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Abstract

The UV radiation intensity and mass concentration of ozone in air are studied experimentally in the gas metal arc welding.
Effects of the shielding gas composition influence on UV radiation intensity, ozone concentration and welding fume forma-
tion are demonstrated. Addition of potassium via wetting the electrode wire or work-piece by aqueous solution of potassium
carbonate and via its premix with shielding gas leads to decrease of UV radiation and ozone formation during arc welding.
Discussions of the observed effects and theoretical model of radiation absorption are presented.
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1 Introduction

The welding arc emit high levels of ultraviolet (UV) radia-
tion, and its exposure significantly increases the risk of skin
and ocular hazards for welders and related workers (Emmett
et al. 1981; Dixon and Dixon 2004). Arc UV radiation inten-
sity depends on the welding method (the maximum UV is
observed when the shielding inert gas is used) and the weld-
ing parameters: arc current and voltage, shielding gas com-
position and flow rate, type of base metal and wire (Dennis
et al. 1997; Ioffe et al. 1997; Okuno 1987; Okuno et al. 2001;
Peng et al. 2007). Change of any of these parameters during
the welding process results in UV radiation variation.

The UV radiation with wavelengths less than 240 nm
causes the generation of toxic gas ozone (O3) (Lunau 1967;
Liu et al. 2007). Therefore, the ozone concentration should
be correlated with the radiation intensity in range UV-C
(200-280 nm), and varies with the distance from the arc.
Technological opportunities for reducing ozone concentra-
tion in the welder’s breathing zone by choosing the optimal
welding conditions (minimum intensity of UV-C radiation)
are limited, because the possible changes in weldability and
weld quality should be taken into account.
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Dennis et al. (2002) proposed small amount of reduc-
ing gas NO or CH, to the argon shielding gas. The ozone
concentration is significantly decreased because of chemi-
cal reaction with these reducing gases. However, it occurs
only in the region where the shielding gas mixes with the
surrounding air (near arc). It is known that in wavelengths
of UV-C range the absorption of radiation in air is relatively
low and ozone can be created at long distance from the arc.
Thus, outside the mixing region, UV radiation from welding
arc produces ozone as before.

Because the primary mechanism of ozone formation
in welding operations is UV radiation, it is necessary to
decrease the UV-C intensity from the arc. This can be done
via addition of substances with a low ionization potential in
the welding process.

Potassium additive to the shielding gas CO, was stud-
ied by Vishnyakov et al. (2017). The effect of potassium
additional agent on the fume formation was demonstrated,
because low ionization potential of potassium (4.3 eV)
causes the change in plasma composition: the iron ions (iron
ionization potential is 7.9 eV) are replaced by potassium
ions with higher number density. However, low ionization
potential of potassium should provide the absorption of
UV radiation with photon energy Av > 4.3 eV, which cor-
responds to the wavelength A < 288 nm. Accordingly, ozone
formation should be decreased when potassium is added in
the welding process.

The present paper is devoted to measurements of the UV
radiation intensity and ozone content in air in gas metal arc
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welding (GMAW) with different compositions of shielding
gas and different contents of potassium additional agent,
which is added on the surface of electrode wire or work-
piece, or into the shielding gas.

2 Experimental equipment and technique

The scheme of experimental equipment is presented in
Fig. 1. The electrode wire ER 70S-6 and ER-308 with diam-
eter 0.8 mm was used for bead-on-plate welding on rotatable
flat disk with thickness 10 mm and diameter 220 mm under
stationary torch inside the fume chamber. The weld disk
material is low-carbon steel St3 or stainless steel AISI 304.

The DC MMA/TIG/MIG/MAG Paton PSI-250R inver-
tor rectifier was used as a source of reverse polarity (when
electrode wire is positive and molten pool is negative) direct
current of 90 + 5 A and voltage of 23 V. The welding torch
was fixed in a single position with distance between contact
tube and weld disk of 15 mm and the angle between it and
wire axis was 90°. The exhaust hood was mounted on the
distance 25 cm from the weld disk for prevention of weld-
ing fumes accumulation. Wire feed speed was 10 cm/s and
welding speed was 6.5 mm/s. Shielding gas flow rate was
12 /min.

The UV radiometer-dosimeter Tenzor-71 (Research and
Production Company “Tenzor”, Ukraine) was used for UV
radiation intensity determination. Three spectral intervals

10

UV radiometer Tenzor-71

Fig. 1 Scheme of experimental equipment: 1, fume chamber; 2, weld-
ing torch; 3, turntable; 4, exhaust hood; 5, shielding gas bottle; 6,
weld bead; 7, dish with cotton wool; 8, welding torch nozzle; 9, UV
detector; 10, air sampler; 11, vertical pipe; 12, nozzle for isokinetic
sampling; 13, dual-stage aerosol dilution system; 14, laser aerosol
spectrometer

were studied: 315-400 nm (UV-A), 280-315 nm (UV-B)
and 200-280 nm (UV-C). Calibrated detector was located
on the fixed distance of 55 cm from arc, in the direction of
5° angel to the weld disk surface.

Measurements were made within 30 s during welding
process with step of 1 s. The samples of measured values
are presented in Fig. 2 for the pure argon as a shielding gas,
ER-308 as an electrode wire and stainless steel AISI 304 as
a material of weld disk. The deviations of measured values
are caused by welding arc instability.

The gas analyzer with electrochemical detector ELAN-O,
(NPO “ECO-INTECH”, Russia) was used for the measure-
ment of ozone mass concentration in air with relative error
20% . The glass tip with fluoropolymer tubing (which are
resistant to ozone and UV radiation) was used as an air sam-
pler with flow rate of 0.3 1/min. The air sampler also was
located on the distance of 55 cm from arc, near UV-detector.

The particle number in the sample of welding fume
was measured using the laser aerosol spectrometer LAS-P
(Model 9814.290.000. Karpov Institute of Physical Chem-
istry, Moscow, Russia). The LAS-P aerosol spectrometer
allows determination of particles’ size distribution ranging
from 0.15 to 1.5 y m in the media characterized by particle
concentrations up to 2 x 10° /cm?. The maximum relative
errors in determining the volume of the air samples and
the size of particles and their number density were 5% and
10% respectively. The multichannel size distribution had the
following size ranges (pm): 0.15-0.2; 0.2-0.25; 0.25-0.3;
0.3-0.4; 0.4-0.5; 0.5-0.7; 0.7-1.0; 1.0-1.5; > 1.5.

The particle number density in the sample had the typical
value of 10° /cm?. Therefore, the dual-stage aerosol dilution
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Fig.2 Sample of the UV radiation intensity measurements; the
shielding gas is pure argon
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system with the total dilution ratio of 230 for sample flow
rate 1 Lpm was used. Petryanov’s filters with the collection
efficiency of at least 99.99% for the particles with size of
0.15 — 0.2 pm were used in the dilution system.

Potassium additional agent was used in welding process.
Potassium injection into the arc zone was carried out in three
different ways:

1. The aqueous solution of potassium carbonate was
applied onto the electrode wire by its wetting. The dish
with cotton wool, moistened by solution, was located
over the contact tube, and electrode wire was trailed
through the cotton wool. Mass flow rate of potassium
was determined by measuring the dish weight changes
over the welding time and the wire feed speed.

2. The aqueous solution of potassium carbonate was uni-
formly applied onto the predicted surface area of the
weld bead, and the rotatable flat disk was dried before
welding. The calculation of the potassium mass flow rate
during welding was based on the welding speed, weld
bead surface area and solution concentration.

3. Potassium injection into shielding gas was carried out
using pneumatic nebulizer. This method is described in
detail by Vishnyakov et al. (2017).

3 Measurement results

The dependency of UV radiation intensity on the shielding
gas composition was observed earlier by Dennis et al. (1997)
and Nakashima et al. (2016). Presented in Fig. 3a measure-
ment results confirm these observations. The electrode wire
ER 308, the arc current 95 A for pure argon and for mixture
Ar with 8% CO,; and current 85 A for pure CO, were used.

The ozone formation is effected by UV radiation of
wavelength less than 240 nm (hv ~ 5eV), i.e. in the UV-C
range. Accordingly, ozone concentration also depends on
the shielding gas composition. The results of ozone mass
concentration measurements are presented in Fig. 3b.

Effect of potassium additional agent on the radiation
intensity in UV-C range is demonstrated in Fig. 4a. In this
case, potassium was inlet in the arc plasma via wetting the
electrode wire by aqueous solution of potassium carbonate.
The arc current 95 A and the pure argon as shielding gas
were used. The dependency of ozone mass concentration,
under same conditions, is presented in Fig. 4b.

Effect of potassium additional agent on the radiation
intensity in UV-C range, when the weld disk is wetted by
aqueous solution of potassium carbonate, is demonstrated in
Fig. 5a. The arc current 95 A and the pure argon as shielding
gas were used. The dependency of ozone mass concentra-
tion, under same conditions, is presented in Fig. 5b.
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Fig.3 UV radiation intensity from GMAW with different composi-
tions of shielding gas (a) and evolution of ozone content in air for the
different shielding gases (b)

Effect of potassium additional agent on the radiation
intensity in UV-C range, when potassium is premixed with
shielding gas, is demonstrated in Fig. 6a. The arc current
95 A and the pure argon as shielding gas were used. The
dependency of ozone mass concentration, under same condi-
tions, is presented in Fig. 6b.

It should be noted that addition of potassium into the
shielding gas requires the increase of potassium rate;
because potassium is premixed with shielding gas and its
number density is distributed more uniformly around arc
column. The influences of electrode wire (ER 70S-6 or
ER-308) and weld disk materials (low-carbon steel St3
or stainless steel AISI 304), and weld speed (in range of
5.5-7.5 mm/s) are negligible: difference in the measured
values are less than error limit. It does not mean that such
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Fig.4 Dependencies of UV-C radiation intensity (a) and ozone mass
concentration (b) on the potassium injecting mass rate on the elec-
trode wire; the shielding gas is pure argon

dependencies are absent at all (for example, see Okuno
(1985), where steel and aluminum are considered), but
these problems are outside of consideration in present
paper.

Presence of potassium in the shielding gas also effects
on the welding fume formation rate, which occurs as a
result of condensation of the ionized metal vapors. With-
out potassium the iron ions play the role of condensation
centers. Potassium atoms have low ionization potential
(Ix =4.3eV, I, =79¢eV), therefore provide greater ion
number density, which become the condensation centers.
This causes the decrease of nucleus number density and,
accordingly, the decrease of inhalable particle number den-
sity in the breathing zone. The nucleation in the welding
fumes is described in Ref. Vishnyakov et al. (2019-2).
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Fig.5 Dependencies of UV-C radiation intensity (a) and ozone mass
concentration (b) on the potassium injecting mass rate on the work-
piece; the shielding gas is pure argon

Inhalable particles have the bimodal size distribution.
Dependencies of the measured particle number densities
for these two modes on the potassium number density,
injected by wetting of electrode wire, are presented in
Fig. 7.

The particle number density decreases at the low potas-
sium injecting rates and remains constant with increase of
this rate. It is caused by the ionization mechanism change
while potassium injecting. Without potassium the ioniza-
tion balance in welding fume is determined by ionization
of iron atoms on the surface of nuclei. The addition of
potassium leads to replacing of the surface ionization by
volumetric impact ionization (Vishnyakov et al. 2019-2),
which occurs already at the low potassium number density.
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Fig.6 Dependencies of UV-C radiation intensity (a) and ozone mass
concentration (b) on the potassium injecting mass rate in the shield-
ing gas; the shielding gas is pure argon

4 Discussion

The welding arc UV radiation in the range of 120-240 nm is
produced, mostly, by recombination of the shielding gas ions
(Ioffe et al. 1997). Recombination radiation exists because
of recombination collisions of free electrons and ions result-
ing in the neutral atoms formation. The intensity of such
radiation is proportional to the degree of plasma ionization
squared. The spectrum of recombination radiation is com-
posed of lines and continuum. The energy of photon, which
is emitted when the electron collides and recombines with
an ion, is equal to the sum of kinetic energy and the binding
energy of the recombined electron. Since the kinetic energy
of the electron is not quantized, this forms a continuous
spectrum with lines at the binding energy of the levels.
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Fig. 7 Particle number densities in the welding fume for modes with
average diameter d; = 280 nm and average diameter d, = 190 nm

The measured radiation intensity in UV-C range is
~ 20 W/m? on the distance 55 cm from arc, when pure argon
as shielding gas is used. Measurements showed the inversely
square dependency of the intensity on the distance from
arc, i.e. arc can be described as a point source of radiation.
Planck’s law determines the radiation intensity of continu-
ous spectrum:

XZ
27 (kg Top)* x3
ph = T 23

dx, ey

expx—1
XI
where ky is the Boltzmann constant; 7 is the effective tem-
perature of the radiation source; c is the light velocity; # is
the Planck constant. The values of limits X, , = hv, ,/kpT g
are determined by measured range of radiation: for UV-C
range hv, =4.4eV and hv, = 6.2eV.

Equation (1) gives measured intensity of radiation
(20 W/m?) on the distance 55 cm from arc for effective
temperature 7,5 = 8000 K. Accordingly, the photon flux in
range UV-C is j,, = 2.5 x 10?! /cm?s on the boundary of
arc column and j;, = 7 x 10 /cm?s on the distance 55 cm
from arc.

The presence of atoms with low ionization potential in
shield layer around arc can provide the absorption of UV
radiation, which generates ozone. One of such materials is
a potassium with ionization potential Iy = 4.3 eV.

The potassium vapor from electrode wire or molten pool is
mixed with metal vapors and shielding gas, and extends out-
side of the arc column. The aura around arc column is visually
observed when potassium is added. The potassium injection
into arc plasma by evaporation from the welding wire can be
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described, in simple approach, as a point source in the laminar
flow of shielding gas (Socolofsky and Jirka 2002):

on 10/ on 0%n
nga_;=DK[;E,<ra—;(>+¥;]’ 2
where v, = 4J5g/7rdt20rch is the shielding gas velocity,
Jgg = 12 Vmin is the shielding gas flow rate, d,,, = 15 mm
is the welding torch inner diameter; ng is the potassium atom
number density; Dy is the potassium diffusivity; z is the
coordinate directed from electrode wire to molten pool; r
is the radius vector across arc column (72 = x? + y?). The
boundary conditions are

ng =0, r,z = oo,

d

— drr*my Dy Vng = J . 7= TW,Z =0,

where m, is the potassium atom mass, J, ¢ is the potassium
evaporation mass rate (0.1, 0.2 and 0.3 mg/s), d,, = 0.8 mm
is the electrode wire diameter.

Solution of Eq. (2) is

JmK

drmy D V12 + 722
v
X exp [—%(\/ﬂ +22 —Z)].

K

ng(z,r) =

3

Potassium diffusivity

8k, T, 2
%AaK Barchoﬂ’

Dy =
K
M, s

where A, ~ 1 y mis the mean free path of potassium atoms;
T,.~ 15,000K (Khrabry et al. 2018) is the arc tempera-
ture for arc current density ~ 107 A /m?. Layer of potassium,
which absorbs the UV radiation is located around the arc
column, which average diameter is 3 mm. The arc column
boundary has the average distance r;, = 1.5 mm from arc
axis. The distributions of potassium number density along
arc in the thin layers at the distance of 1.5 mm and 4 mm
from arc axis are presented in Fig. 8 for the different potas-
sium injecting mass rate.

It should be noted, that diffusivity outside arc region dif-
fers from it inside and depends on the distance from arc axis,
because the temperature of shielding gas changes as

Ty — 7T
T(r)=Tg + (T, — Tgy) exp T )

mix

where T, = 300 K is the initial temperature of shielding gas;
T, = 3000 K is the temperature of welding fumes on the arc
column boundary; /. ;, is the mixing length, which is deter-
mined experimentally (Vishnyakov et al. 2018), and in the
system under consideration /;, ~ 10 mm.

mix
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Fig. 8 Potassium number density in the thin layer at the distance of
1.5 mm and 4 mm from arc axis

The average value of potassium number density along
arc column is

I

arc

1
nrmavK(r) = l_/ nK(Z’ r)dz, (5)
arc 2

where [, ~ 6 mm is the arc length.

The photoionization rate of potassium in UV-C range
can be determined in Kramers-Heisenberg approach (YaB
and Raizer 1966; Vishnyakov et al. 2019-1) by the follow-
ing equation:

dn,; oo 16
dr ph 3 \/§ﬁ20362mg
X, (6)

x/ dx =l
xexpx—1) 1y

K

where n,, n; and n, is the electron, ion and atom number den-
sities respectively, and n, = n,x — n;; e is the absolute value
of electron charge; m, is the electron mass; Xy = Iy /kgTegs
Tyy ~ 10 psis the photoionization relaxation time.

Thus, photoionization rate, which provides the photon
absorption, directly depends on the ionizable atom number
density; and it should be considered that atom ionization
occurs not only by photoionization.

Ionization rate via electron-atom collisions is described
as
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dn,;
(@)
= nenakion’ (7)
de
col
where k;,, = nriKvTe is the ionization rate constant (Mitch-

ner and Kruger 1973); r,x is the potassium atom radius;
Ve = \/% T /zm, is the electron thermal velocity.

The relaxation time for impact ionization on the arc col-
umn boundary (n.k;,)~' ~ 0.02 ps, that is much less than
photoionization relaxation time in the system under consid-
eration. The photoionization performs weak effect on the
ionization balance, which, therefore, can be determined by
Saha equation (Kittel 1969):

n.n; Ze _IK _
= Ei\/e exp kB_T = KS’ (8)

ny

where X; and X, are the statistical weights for ions and atoms
respectively; v, = 2(2zm ky T /h*)*/? is the electron states’
effective density; Ky is the Saha constant. Condition of neu-
trality is

ne =n; = ny, )

where n,, is the unperturbed number density, which depends
on the distance from arc axis, because temperature and
potassium initial number density n, g are changed with r,

Kq(r) 1+ 4na\,K(r) B
2 Kq(r)

ny(r) = I, (10)

and, accordingly, atom number density, which is used in
Eq. (6), can be defined as n, = n,x — ny,.

The photoionization rate Eq. (6) describes the production
of electrons (ions) and, accordingly, extinction of photons:

Ay | g () = ng(r)
dt - T
ph uv ' (1 1)
_ Yt A
S de  dr

Therefore, the photon flux, which is absorbed by potassium
via photoionization is

= [ 1010,

Tuv (12)

Ty
and radiation intensity after absorption in the gas layer with
potassium is
Jon =@

R,(1) = Ry, (13)

]ph
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The attenuation of radiation intensity in UV-C range via
absorption by potassium Rl’;h(r) /Ry 1s presented in Fig. 9a.
The basic absorption of radiation occurs in the layer with
thickness of 4 mm, where local potassium number density
has a high value.

The attenuation of radiation intensity when potassium evap-
orates from the molten pool is described similarly. However,
premixing potassium with shielding gas provides the spatial
distribution of potassium atom number density
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Fig. 9 Dependencies of radiation attenuation on the thickness of
absorbing layer for different potassium injecting rates on the electrode
wire (a) and in the shielding gas (b)
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where J x is the potassium mass flow rate (0.8 and
1.2 mg/s); Jpg = 350 mg/s is the shielding gas mass flow
rate; P is the atmospheric pressure; 7(r) is the gas tempera-
ture in layer (4). The radiation attenuation in this case is
described as

r

/ [mE(r) — no(n)]dr, (15)

Ty

R;h(r) . 1
R

ph JphTuv

and is presented in Fig. 9b. It is taken into account that n; in
Eq. (15) is determined by nj;.

In this case, the potassium is distributed more uniformly
in the gas layer with smaller number density and greater
potassium injecting rate is necessary for considerable
absorption of the UV radiation.

The comparisons of experimental data with theoretical
results are presented in Figs. 4, 5, 6. For injecting of potas-
sium via evaporation (Figs. 4 and 5), theory yields stronger
potassium influence than experiment, though the global
trend is identical. This is explained by simplicity of theo-
retical model, where diffusion of potassium in the laminar
flow of shielding gas is used. In real systems the flow tur-
bulence should be considered. For premixing of potassium
with shielding gas, theory describes the experimental data
quite well (Fig. 6).

5 Conclusion

The measurements of UV radiation intensity and ozone mass
concentration in air when gas metal arc welding was used,
demonstrated the attenuation of both intensity of radiation
in UV-C range, and ozone concentration under potassium
additional agent in the welding process.

Potassium injection into the arc zone was carried out in
three different ways: via wetting the electrode wire or weld-
ing disk by aqueous solution of potassium carbonate, or by
premix of the droplets of such a solution with shielding gas.
Two first techniques demonstrated more effective attenuation
of the radiation and ozone concentration.

Theoretical analysis demonstrated that using the wetting
of electrode wire provides the high local potassium number
density in the welding fume near arc column boundary; and
basic absorption of radiation occurs in the layer with thick-
ness of 4 mm. The premix of potassium with shielding gas
leads to its more uniform distribution in the gas layer around
arc column with smaller local number density and provides
weaker radiation absorption.

The addition of potassium in the welding process leads to
decrease of the particle number density in welding fumes,
because presence of potassium provides the volumetric
impact ionization of its atoms.

Thus, it can be recommended to add the potassium into
covering of the welding wire for decrease of hazard from UV
radiation and ozone formation in the welding process.
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