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Secondary-Emission Signals in Plasma Above
the Laser Beam Affected Zone during a Vacuum
Laser Welding
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Abstract:Development and improvement of laser equipment
used for welding allow increasing the share of laser welding in
technological processes, especially for obtaining high-quality
connections. The current problem of absorbing a portion of the
laser beam power by a plasma cloud during laser welding with
deep penetration can be solved by using laser welding in a
vacuum. Laser welding in a vacuum compared to gas-shielded
laser welding makes it possible to obtain a much greater
penetration depth at the same power of the laser beam, and
provides effective protection of the welding zone from the external
environment, which is especially important in the welding of
active metals. Thus, it is necessary to study the processes in the
plasma cloud formed above the zone of action of the laser beam on
the metal. Investigation of secondary emission processes in the
plasma in the zone of the action of a laser beam on a metal in a
vacuum made it possible to numerically simulate the processes in
laser welding, depending on the focusing of the laser beam and
other technological parameters of laser welding in vacuum. It also
allowed recording of the secondary emission current for
controlling geometrical parameters of penetration in laser
welding. Varying the pressure in the vacuum chamber confirmed
the collisional mechanism of damping of secondary-emission
current oscillations. The registration of secondary emission
signals of ion current is of particular interest, since the detected
signal parameters are not associated with the excitation of plasma
self-oscillations and, consequently, the magnitude of the ion
current directly reflects the density fluctuations of metal vapors
flowing out of the channel. The technique can be used in the
construction of methods for the operational control of the welding
process.

Index Terms:electron current, ion current, laser welding in a
vacuum, numerical modeling, plasma, welding zone.

I. INTRODUCTION

Laser welding has been used for several decades in
high-tech industries to produce high-quality welded joints of
structural steel and non-ferrous metal alloys.

In the first decade, lasers on carbon dioxide were used as
high-power laser light sources for welding, which had large
dimensions, low (not more than 20%) efficiency and could
not compete with such a highly concentrated source of energy
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as the electron beam used in machines for electron beam
welding.

More extensive introduction of laser welding into
industrial production was facilitated by the appearance of
powerful fiber-optic technological lasers, which, in
comparison with carbon dioxide gas lasers, are more reliable,
relatively small and provide high optical quality of radiation.
In addition, the wavelength of radiation from fiber-optic
lasers is much smaller than that of carbon dioxide-based
lasers, which leads to lower energy consumption, and their
continuous improvement ensures lower costs and an increase
in the efficiency of technological laser installations. Among
the shortcomings of high-power fiber-optic lasers is
decreasing of operating reliability of the resonator with
increasing laser power, and the increasing sensitivity of the
resonator to the reflection processes of the beam that occurs
when laser radiation interacts with the material being
processed.

In recent years, disk lasers have been used as powerful
technological lasers. The operation principle of disk lasers is
based on the use of a cooled active element in the form of a
disk. A high efficiency of cooling the laser environment is
ensured by a large surface area of the disk, so the radiation
power in the laser beam can reach quite high values.
Important advantages of disk lasers are the ability to adjust
the value of the radiation power without changing other
parameters, the lack of sensitivity of the resonator to the
impact of reflected laser radiation, and the modular design of
the laser, which allows replacing individual modules under
maintenance service.

One of the significant problems in laser welding with deep
penetration is the absorption of a part of the beam power by a
plasma cloud formed above the zone of laser beam impact on
the metal and the consequent substantial decrease in the
penetration depth compared to an electron beam of the same
power. At the same time, the efficiency of laser welding
when joining thick-walled parts is inferior to the
electron-beam welding process, which is widely used in the
manufacture of critical products, which restrains the
widespread introduction of laser welding into the industry.

To reduce the shielding effect of the plasma cloud and,
correspondingly, to increase the penetration depth during
laser welding, the following methods were used: application
of special coatings on the
metal  before  welding,
misalignment of the laser
axis from the normal in the
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direction opposite to the welding speed by 20°...30°,
oscillations of the laser beam in different directions relative
to the joint, the application of a pulse-periodic mode of
operation of the laser, blowing off the gas-plasma cloud by
various gases and their mixtures. [1]-[5].

However, these techniques do not solve the problems
connected with the loss of laser beam power in the plasma
cloud over the welding zone. Therefore, in recent years, there
has been an increasing interest in laser welding under
vacuum, which, despite some limitations associated with the
use of a vacuum chamber, makes it possible to obtain, in
comparison with gas-shielded laser welding, a much greater
penetration depth at the same laser power beam, as well as
provides effective protection of the welding zone from the
external environment, which is especially important when
welding active metals [6]-[8].

Providing high-quality repeatability of the welded joints
and the absence of defects in the weld seam in most cases
requires the operational control of the process of formation of
the weld. Electron-beam  welding  widely uses
secondary-emission methods for controlling the interaction
of an electron beam with a metal, at which the parameters of
the secondary-emission signals from the interaction zone of
the electron beam with the metal are recorded [9]-[12].

In the laser-welding zone in vacuum, the processes take
place similar to those in electron-beam welding by a powerful
electron beam: intense thermionic emission from the
condensed metal phase, the formation of a plasma cloud
above the welding zone, and the presence of a wide range of
vibrational processes in the penetration channel formed by a
powerful concentrated laser beam [13]-[15].

Il. MODELING

The One of the purposes of this work was numerical
modeling of secondary-emission processes in a plasma in the
zone of action of a powerful concentrated laser beam on a
metal in vacuum and an experimental study of the parameters
of secondary-emission processes in a laser welding zone in a
vacuum with the purpose of using these signals to control the
formation process of a welded seam.

To simulate the formation of electron and ion current in
plasma in laser welding in a vacuum, a model was developed
[16], which is based on transport equations for the electron
concentration and average electron energy in the plasma
above the welding zone:

a(ne) =
—Ee+V-T,=R, @)
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wherep, — electron mobility, R, — the intensity of the
electron source, n— the bulk density of the electron energy,
R electron energy source (describes the energy loss as a

result of inelastic collisions), E - electric-field strength
vector, fe —electron flux density.

To describe the mass-transfer of heavy plasma particles
(ions, neutral unexcited and excited atoms), the model uses
the mass transfer equation for a multicomponent mixture:
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Where?k — the mass flux density of the k-th component;
oy — the mass fraction of the k-th component; R~ the intensity
of the source of the k-th component; i — the average velocity
vector of the medium; p — the density of the mixture.

The electric field was determined from the Poisson’s
equation.

To obtain a numerical solution, the authors used the
COMSOL 4.4 software, Plasma Module. The problem was
solved in an axisymmetric formulation in a cylindrical
coordinate system.

Fig. 1 shows the geometry of the computational area. The
annular collector of plasma electrons is located above the
welding zone. The formation of plasma was considered as a
result of ionization of the metal vapors flowing from the
channel of penetration by a laser beam.

The diffusion coefficient for electrons D, the mobility
factor p and diffusion factor D for the energies are calculated
under the assumption of the Maxwellian energy distribution
in terms of electron mobility in expression

5
De=Me'Te'M£=§’”e!D£=”£'Te . (4)

The density of the mixture is given by the equation of state
of an ideal gas p = p-M, /R, T, where R, is the universal gas
constant. In the general case, calculating the pressure of a gas
mixture requires solving the Nav ier-Stokes  system  of
equations considering the convective heat transfer. In this
case, for regions in the penetration channel formed in a metal
by a laser beam and above the zone of action of a laser beam,
the continuous flow regime is replaced by an intermediate
regime (Knudsen number 0.01<Kn<10). In the intermediate
regime, the Navier-Stokes equations are also applicable, but
special modified boundary conditions are used. Since the
modeling is aimed primarily at understanding the physical
processes occurring during the registration of signals of
secondary emission currents in a plasma during laser welding
in vacuum, a sufficient approximation will be the use of
linear approximation of data (known from the literature) on
the interaction of concentrated energy fluxes with matter [5],
[14], [15].
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Fig.1. The geometry of the computational area:
1 - channel of penetration; 2 - a surface of a metal heated by a
laser beam; 3 - collector of charged particles; 4 - boundaries
of the computational domain

The values of pressure and temperature at the bottom of the
penetration channel are set to be 7 kPa and 2700 K,
respectively, in the upper part 3 kPa and 2200 K. Over the
zone of action of the laser beam on the metal, the flow of
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metal vapors gradually passes into a freely molecular one. In
this case, considering the constancy of the velocity, the vapor
density can be estimated from the condition of unchanged
mass flow p-R?= py-Ry’ = const, where R is the distance to
the metal surface in the vicinity of the penetration channel p,
and Ry is the density and radius of the penetration channel in
the upper part.

An important feature of the model is that it makes it
possible to calculate plasma parameters not only above the
welding zone but also directly in the emerging gas-vapor
channel.

In addition, the described model allows calculating the
change in the parameters upon initiation of a
non-self-sustained discharge in a plasma above the zone of
action of a laser beam on a metal in a vacuum by feeding a
positive potential to the collector of charged particles. First of
all, the changes are noticeable in the distribution of the
potential. The potential practically in the whole region
becomes close to the steady voltage on the collector. Near the
cathode (a metal sample, which a laser beam affects), a layer
appears on which this potential changes to zero (Fig. 2).

In the penetration channel, this layer becomes particularly
thin, which leads to the appearance of a strong electric field at
the surface. Calculations show, that along the entire length of
the wall of the channel of penetration, the electric field
strength equals the size of order 10°...10° V/m. Such a strong
electric field significantly reduces the height of the potential
barrier and the work function of the electrons.
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Fig. 2. The degree of plasma ionization during laser welding along the Z-axis in the penetration channel and above the welding
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Fig. 3. The distribution of the potential in the plasma over the
welding zone and in the penetration channel under the
initiation of a non-self-sustaining discharge

This dependence causes the extreme nature of the change
in the value of the secondary-emission signal depending on
the focusing of the laser beam and other technological
parameters of laser welding in a vacuum, which can be used
in constructing methods for operational control of the
welding process. When the external pressure changes, the
magnitude of the signal monotonically decreases according
to the law close to the inverse, which is satisfactorily
consistent with the experimental data.

111. EXPERIMENTAL RESEARCH

Experimental studies of secondary-emission signals in the
laser-welding zone in vacuum were carried out on a
laser-welding machine ALFA-300 equipped with a process
chamber that was evacuated by a vacuum sliding vane rotary
pump ERSTEVAK PRM 54. Vacuum measurement was
carried out using the Ertevak MTM-9D vacuum sensor. In
carrying out experimental studies, the voltage of the storage
ring of the solid-state Nd-YAG laser of the welding
installation was regulated within the limits of 200-400 V. The
sample material used was austenitic steel 12Cr18Nil10Ti.

The registration scheme for secondary-emission signals in
the laser vacuum welding zone is shown in Fig. 4. Above the
zone of action of the laser beam on the metal, a charged
particle collector was installed into an external electric circuit
for plasma charges containing a bias voltage source and a
load resistor [17], [18]. The magnitude of the bias voltage
was 60V. The signal from the load resistor was applied to the
input of the analog-digital converter E14-440 of the company
L-Card, connected to a computer information and measuring
system. The measurement results were written to a file and
processed in a MathCad environment.
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Fig. 4. The scheme of registration of the secondary-emission
current during laser welding:
1 - collector of charged particles; 2 - the welded product; 3 - a
source of bias voltage; 4 - load resistor

The preliminary analysis of the vibrational spectrum
recorded by the collector of charged particles under the action
of a laser beam on a metal in a vacuum showed that in the
oscillation spectrum of the secondary-emission current,
components with a frequency of the order of 10*Hz are
observed, related both to self-oscillations caused by local
overheating of the metal in the zone of the laser beam action,
and ion-acoustic and potential-relaxation instabilities in
plasma. These high-frequency components of the current
oscillation spectrum in plasma in the zone of laser welding in
vacuum, are additionally modulated by oscillations with a
lower frequency due to the capillary instabilities of the
penetration channel, stochastic displacement of the
interaction zone of the laser beam with the metal on the front
wall of the channel, pulsations of steam flows from the
channel and other periodic processes in the channel of
penetration.

In accordance with this, the task was to differentiate the
components of the oscillation spectrum of the secondary
emission signal from the laser beam impact zone connected
with various instabilities in plasma and the spectrum
components due to auto-oscillatory processes in the
penetration channel. Since the latter should be more
correlated with the technological parameters of the laser
welding in a vacuum and geometric parameters of the
penetration zone in a metal under the action of a laser beam in
vacuum.

Considering the fact that the nature of the self-oscillating
processes in the plasma cloud above the zone of laser welding
in vacuum, and connected with various plasma instabilities,
is largely determined by the geometry of the plasma, the
studies of the effect of the distance between the charged
particle collector selecting the secondary emission current
from plasma, and the surface of a metal exposed to a laser
beam in a vacuum to the amplitude-time parameters of the
secondary emission signal have been made.

Fig. 5 shows the frequency dependence of the component
of the oscillation spectrum of the secondary emission current
for laser welding in vacuum due to ion acoustic oscillations in
the plasma from the distance between the collector of charged
particles detected by the collector of charged particles under
the action of a laser beam on a metal in vacuum with a change
in the distance between the collector and metal surface [19].

As Fig. 5 shows, as the distance from the surface of the
metal to the charged particle collectordecreases, the
frequency of the recorded high-frequency components
increases. In addition, the analysis of the vibration spectrum
of these components shows that the spectral density of the
components associated with the ion-acoustic and relaxation
instabilities in the plasma decreases. This indicates that when
registering the secondary emission current in order to control
the geometric parameters of penetration in laser welding in a
vacuum, it is necessary to
place the charge collector
electrode in the immediate
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vicinity of the surface of the metal to be welded.

The next stage in the research of secondary emission
processes in laser welding in vacuum was to study the
influence of the degree of process chamber evacuation on the
amplitude-time parameters of the secondary emission
current. Fig. 6 shows the oscillograms of the secondary
emission current recorded by the collector of charged
particles at different pressures in the process vacuum
chamber.
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Fig. 5. The dependence of the frequency of the oscillation
spectrum components of the secondary-emission current
during laser welding in a vacuum on the distance between the
collectors of charged particles
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Fig. 6. The oscillograms of the secondary-emission current in
the plasma at different degrees of the evacuation of the
process chamber for laser welding in a vacuum: the pressure
in the chamber a) 4000 Pa, b) 100 Pa, c¢) 10 Pa

The results of the experiments showed that when the
pressure in the vacuum process chamber of the laser
installation increases, the amplitude of the pulses of the
secondary emission current in the plasma decreases and
becomes zero at a pressure in the chamber close to
atmospheric.

With respect to the vibrational processes in the plasma in
the zone of vacuum laser welding, arising as a result of the
formation of different types of instabilities, this is due to the
fact that at a pressure close to atmospheric, due to the
collision damping mechanism known in plasma physics, at
high concentrations of neutral particles the probability of
collision of plasma particles during the period of oscillations
arises. The number of these collisions at a pressure close to
atmospheric is large, and the oscillations decay rapidly
enough.

As for the oscillations of the secondary-emission current
caused by periodic processes in the zone of action of the
vacuum laser beam on the metal, a significant decrease in
their amplitude is caused by a decrease in the plasma
conductivity as a result of a decrease in the mean free path of
the charge carriers and a

decrease in their drift
velocity in the plasma.
The ion current in the
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plasma was also recorded in the laser-welding zone in a
vacuum whena negative potential was created at the charged
particle collector in the circuit shown in Fig. 7.

Fig. 7 shows an oscillogram of the ion current in the

plasma produced by the action of a vacuum laser beam on a
metal.
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Fig. 7. The oscillogram of the ion current in the plasma
produced by the action of a vacuum laser beam on a metal

With respect to the use of secondary-emission signals to

control the geometric parameters of penetration in laser
welding in vacuum, the registration of the ion current is of
particular interest, since in this case the recorded signal
parameters are not associated with the excitation of plasma
self-oscillations, and the magnitude of the ion current directly
reflects the density fluctuations of the metal vapors flowing
out of the channel [20], [21].

1IV. CONCLUSION

A model of secondary-emission processes in a plasma for

laser welding in a vacuum has been developed, and numerical
simulations of these processes have been performed. The
experimental studies of parameters of secondary-emission
processes in pulsed laser welding in vacuum have been
carried out, the results of which will be the basis for the
development of methods for secondary-emission control of
the seam formation process in vacuum laser welding.
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