AST Advances in Science and Technology
A\MRJ Research Journal

Advances in Science and Technology Research Journal, 18(7), 250-263
https://doi.org/10.12913/22998624/193526
ISSN 2299-8624, License CC-BY 4.0

Received: 2024.08.07
Accepted: 2024.09.19
Published: 2024.10.06

Investigation of Spectral Parameters of Constricted Arc Plasma
for Welding Processes and Related Technologies

Valeriy Chernyak’, Volodymyr Korzhyk?3, Shiyi Gao? Vladyslav Khaskin®*,
Oleksandr Voitenko?, Yevhenii llliashenko?, Xinxin Wang?, Andrii Grynyuk?,
Oksana Konoreva?, Iryna Sviridova?

! Taras Shevchenko National University of Kyiv, 60 Volodymyrska Str., Kyiv, 01601, Ukraine

2 China-Ukraine Institute of Welding, Guangdong Academy of Sciences, Guangzhou, 363 Changxing Road,
Tianhe, 510650, China

3 E.O. Paton Electric Welding Institute, National Academy of Sciences of Ukraine, 11 Kazymyr Malevych Str.,
Kyiv, 03150, Ukraine

* Corresponding author’s e-mail: vn@paton.kiev.ua

ABSTRACT

The paper is devoted to investigation of spectral parameters of constricted arc plasma, as a foundation for further
development of basic approaches to controlling of plasma-arc technologies of material treatment and welding.
The relevance of application of spectrometric analysis of the welding arc consists in obtaining the possibility of
sufficiently accurate control of its temperature and energy input into the product being welded, recording initia-
tion of weld defects (internal pores), determination of atmospheric oxygen ingress into the weld pool, etc. The
spectral composition, temperature and concentration of the constricted welding arc plasma were determined in the
paper to more precisely define its physical characteristics at 80 and 100 A currents, in order to establish the further
applicability of dynamic spectral analysis of a constricted plasma arc in control of welding processes. As modern
spectrometers with CCD-detectors of the spectral range of 200 + 1100 nm have the resolution of the order of 0.35
nm, which 2-3 times exceeds the quantization step by the measured wavelength, and may lead to considerable
errors, an approach is proposed to increase the accuracy of spectrometric measurements to acceptable values. Ra-
diation spectra of the constricted welding arc measured in the wavelength range of 650 + 1000 nm allowed within
the model of local thermodynamic equilibrium calculating the excitation temperature of the main spectral range
components: Ar I and O L. It was established that the excitation temperature of electron levels of Ar atoms in the
welding arc plasma only weakly depends on the discharge current, and it is equal to 13500 + 500 K. Excitation
temperature of O I electron levels was equal to 10000 + 500 K at arc current of 100 A and to 7200 + 500 K at 80
A current. Electron density of high-current welding arc plasma was measured by Stark broadening of Ar I lines
(696.543; 772.4; 912.3 nm). It was found that with the rise of current of the constricted welding arc by 20%, an
increase of charge concentration in the arc plasma by 1.5 times and of its temperature by 1.2 times are observed.

Keywords: spectral parameters, constricted arc plasma, spectrometric analysis, spectrometers with CCD-detec-
tors, controlling of welding and related technologies.

INTRODUCTION plasma composition and temperature, concentra-
tion of electrons, ions, and atoms of the respective
elements in the excited state, their temperatures

and electric field intensity, using spectral diag-

Investigation of spectral parameters of arc
plasma is of both fundamental and applied value,

asitis capable of ensuring performance of contact-
less express-measurements [1]. Determination of
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nostics, allows clarifying the nature of physical
phenomena at its interaction with the materials
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in the welding processes [2]. Such processes in-
clude TIG [3] and GMAW [4] welding, hybrid
plasma-arc welding processes [5], plasma [6] and
arc surfacing [7], plasma-arc spraying [8, 9], plas-
ma-arc cutting [10], laser-plasma cutting [11] and
different methods of laser [12] and plasma [13,
14] and heat treatment of the surface. Typically,
argon is used as the working gas for plasma arc
and TIG processes [15]. However, to increase the
efficiency of these processes, it is permissible to
use an Ar+CO, mixture with a CO, content of up
to 3—5% [16]. This makes it possible to use the
spectral lines of argon Ar I and oxygen O 1 [17] in
spectral studies. In addition to welding processes,
spectral contactless measurements have prospects
for plasma diagnostics also in other processes,
for instance at waste disposal and recycling [18],
metal manufacturing [19], etc.

Investigations of spectral parameters of arc
plasma are relevant for intellectualization of the
above-mentioned technologies, in particular they
are of interest for development of systems of au-
tomated monitoring of plasma-arc welding. Such
systems based on analysis of optical spectrum of
welding arc radiation will allow determination of
welding parameter deviation from the nominal val-
ues [20]. These deviations can be used to determine
the potentially defective areas of welded joints [21].
More over, modern digital spectrometers, perform-
ing measurement of optical spectrum in several
milliseconds, will enable recording the deviations
of welding parameters in the real time and will al-
low correction of the technological parameters of
the welding process to ensure the required quality
of the welded joints [22, 23]. Therefore, spectral
analysis can be used both for monitoring and for
automation of the process of plasma-arc welding.

In addition to creation of a system of welding
defect detection and automatic correction of the
welding process based on spectrometer applica-
tion [24], the processes of welding arc spectrom-
etry can also provide other important additional
information. Such information includes data on
the influence of welded metal vapours on the
welding arc [26], spectral distribution of the arc
light [27], temperature parameters of the arc [28],
and generation of undesirable ultraviolet (UV)
radiation by the arc [29]. Such information is of
interest at development of innovative intelligent
welding systems [30]. Such intelligent systems
should be adaptive, automated and robotic with
self-teaching capability, and they should have the
ability to identify the welding process, extract the

necessary information from sensor signals, pre-
dict the welding process reaction to correction
of welding parameters, optimize the settings and
automatically eliminate the possibility of joint de-
fect formation. In order to implement the above-
listed capabilities of intelligent welding systems,
a relevant approach is spectrometric analysis of
welding arc parameters, providing the necessary
information about it. In particular, real-time spec-
trometric analysis of the welding arc will allow
accurately enough controlling its temperature and
energy input into the item being welded, record-
ing the initiation of weld defects (including in-
ternal defects) by the change of the intensity of
spectral lines of the metals being welded, ingress
of atmospheric oxygen into the weld pool, etc.

PURPOSE, MATERIALS AND METHODS

The purpose of the work is more precise de-
termination of the spectral composition, tempera-
ture and concentration of constricted welding arc
plasma at 80 and 100 A currents to develop new
approaches to application of dynamic spectral
analysis of arc plasma in intelligent processes of
welding and related technologies. The following
tasks were solved to achieve the posed objective:
1) Development of the procedure and test fa-

cility for spectrometric studies of arc plasma
with application of preliminary measurements
of the contours of reference noise-free lines
of plasma radiation, selection of diagnostic
equipment and evaluation of its experimental
capabilities.

2) Studying the spectral composition of constrict-
ed welding arc radiation in the case of trans-
ferred plasma arc at currents of 80 and 100 A.

3) Determination of excitation temperature of
electron levels of atoms of the constricted
welding plasma arc.

4) Determination of charge concentration in con-
stricted welding arc plasma.

5) Elaboration of an approach to development of
an control welding processes and related tech-
nologies based on feedback, which includes
monitoring the spectral composition of weld-
ing arc plasma.

Investigations to solve the above tasks were
performed by the following procedure:

1. Selection of materials and equipment and

creation of a test facility for measurement of
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experimental and simulated spectra of argon
(Ar 1) and oxygen (O I);

2. Measurement of profiles of noise-free radiation
lines of plasma of a low-current glowing dis-
charge in He, Ne, Kr and H,, as well as radia-
tion of He-Ne laser in a single-mode genera-
tion regime to determine the parameters of the
spectrometer instrumental function;

3. Analysis of spectral composition of radiation
of high-current constricted welding argon arc
blown by Ar/CO, (98%Ar + 2%CO,) mixture
at arc currents of 80 and 100 A;

4. Determination of the temperature of the con-
stricted welding arc plume based on calcula-
tion of excitation temperature of the main
components of spectral range: Ar [ and O I in
the wavelength range of 650 + 1100 nm at arc
currents of 80 and 100 A within the model of
local thermodynamic equilibrium;

5. Assessment of charge concentration in the
welding arc plasma at currents of 80 A and 100
A by the width of Stark broadening of Ar I lines;

6. Analysis of the results of investigation of
spectral parameters of constricted welding arc
plasma and the possibilities of their application
in intelligent processes of welding and related
technologies.

Studied was a transferred welding plasma arc,
which should run between the plasmatron tung-
sten electrode (cathode) and metal being welded
(anode) [31]. Flat samples from AISI 304 stainless
steel of 200 x 100 x 2 mm size were used as the
metal being welded. Experiments were conducted
in two modes of arc burning at welding current of
80 and 100 A (Table 1). Since the difference in the
spectral characteristics of plasma during welding
with currents of 80 and 100 A was investigated, to
simplify the research, only one type of gas mixture
(Ar + CO, with a CO, content of 2% [16]) with
one flow rate of 30 I/min was used. The addition
of CO, to the gas mixture was necessary to obtain
simulated spectra of oxygen (O I).

Note that Ar I and O I spectra were studied
during the conducted investigations of spectral
composition of plasma of the constricted welding
argon arc. Here, the questions of the influence of

the metal being welded and material of plasma-
tron electrode on spectral characteristics of the
constricted welding arc were not investigated.

DEVELOPMENT OF A DIAGNOSTIC
FACILITY AND ASSESSMENT OF ITS
EXPERIMENTAL CAPABILITIES OF
DIAGNOSTIC EQUIPMENT

Determination of plasma discharge parameters
was performed by the measured optical emission
spectra (OES) to derive the excitation temperature
of electron levels of atoms and charge concentra-
tion. The schematic of optical measurements is
shown in Figure 1a, and the facility assembled ac-
cording to this scheme is presented in Figure 1b.
Appearance of the studied constricted transferred
arc is shown in Figure 1c. Argon was used as the
plasma-forming gas for generation of the arc con-
stricted by the plasma-forming nozzle of the plas-
matron. From the outside, the arc was additionally
constricted by a flow of shielding gas, which was
a 98%Ar + 2%CO, mixture (furtheron — Ar/CO,).

Measurements were performed using a spec-
trometer with CCD-detector S150-2-3648 USB
(furtheron referred to as S150-2), which includes
two diffraction spectrographs mounted in one
housing with fiberoptic inputs Inp1 and Inp2. Ra-
diation of constricted welding arc 1 passed through
the wideband filter F (KC-10) for cutting off UV
spectra of neighbouring orders characteristic for
diffraction spectrographs. Then, part of radiation
which had passed through the filer was focused by
lens L on the inlet of optical fibre 2 of 200 pm diam-
eter. Optical fibre divided into two equal channels
Inp1 and Inp2, carried out the input of radiation to
the input port of each spectrograph S150-2. Two
CCD-detectors TCD1304AP (Toshiba) were used
as photorecording element in S150-2. Spectral sen-
sitivity range of these detectors is 190 + 1100 nm.
Taking into account the full number of pixels of the
two CCD-detectors (3648 - 2 =7296) and spectral
range of 200-1100 nm, the spectrometer S150-2
provides a quantization step when recording the ra-
diation wavelength = 900/7200 = 0.125 nm at the

Table 1. Main technological parameters of plasma-arc welding at which the constricted arc was studied

. Welding speed, Plasma-forming gas flow | Shielding gas flow

Welded metal Welding current, A | Voltage, V mm/min rate (Ar), l/min rate (Ar/CO.), limin
80 23.0 300 0.8 30.0
AlSI 304 steel 100 245 250 0.8 30.0
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Figure 1. Optical spectral measurements of arc plasma: (a) — measurement scheme; (b) — equipment appearance;
(c) — appearance of the studied constricted arc; 1 — constricted plasma arc; 2 — optical fibre; F — filter, L — lens;
Inpl, Inp2 — fiber optic inputs into the spectrometer

resolution of spectrometer S150-2 of =~ 0.35 nm
according to certificate data.

The commensurability of the spectrometer
resolution with the quantization step by wave-
length A actually leads to an extremely small num-
ber of values in the instrumental function, result-
ing in large errors both at determination of maxi-
mal values of the function and its area. Therefore,
considering the features of the known methods
[32] of radiation spectra processing to determine
the parameters of the instrumental function of the
spectrometer, the contours of noise-free lines of
plasma radiation in low-current (~5 mA) glow-
ing discharge in H, (H , HB)’ He (667.82; 501.57
nm), Ne (703.24 nm), Kr (427.4; 437.228 nm)
and radiation of He-Ne laser in single-mode gen-
eration regime (632.8 nm) were measured. Such
evaluation of the instrumental function indicated
a Gaussian contour with spectral line full width
at half maximum (FWHM) of 0.3 nm (Fig. 2).

At assessment of the spectrometer instrumental
function, the maximal intensity of plasma radia-
tion lines I was determined in arbitrary units (au).
The graphs given in Figure 2 allowed evaluation
of broadening of the measured spectral lines to
be taken into account in further research. So, the
accuracy of temperature determination becomes
lower, as broadening of the spectral lines used for
calculations decreases.

RESEARCH RESULTS

Investigation of spectral composition of
constricted welding plasma arc radiation

As follows from comparison of Ar I and O |
experimental spectra with the respective simu-
lated Ar I and O I spectra, the main components
of plasma emission spectrum in the range of
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Figure 2. Measured profiles of noise-free lines of plasma radiation of low-current (~ 5 mA) glowing discharge
in: (a) He (667.82; 501.57 nm); (b) H, (H,, Hﬁ) and radiation of He-Ne laser in single-mode generation regime
(632.8 nm); (c) Ne (703.24 nm); (d) Kr (427.4; 437.228 nm). Experimental data are denoted by markers;
simulated Gaussian profile of width A = 0.3 nm at half maximum is shown by a dashed line

wavelengths of 650 = 1000 nm of a high-cur- intensity FWHM) at excitation temperatures 7*
rent welding argon arc, blown by a shielding  of Ar I and O I electron levels, determined dur-
gas mixture of Ar/CO, (98/2), were the lines ing the experimental investigations.

shown in Figure3. Spectra simulation was per- In the case of a constricted arc current of 100
formed taking into account all the lines of NIST A (Fig. 3a), practically all the lines of experimen-
base [33] for Ar I and O I for equilibrium plas- tal spectra, coinciding by intensity with the simu-
ma, and the instrument profile of spectrometer  Jated ones, were used for investigations. In the
S150-2 used in the experiment (Gaussian pro-  ca5e of 80 A current (Fig. 3b), such a coincidence

file of width A ‘17}2 0.3 nm at half-maximum of = was only characteristic for three wavelengths,
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Figure 3. Plasma spectra in wavelength range of 650 + 1000 nm of a high-current welding arc blown by a Ar/
CO, (98/2) mixture at the following arc currents: (a) 100 A, (b) 80 A. The solid black lines are the experimental
spectra. Simulated Ar I spectra at 7* = 14000 K (a) and O I spectra at 7% = 7700 K (b) are designated by a
dashed red line. All the spectra are normalized to the intensity of a weak Ar I line at A = 801.5 nm
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from which two were selected for further inves-
tigations (696.543 and 706.72 nm). Selection of
lines for analysis is due to the need to eliminate
the phenomenon of radiation self-absorption. It
is known that self-absorption is the smaller, the
lower the line intensity. Therefore, lines of ex-
perimental spectrum, with the intensity approxi-
mately 5 times smaller than the maximal intensity
of simulated spectrum lines, were selected for
further analysis.

Determination of excitation temperature of a
constricted welding arc

Based on the spectra, observed in wavelength
range of 650 + 1000 nm, we calculated within the
model of local thermodynamic equilibrium (LTE)
the excitation temperature of the main compo-
nents of this spectral range: Ar I and O L. In LTE
model it is assumed that electron distribution on
energy levels is completely determined by par-
ticle collisions, and the collision processes occur
so often that at any change of the conditions in
the plasma the respective distribution is estab-
lished instantly. Population of excited electron
levels of atoms in LTR-plasmas is determined by
Boltzmann formula (3):

N, = Noz—::exp (—ﬁ) (1)

where: N is the concentration of excited atoms in
state n, N, is the atom concentration in the
ground state, g and g, are the statistical
weights of the excited and ground states,
respectively. Intensity 7 of spectral line
for equilibrium plasma is:

[~ A2 N )

Tn A2
0.6 ~ I au

0.4 4

-
0 -J--_.l-——’!'

696.5 697

s lexp

Spectral line intensity /, was determined as
power, emitted by a unit of object volume in the
wavelength range, corresponding to full width of
this spectral line:

A
I=[;?d2 3)

where: [, is the spectral radiation power, corre-
sponding to this wavelength 4. Integration
was carried out along the Voigt contour
with width at half maximum (FWHM) of
the respective Ar I lines of experimental
spectra Aexp, which, as known from work
[33], is the convolution of the Gaussian
and Lorentzian contours forming it:

1(x) = [7 G(x")L(x — x")dx’ 4)

Here, particular attention was paid to the sat-
isfactory agreement between the experimental
profiles of the used lines and simulations of the
Voigt contour (Fig. 4). Integration limits were
selected up to such wavelengths, where 7, practi-
cally drops to zero, taking into account the known
recommendations of work [35] on selection of in-
tegration limits of extended contours.

A fundamental difference of the recorded
spectrum components, corresponding to high-
lighting of oxygen atoms, from argon atoms, was
their multiplicity with unresolved multiplet pro-
files in good agreement with the profiles in the
simulated O I spectra, taking into account only
the instrumental profile with AG = 0.3 nm for
each multiplet component (Fig. 5).

Taking into account the unresolved structure
of O I multiplets 777 (7771.94; 7774.17; 7775.39
nm), 844 (8446.25; 8446.36; 8446.76 nm), 926
(9260.81; 9260.85; 9260.94; 9262.58; 9262.67,

Figure 4. Superposition of simulated Voigt contour on the contour of Ar I line with A = 696.543 nm of
arc plasma spectrum at 100 A discharge current
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Figure 5. Profiles of unresolved O I multiplets (777 nm) (a) and O I multiplet (926 nm) (b) in the arc spectrum
Iexp (@) at plasma arc currents of 100 A (a) and 80 A (b) and of those simulated with Gaussian profile AG = 0.3
nm of each line in I multiplets for 7 o ¢=10000 K (a) and 7, = 7200 K (b).

9262.78; 9265.83; 9265.93; 9266.01 nm) and
good agreement of their experimental profiles I,
with the respective profiles in simulated spectra
I, ,in order to determine the excitation tempera-
ture of O I electron levels — 7, — we used cali-
bration dependences of the ratios of the intensi-
ty maxima of two multiplets I, /I and I /I
on the excitation temperature in the simulated
O I spectra in the range of change 7, = 1000 +
20000 K (Fig. 6). Calibration curves are given in
Figure 6 and they are in satisfactory agreement

with Equations 5-6.
¥ =1239202x° + 24427x° - 160106x* + 117076x° -

- 26266x* + 9899.4x + 640.09 5)
y =239202x° + 24427x° - 160106x* + 117076x° -
- 26266x* + 9899.4x + 640.09 (6)

where: y is the excitation temperature of electron
levels of oxygen atom 7", and x are the
ratios of intensities of two multiplets I,/

Derived values of excitation temperature of O |
electron levels were equal to 10000 &+ 500 K at con-
stricted arc discharge current of 100 A and to 7200
+ 500 K at discharge current of 80 A. Boltzmann
diagrams to determine the excitation temperature
of Ar I electron levels were plotted using the fol-
lowing line intensities: 6752.83; 6871.29; 6938;
6965.43;7067.22;9657.78 and 9784.5 nm (Fig. 7).

As follows from the data given in Fig. 7, the
excitation temperature of electron levels of Ar at-
oms in the welding arc plasma weakly depends on
discharge current and is equal to 13500 + 500 K.

Significantly smaller values of excitation
temperature of electron levels of O atoms, com-
pared to Ar atoms in radiation spectra integrated
along the line-of-sight, as well as the above noted
differences of their line profiles in emission spec-
tra of high-current welding arc plasma in a flow
of Ar/CO, gas mixture, point to fundamental dif-
ferences in radial distributions of Ar and O atom
concentrations (predominantly presence of oxy-

L.G&)nl, /A (6) gen atoms in the plasma plume peripheral zone).
T*e(0), K

16000

12000 e

+k=777 nm

—8—}i=844 nm,

B 7k=777 nm
4000

LTk
0
0 0.1 0.2 03 0.4 0.5 0.6
Figure 6. Calibration dependencies 7, (I,,,/I._) — 1 and T, (I, /1..)) — 2
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Figure 7. Boltzmann diagrams of Ar | for
welding arc plasma at discharge currents of 80
and 100 A

Determination of concentration
of constricted welding arc plasma

Electron density of high-current welding arc
plasma was measured using Stark broadening of
Ar I lines (696.543; 772.4; 912.3 nm). As was
noted above, experimental profiles of Ar I lines
were well approximated by the peak profile of
Voigt function, which in its turn is a convolution
of the Gaussian and Lorentzian profiles. Most of-
ten, the expansion mechanisms, taken separately,
create either a Gaussian or Lorentzian profile. If
the Gaussian or Lorentzian components are com-
parable, the final form of V(x) will be the Voigt
function [36]. The Voigt function can be calculat-
ed by the following formula [37]:

o0 -2
V(x,a) =%Xf_mm>< dt (7)
A= )Lul 1/2
X = X 2 X (In2
29, (In2) ®)
A/l
=- a%ﬁi X (In2)1/? )

As 1s known, convolution of two Gaussian
profiles leads to also a Gaussian profile with half-
width A, equal to the square root of the sum of
squares of the half-widths of the original profiles.
At convolution of two Lorentzian profiles we
again obtain a Lorentzian profile, the half-width
of which is equal to the sum of half-widths of the
initial contours [38]. Owing to Doppler effect,
the line profile is readily described by Gaussian
profile with the width at half-maximum [39]

1/2
428, = 2, (8In2 "BTg) (10)

where: k, is the Boltzmann constant (unit of mea-
surement: J-K™), T, is the gas temperature

in K, m_is the emitter weight in kg, ¢ is the
speed of light in m.s™!. For Ar plasma with
gas temperature T, = 13500 K 4% 2 =
1.32-107-4,, which for optical range lines
is significantly smaller than the width at
half-maximum of the instrumental func-

tion (A?\l/z 0.3 nm).

To assess the width of the Lorentzian com-
ponent Alf/z in the measured profiles of Ar
I lines, we used the graphic presentation of

AN ), AN = f(AAS /A5 5) dependence [34, 36]
(Fig. 8), which was approximated by the follow-
ing polynomial:

AXY /A2 o= —O9212/A/11/2)2— an
~0.0813/A27 ;) +1.0015

For our case in equation (12) AXS /2= AN /2
=0.3nm and AAY /2 s the contour width at half-
maximum of intensity of selected Ar I line in the

measured spectrum. The thus obtained A% /2 and

Alf/z values for a series of Ar I lines are given in
Table 2

As is known [34], Lorentzian profiles of lines,
emitted by atoms or ions, which are in a dense gas
or plasma, are chiefly determined by interaction of
the radiators with the surrounding particles. This
type of line broadening is usually called pressure
broadening. In physical terms, pressure broaden-
ing is subdivided into: resonance, Van der Waals
and Stark, depending on whether the expansion is
due to interaction:

a) with atoms of the same kind (atoms in one of
the states, transition between which leads to
emission of this line, interact with atoms in the
ground state);

b) with atoms or molecules of another kind or atoms
of the same kind, but not in the ground state;

c¢) with charged particles, i.e. ions and electrons.

Note that resonance broadening of the lines is
practically absent in lines, for which the transition
from the lower state into the ground state is prohib-
ited by selection rules [37, 39]. Stark broadening is
of special interest for plasma diagnostics. Knowl-
edge of its profile allows quite accurate determina-
tion of charge concentration in the plasma [40, 41].

Therefore, for weaker lines, where profile
distortion is practically absent due to self-absorp-
tion, and where transition from the lower to the
ground state is prohibited by selection rules, we
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Figure 8. Connection of the width of Voigt profile
A, with the widths of its Gaussian A ; and Lorentzain
components A,

could calculate an estimate of Stark profile width
A using the following equation:

AX3 ;o As = MRS - DAY (12)
where: A/l‘l/;izw is the width at half-maximum of
Van den Waals profile.

A/’l‘{;lzw calculation was conducted using the
following equations, in keeping with Lindholm-

Foley theory [37, 42, 43]:
2
MY = i 5 816 x (C6)2/5 x 53/5 x Ny (13)

where: U is the mean velocity between the radia-
tors and perturbers,

_ 8X kg XT,
U= (#)1/2 (14)

Reduced mass 1/u = 1/m + 1/m, with m and
m, — masses of radiators and perturbers, respec-
tively. C, is the Van der Waals constant, which
is included into Van der Waals potential AV,
= - C,/r*, ris the separation distance.

Cs=7xe?xaxaix(RE—RH) (15
where: £ is the Plank constant, o and q are the

mean polarizability of exciting particles
(for Ar o= 1.64 x 10**cm™) and Bobhr ra-

2
—
RZ |

J 2

x [5xn" +1-3x1 % (;+1)] (16)

. . .2
where: [ is the orbital quantum number and n}
is the square of effective quantum number
of level j, respectively.

*2 ERyd
n =L 17
J Eion_Ej ( )

where: E R denotes Rydberg constant E vl
109 737.3 cm™, E, is the radiator ioniza-
tion energy (for Ar £, = 127109.7 cm™),
and E is the excitation energy of level j.

Results of A, calculation, using equations
(13—17) for lines with lower metastable state, are
given in Table 3 at 100 A arc current.

Proceeding from the ratio of calculated val-
ues of Van der Waals broadening and experimen-
tal broadening values (Table 2) and the known
weak nonmonotnic dependence of this broaden-
ing on gas temperature [44—46] for argon lines,
ending at metastable levels, we were able to ne-

VawlL

glect A4/, " contribution into A7/, and to as-

sume that AA% )2~ Alf/z. Determination of plas-
ma electron concentration N, by the values of full
widths at half-maximum (FWHM) derived by the

above-described methods for Stark profiles AAS ,,

AZ3 , was conducted using formula [36, 47]:

~ =4 Ya _ Yerm-1/
A~ 2[141.75-107*N, " (1 - 0.068N,/6T/2
106N,

]X(18)

where: [As] = &; [N] = em?; [T] = K; a, o are
the tabulated Grim parameters [22, 29].

Table 3. Results of calculation of the components of
Van de Waals and Lorentzian profiles at half-maximum
at 100 A arc current

dius (a, = 5.29 x 10”cm. RZ and R_lz are
the root-mean-square radii of levels u and
1), respectively. In Coulombian approxi-

mation of RZ and R? values:

Table 2. Width of the components of Voigt, Gauss and Lorentzian profiles at half-maximum for 80 and 100 A

currents of the plasma arc

A, nm A/l‘l/}iZWL nm AX ), nm
696.543 1.84E-03 0.119

772.4 2.26E-03 0.149

912.3 3.16E-03 0.103

Parameter 80 A 100 A
A, nm AZf )5, nm AX§ /5, nm A5, nm A% 5, nm AAS ), nm A%/, nm
696.543 0.34 0.30 0.07 0.37 0.30 0.12
772.4 0.35 0.30 0.09 0.39 0.30 0.15
912.3 0.35 0.30 0.09 0.36 0.30 0.10
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According to work [36], formula (18) is suffi-
ciently accurate as long as the following inequali-
ties are satisfied

10~ 4aN* < 0.5 (19)
o=80- 10‘2w/1‘2(£)‘1/2N92/3 >1 (20)

1 1
R=9.0-10"2NT,2 < 0.8 21)
where: u is the radiator atomic weight, [A] = A,

while ¢ and R are the criteria accepted in
work [36].

According to work [47], experiments con-
firmed the high accuracy of formula (18), and the
limit charge concentration, relating the concen-
tration to Stark broadening parameter:

Nel ~ 1018}{7/2w—7/4cm—3

where: 1 is the wave length in um.

(22)

Results of evaluation of charge concentra-
tion in the welding arc plasma at 80 A and 100 A
currents by the width of Stark broadening of Ar I
lines ending in metastable states (696.543; 772.4
and 912.3 nm) are given in Table 4. According to
the data of Table 4, mean value of concentration
N, of charges in the plasma of a constricted weld-
ing arc at 80 A current was equal to (5.7 = 0.8) -
10! ¢m?, and at 100 A current it was (8.6 + 0.7)
- 10 ¢m3. Thus, at 20% increase of arc current
the charge concentration in it increases 1.5 times,
leading to 1.2 times rise of arc temperature.

DISCUSSION

During the research, welded joints of AISI 304
steel samples with a thickness of 2 mm were ob-
tained (Fig. 9). The quality of the welds was satis-
factory. During the welding process, the spectra of

argon (Ar I) and oxygen (O I) were studied using
optical emission spectroscopy to determine the
spectral composition, temperature and concentra-
tion of the welding plasma of the compressed arc
at currents of 80 and 100 A. The issue of quality
control of weld formation using spectroscopy was
not considered at this stage of the research.
Parameters of plasma of a constricted welding
argon arc shielded by an enveloping flow of Ar/
CO, gas mixture, such as excitation temperature and
density of electron have been studied using optical
emission spectroscopy of plasma parameters. It was
found that the main components of plasma radiation
spectrum for optical range of 650 +~ 1000 nm are
the lines of argon and oxygen atoms, while metal
lines are practically absent. Ar I and O I line profiles
differed significantly both by their width at half-
maximum, and by their shape: profile of Ar I lines is
Voigt, and that of O I lines is Gaussian. Width of Ar
I line contours at half-maximum (FWHM) notice-
ably exceeded the width of instrumental (Gaussian)
function of the spectrometer, and FWHM for O I
lines corresponded to the instrumental function.
Excitation temperature of Ar I levels Tjy was
considerably higher than T;® temperature. 7* de-
pendencies on arc current also turned out to be
different: change of arc current by 20% practi-
cally did not influence 7*(Ar I) value, but it led to
a directly proportional change of 7%(O I) by 30%.
Such features of 7*(I) of argon and oxygen at-
oms, as well as the above-mentioned differences
in their line profiles in emission spectra of plasma
of high-current welding argon arc in a shielding
flow of Ar/CO, gas mixture, point to fundamen-
tal differences in radial distributions of Ar and O
atom concentration (predominance of oxygen at-
oms in the peripheral zone of the plasma plume).
Note the fact that a change in arc current by
20% was accompanied by practical absence of

Table 4. Concentration N, of charges in the plasma of a constricted welding arc at 80 A and 100 A
currents by the width of Stark broadening of Ar I lines

A, nm | noeme [ N, em22) [ 1074aN}* (19) | 0 (20) | R (21)
80 A
696.543 5510 3810 4410 0.8 0.5
7724 5.0 10 3.2-10° 35107 0.8 0.5
912.3 6.6 10' 9.7 10 46107 0.5 0.5
100 A
696.543 9.0 10" 3810 5.0 107 11 0.5
7724 9.0 10 32-10% 41107 12 0.5
912.3 78-10% 9.7-10% 4810 0.6 0.5

259



Advances in Science and Technology Research Journal 2024, 18(7), 250-263

Figure 9. The structure of the weld obtained on AISI 304 steel 2 mm thick using plasma welding (Table 1)

T*(Ar I) change and a marked change in charge
concentration. The latter can be related to a sig-
nificant influence of metal vapours on the degree
of plasma ionization.

Owing to a broad spectral range of CCD-de-
tector sensitivity (190 + 1100 nm), and their suffi-
ciently fast response (from 4 ms), it becomes pos-
sible to analyze the spectral composition of weld-
ing arc plasma by pre-selected lines [47]. Such an
analysis can be dynamic, i.e. performed directly
during welding. It can be built-in into the weld-
ing control system through the above-mentioned
respective feedbacks. We can also limit ourselves
to recording the deviations from process stabil-
ity to determine the zones of post weld control of
the weld. Spectral analysis of the welding arc can
allow recording the following aspects: change
of total temperature (energy) of plasma by the
change of the parameter of excitation temperature
T* of O I electron levels; influence of the welded
metal vapours on the degree of plasma ionization

Input  Neuron with bias

N\ A

o] Lau Inau

p.L’Z ~ f—a’

lb
Figure 10. Schematic of neural network
operation
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and, respectively, on welding process stability by
the change of charge concentration parameter N,.
It will enable implementing the system of moni-
toring and control of the welding processes, based
on spectral analysis of the welding arc.

In further use of spectral analysis of the weld-
ing arc, it is advisable to use a self-learning neural
network as the basis of control and feedback sys-
tem for welding processes. Such a neural network
can be used to continuously compare the initially
measured reference spectral composition of the
welding arc (p) with the arc spectral composition
at the given moment of time (@) during welding or
surfacing (Fig. 10). It will enable determination of
displacement value (b) and monitoring it during
the welding (surfacing) process [42]. If value b is
within the admissible limits, the welding process
can be considered to provide the result of the re-
quired quality. If value b exceeds the admissible
limits, the feedback is used to eliminate the re-
spective value of process disturbance.

Such neural networks will allow performance
of self-teaching of welding equipment, and in the
future replacing the welding operator as much as
possible. Here, the information about the weld-
ing arc spectral composition, its luminosity and
visually recorded behaviour can be analyzed by
the neural networks and can improve the welding
process control. Thus, information on the spectral
composition of the welding arc will form the ba-
sis of feedback system operation.

CONCLUSIONS

Conducted in the range of 650 + 1000 nm
wavelengths comparison of experimental spectra
of Ar I argon atom and O I oxygen atom with the
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respective simulated spectra of high-current weld-
ing argon arc blown by a shielding Ar/CO, gas mix-
ture (98/2) showed that Ar I lines and O I multiplets
are the main components of the plasma emission
spectrum. Measured in 650 + 1000 nm wavelengths
radiation spectra of welding plasma arc allowed
within the model of local thermodynamic equilib-
rium calculating the excitation temperature of the
main components of Ar I and O I spectral range. It
was established that the excitation temperature of
Ar atom electron levels in welding arc plasma only
weakly depends on the discharge current, and it is
equal to 13500 £ 500 K. The excitation temperature
of O I electron levels was equal to 10000 + 500 K
at arc current of 100 A and to 7200 = 500 K at cur-
rent of 80 A. Significantly lower values of excita-
tion temperature of O atom electron levels, com-
pared to Ar atoms in line-of-sight integrated spectra
point to a predominant presence of oxygen atoms in
the peripheral zone of the plasma plume. Electron
density of plasma in the high-current welding arc
was measured using Stark broadening of Ar I lines
(696.543; 772.4; 912.3 nm). It was established that
with increase of current of the compressed welding
arc by 20% an increase of charge concentration in
the arc plasma by 1.5 times and of its temperature
by 1.2 times is observed.
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