorption
by the plasma). With increasing outer electric field intensity, there is a balance point at which the power efficiency is highest.

I3 Noule
$ 8 &
&A & Load resistor

\
&' PJasma electron flow| +

Diffuse direction L

T 7

e
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FI1G.15. FORMATION OF THE PLASMA CURRENT CAUSED BY DIFFERENT DIFFUSION SPEEDS OF ELECTRONS AND IONS[54]

3.3 Secondary charged particles measurement in electron beam welding

From the beginning of application of the powerful electron beam for welding there were attempts to use the signals
collected from charged particle flows above the welding zone to control the technological process. More clearly described
was the research concerning detecting high-energy back-scattered electrons [57-60] or ions [60 - 62], collected above the
melting pool. In many cases these studies were connected with measuring currents, collected at small positive potentials
of a few volts. Many authors investigated the signal of collector [76], located above the welding pool and positively
polarized. This collected current has for a long time been called secondary electron or thermionic emitted electron signal.
On Fig.15 examples of signals [60] are given that were measured during EBW of steel at zero, small positive or negative
potential (curves 1, 2 and 3). As usually these signals are distinguished by the authors of ref. [60] as back-scattered
electrons, secondary electrons and ions. Note, that so-called secondary electrons signal 2exhibits behavior of collected
back-scattered electronsl (there is a sharp minimum at good beam focus and deep beam penetration. Explanation is that
deep beam penetration in the welding sample leads to more difficult flow back of back-scattered electrons through the
narrow keyhole). In the author’s (of this review paper) opinion signal 2 is from the collected plasma electrons. At deep
beam penetration distribution of plasma plume becomes more narrow (distribution around the beam being proportional to
cos® instead of cos from angle to vertical) and the ring collector electrode is situated in the periphery region of the plasma
plume above the welding pool. Curve 3 (signal from collected ions) in case of sharp focusing has fluctuations at
establishing keyhole. Vapor flow from the keyhole is wider and denser and the ions generating in the space above the
welding pool in periphery of plasma plume are transported easily to the collector ring electrode (by collector electrical
field and plasma boundary electrical potential drop). Here it is important that ion current signal is small and a small
increase causes a big change.
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FIG.16. COMPONENT 0-50 HZ OF CHARGED PARTICLES’ SIGNALS VS. FOCUSING CURRENT: 1-BACK-SCATTERED
ELECTRONS; 2- SECONDARY (PLASMA PLUME) ELECTRONS; 3-10NS [60]
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Fig.17 presents the spectra of signals, measured at conditions of Fig.16.
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FI1G.17. FREQUENCY SPECTRUM (COMPONENT 150 Hz-3 000 HZ OF COLLECTED CHARGED PARTICLES CURRENT AT EBW
FOR CARBON STEEL (U,=60 kV, 1,=30 mA) :1-BACK-SCATTERED ELECTRONS; 2-PLASMA PLUME ELECTRONS; 3-10NS[60]

In ref. [63,64] numerical simulations of plasma generation and transport during electron-beam welding process are
presented and discussed. There is clear description of plasma formation in the case of polarization with positive potential
(about +50 V) of a collector, set above the keyhole in the welding pool as well as the cases of zero or negative
polarization of this collector. Positive collector potential due to plasma conductivity becomes plasma potential and plasma
electrons are going to that electrode. At the same time thermionic emission occurs from keyhole walls pre-heated by the
beam and that is keeping the balance between plasma electrons and plasma ions. In this case one could accept a non-
independent discharge in the collector circuit [65-68]. In the cases of zero or negative collector potential the collector
current is just the result of thermal diffusion of plasma particles in zone around the collector.

The spectrum of secondary current, collected by plasma could be divided into frequency ranges of 0-50 Hz; 50-3000 Hz
and from 3-10 kHz t0100 and more kHz. The first ranges are connected with keyhole wall axial and radial instabilities.
The latter high frequency range is caused by generation of ion-acoustic instabilities in the plasma plume [69] between the
keyhole orifice and the collector and is a subject of another discussion. Important conclusion from this study is that in
order to avoid occurrence of ion-acoustic oscillations in plasma plume the collector must be situated at a small distance to
the welding pool.

3.4 Experimental investigations of fluctuations of the collector signal of plasma plume electrons, generated
during EBW

During electron beam deep penetration the keyhole shape is continuously influenced by the beam/work-piece metal
interactions, leading to oscillations of the keyhole walls and instabilities of the melt pool. Experimental investigations
show [70, 71] that the beam-keyhole system is a multi-parametric oscillating system with various feedbacks. This leads to
local changes of heating and vaporization intensities, of angle of front keyhole wall, of channel shape and depth, and
creation of such weld defects as pores and spiking.
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F1G.18. DIAGRAM OF SECONDARY ELECTRON CURRENT REGISTRATION IN PLASMA FORMED ABOVE THE AREA OF
ELECTRON BEAM WELDING: 1 - ELECTRON GUN, 2 - FOCUSING LENS, 3 - PLASMA FORMED OVER THE AREA OF ELECTRON
BEAM WELDING, 4 - ELECTRON COLLECTOR, 5- A SYSTEM OF REGISTRATION, 6 - LOAD RESISTOR : 7 - A SOURCE OF BIAS, 8
— WORK-PIECE, 9-DEFLECTION COILS
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The fluctuations influence the expanding plasma parameters [72].The fluctuations influence the expanding plasma
dynamics and oscillations of the collecting plasma electrons. The frequency range below 5 kHz is associated with radial
keyhole oscillations, and the range of up to 30 kHz with axial-azimuthal oscillations of the keyhole, mostly related to weld
penetration.

Experiments in a series of papers were executed utilizing a standard electron beam welding machine (Fig.18).
Accelerating voltage was 60 kV, beam current was 50 mA, and welding speed was 5 mm/s.

Graphic representation of the plasma current collected by a metal ring electrode with potential of+50 V, situated above the
beam interaction zone (Fig.18) during electron-beam welding with a continuously operating beam can be seen on Fig.19.It
looks as a series of high-frequency impulses which are modulated by low-frequency instabilities and follow each other in
series almost regularly, reflecting focusing status of the beam.
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F1G. 19. TYPICAL RECORD OF THE COLLECTOR CURRENT, GENERATED BY PLASMA DURING EB WELDING. THE FOCUSING
CURRENT PROVIDES SHARP FOCUSING OF BEAM; BEAM POWER 1S 6 KW [67]

On fig.20spectrum of the plasma current (Fig.19) collected by the metal ring electrode4 (see fig. 18) is shown. This spectrum
could be divided on the frequency ranges of: 0...5 kHz and 5 kHz...100 kHz.

w

Spectral density, rel
N

0 25 50 75 100
Frequency, kHz

FIG. 20. SPECTRAL DENSITY OF THE SIGNAL OF COLLECTOR CURRENT AT FREQUENCIES F FROM 0 HZz up TO 100 KHZ
(STEEL WELDING WITH STATIC BEAM); POWER 3 KW ; SHARP FOCUS MODE [67]

In [66-68] frequency range below 5 kHz is associated with mechanical radial and axially-azimuthal keyhole wall oscillations,
and the range from 5 kHz up to about 15 kHz with processes such as vapor-plasma flows through keyhole and electrical and
thermal non-linear interactions of the beam with these flows and keyhole walls. In [65] this signal range of oscillations is
explained by local energy deposition and superheating of the metal surface, bombarded by the powerful beam and by
consequent explosive destruction (ablation) of metal, as well as by instable electron emission from the bombarded surfaces
on the keyhole walls. The spectral component with peaks of spectral density of the signal above 10 kHz as previously
mentioned is caused by plasma ion-acoustic waves [69].
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Such type of spectrograms is found almost at all welding modes with deep penetration of beam with power of 2 kW and
more, for all the researched materials in several electron-beam systems (including systems without inverter power supply
units).

3.5 Study of plasma plume density oscillations by measuring the signal, collected during EBW with beam
deflection oscillations

An example of signal recording, collected from polarized to +50 V collector electrode by plasma plume (Fig.21) in the case
of EBW with oscillations of the beam looks similar to recording on Fig.19 (curve 1). For comparison a recording of
deflection coils current (curve 2) is also shown in the figure.

Current (&)

time t {ms)

FI1G.21. RECORDINGS OF THE CURRENT COLLECTED BY PLASMA AND OF THE CURRENT IN THE DEFLECTION COILS ARE
SHOWN. WELDING OF STEEL WITH OSCILLATION ACROSS THE JOINT: P=2.5 KW, SHARP FOCUS (1:=840 mA),
OSCILLATION FREQUENCY F =561 Hz, SWEEP SIZE 2A=0.9 MM. CURVE 1 PRESENTS HIGH FREQUENCY SERIES OF
IMPULSES, PACKED IN LOW FREQUENCY OSCILLATION SIGNAL) AND CURVE 2 IS DEFLECTION COILS CURRENT [75]

Frequency spectrum of the current measured through the collector electrode polarized with +50 V shows that low-
frequency oscillation component (0-3000 Hz) could be observed. It is assumed [73-75] that this mixture of random
peaks(with amplitude reaching to 0.5 A) and low frequency signal fluctuations represents the free and the forced
instabilities of the keyhole walls and plasma-vapor flows, and determines the plasma parameters near the collecting ring
electrode.

For analyses of these signal oscillations in ref. [73-75] method of coherent accumulation is applied. The coherent
accumulation method is illustrated on Fig. 22. The small-width square-wave signal formed from the signal from the
deflection coils current (Osc(t)) is less than a basic signal g(t). The basic signal g(t + s) is shifted relative to the initial
signal Osc(t) by a set time s.

high-

L pass Data “ rectifier
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FIG 22. BLOCK-DIAGRAM OF COHERENT ACCUMULATION METHOD [73]

Authors find function S(t) as follows:

S(r) = J' ° 5t +17) - |Data(0)] dt
0
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There t, is sampling time. The function S(t) expresses the average amplitude of the signal Data(t) for each value of the shift
1. The Method of coherent accumulation is based on Law of the large numbers and Central limit theorem of Probability
theory.

As a result random fluctuations of the collector current are converted into well-defined probability of excitation of
instabilities of the keyhole geometry.

Here are two examples of the S(t) created by Coherent accumulation method during EBW of steel with oscillation across the
joint (Fig.23 and along the joint- Fig.24 (P=3 kW, beam current 50 mA, oscillation frequency f= 630 Hz, oscillations sweep
size 2A=1.5 mm).
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F1G.23. FUNCTION S(T), OBTAINED BY COHERENT FI1G.24RECORDING OF DEFLECTION COILS CURRENT
ACCUMULATION (CURVES 1 AND 2) AND OSC(T) - RECORDING  SIGNAL OSC(T) AND FUNCTION S(T) OBTAINED USING THE
OF DEFLECTION COIL’S CURRENT (SEE STRAIGHT LINES 3 COHERENT ACCUMULATION METHOD DURING STEEL
AND 4); THE PARTS 1,3 AND 2,4 OF THESE VARIATIONS ARE WELDING WITH OSCILLATION ALONG THE JOINT (P=3

FOR ONE OF TWO DIRECTIONS OF THE BEAM MOVEMENT KW, BEAM CURRENT 50 MA, OSCILLATION FREQUENCY

ACROSS THE KEY-HOLE. THE EBW MODE ISASON FIG.23[75]  F=630 Hz, OSCILLATIONS SWEEP SIZE 2A=1.5 MM)[75]

After treatment the obtained signal, collected by plasma in the process of welding with deflection oscillation across the
joint, presented on Fig.23is practically symmetrical. There is also a small shift of positions of the maximal values of S(t) in
comparison to the positions of the changes of deflection coil’s current directions.

The next S(t) that is obtained using the method of coherent accumulation is shown on Fig.24. The result is for the study of
welding with deflection oscillations along sample movement (and key-hole).The probability for excitation of oscillations of
discharge parameters is bigger at times, when the beam is on the front keyhole wall. Conversely, this probability is
characterized with a lower maximum (in comparison with the maximum at the front wall) at the times at which the beam is
on the trailing keyhole wall. Minimum probability for excitation of oscillation of plasma signal is at times, when the beam is
penetrating into the keyhole depth.

A rise of additional maximum in another place during keyhole crossing signifies detection of a weld defect. The time lag of
maximal values of S(t) is a function of focusing coil current and could be used for beam focus detection during the welding
process.

3.6 Some results of numeric modeling of plasma in a vacuum chamber during EBW

In ref. [63,64,76] using a model for numerical simulation of plasma formation during vacuum EBW [63,64] useful data was
obtained for various EBW conditions. Fig.25shows the relation of plasma concentration in the vacuum technology chamber
to distance from the welding pool measured at 45 degree from the horizontal axis. There is no collector of electrons. Dots
represent experimental data from ref. [6]. A good agreement can be observed. Fig. 26 shows electron density in the keyhole
(negative values on the vertical axis). The ionization degree of plasma in the vicinity of the keyhole orifice is 102, which is in
good agreement with experimental data [6].
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HORIZONTAL [63] PENETRATION DEPTH IS 14 MM [63]

Electron temperature and plasma potential are at maximal values in the upper part of the keyhole (Fig. 27 and Fig.28). There
calculated plasma potential is of order of 1.6-1,8 VV and plasma temperature is about 4 000 K. This data is in good
agreement with the experiments [4,6].
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DISTANCES ARE IN M [64] ARE IN M [64]

The model [63, 64] allows numerical experiments on plasma generation and behavior for the case of EBW with use of
positively polarized (+50 V) ring collector of electrons [72-74]. In that case more visible are changes in the plasma potential
distribution, determined by the collector potential value. Calculations were done for the loading resistor of 50 Q. Fig.29
shows potential distribution in the keyhole and above the welding pool. The plasma potential in the space between the work
piece and collector is about 25 V and collected plasma electron current is 0.5 A.
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Near the keyhole wall a very strong electric field is created (see Fig.30, Fig.31), due to existence of a very thin layer with a
large potential drop (the electric field there reaches 10°V/m). This strong electric field decreases the height of the potential
barrier on the liquid metal surface. Electron emission in this case is described by the Richardson—Schottky equation:

j, = AT *exp(—e(p — \JeE, /KT)

where E, is the electrostatic field intensity.
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F1G.31. ELECTRIC FIELD DISTRIBUTION ON THE PENETRATION F1G.32. EMISSION CURRENT ON THE PENETRATION
DEPTH Z NEAR KEYHOLE WALL [64] DEPTH:
th; ...... jt[76]

The thermionic current, calculated by Richards on—Schottky equation increases about tenfold around the keyhole orifice.
This kind of emission currents density (j;) sharply decreases when the electron beam interacts with bottom of the keyhole.
Nevertheless due to strong dependence of emission current density (jo) on temperature the thermion emission from the
bottom part of the keyhole is considerable, due to increase of temperature with increase of penetration depth-see Fig.32
[77,78]. A calculation of the emitted current, with the taking into account diffusion back movement of emitted electrons in
the bottom part of the keyhole is shown on Fig.33. On the keyhole depth of about 9 mm and deeper the electron diffusion on

the keyhole wall is dominated and direction of the current changes sign. Here electrical field is also reason for the emission
drop.

On the Fig.34 plasma potential distribution in the keyhole and above the welded sample is simulated. Potential around the
welded sample become near to 0 V and in the space around the collector it is about -50 V. The collected current is a function
of ion density in space in front of the collector electrode and in the studied case is of order of 1 mkA.
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In ref. [76] probability of electrons (thermion, true secondary, plasma) that are generated on some keyhole depth z, to
propagate through the keyhole length z to keyhole orifice is calculated based on abovementioned model [63,64] and using
COMSOL software package, assigning some value to the keyhole radius (Fig.35). From presented results one can see that
electrons are decreasing in a linear law, reaching zero value on any keyhole length, which is a function of keyhole radius.
With a narrow keyhole (r=0.18 mm) the keyhole depth, from which electrons can exit from the keyhole is 4 mm, while with a
wider keyhole (r=0.428 mm) they can exit from a keyhole depth of 17 mm.

V. CONCLUSION

In this paper recent studies are reviewed as well as some older ones that haven’t been improved upon since their publication.
The paper is focused on understanding the processes of plasma generation and transportation when welding using
concentrated energy beams, as well as known attempts of use of these processes for monitoring the stability and quality of
laser and electron beam welding.

In the case of vacuum electron beam welding the efforts are included in study of secondary particles behavior and of
collected by plasma currents. Probably due to limitations of the vacuum chamber results of optical studies of emitted from
plasma light are not published. Unfortunately investigations of plasma behavior for EBW at middle and atmospheric
pressures were not found.
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A model of plasma formation in the keyhole in the liquid metal and above the EBW zone has been described. Plasma
parameters for keyhole and space above the welding pool were simulated. Thermionic electron emission was calculated for
the keyhole wall. The calculated data is in good agreement with the experimental data. It is shown that there is a need to take
into account the effect of the strong electric field in the keyhole near the keyhole wall on electron emission when calculating
the current for non-independent discharge.

From reviewed papers one can conclude that optical sensing has become a mature real time monitoring technology for laser
welding in laboratory and industrial practice. Photodiode sensors with advantages of low cost and simple structure provide
rich information on high frequency features of the emitted light. This makes this method adaptable to larger scale industrial
manufacturing. The visual camera gives a great deal of spatial information and has high accuracy in detecting weld defects.
The spectrometer captures data for evaluating plasma characteristics during the laser welding process, which help to analyse
welding stability and defects of the weld seam. Besides choosing a suitable filter system in video-imaging is considered the
key step for obtaining accurate detecting information. Spectral analysis and optical images of plasma plume and of work
piece surface in welding pool area are the work horses that are utilized to study stability and defects in laser keyhole welding
process.

Signals obtained through different sensors can be preprocessed by way of signal and image processing technologies to extract
signal features. It is based on this that classifier connecting feature characteristics and weld defects are setup to conduct
quality inspection. Little research has been conducted on adaptive control during the welding process, and the controlled
variables are mainly confined to more widely disperse low power laser system.

Nevertheless, it should be noted that real time detecting and controlling technologies for electron beam and laser welding are
far from perfect, and the detecting accuracy for different welding statuses and defects is expected to be improved.
Unfortunately, there is not a multitude of sensors available to detect all kinds of welding statuses and defects. Moreover, the
hardware characteristics of the sensors, such as sampling frequency and resolution, need updating. The limited computing
speed of intelligent signal processing and recognition technology also restricts wide use of real time detecting.
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