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Abstract

Primary particles’ sizes and chemical composition during gas metal arc welding are studied by the welding fume evolution
numerical modeling. The inhalable particles’ chemical composition and specific surface area are studied experimentally. The
dependencies of both the particles’ sizes and chemical composition on the vapor—gas mixture cooling rate are demonstrated.
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ing zone. All processes occur in already ionized gas, i.e.,
in the plasma.

Many authors study the nucleation in the plasma by
numerical simulation, for example: Denysenko and Aza-
renkov (2011), Girshick and Warthesen (2006) and Shig-
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behavior of process depending on environmental parameters
and initial conditions (Murphy et al. 2009; Schnick et al.
2010). It allows to find out what processes determine the
fume formation rate (Sanibondi 2015; Tashiro et al. 2013),
also morphology and chemical composition of the welding
fume particles (Bogaerts et al. 2011; Carpenter et al. 2008).

The particles’ sizes, their specific surface area and their
chemical composition are the most important parameters
of welding fumes toxicity. Moreover, the particle chemical
composition as a function of particle’s size must be exam-
ined because it provides insight into the physical phenomena
governing formation of welding fumes.

The presented paper is devoted to numerical modeling of
the primary particles’ formation when gas metal arc welding
(GMAW) is used. The modeling purpose is the studying of
the welding fume particles’ chemical composition. Chemical
composition of inhalable particles and their specific surface
area also are studied experimentally.

2 Description of the lonized Environment

At the shielded metal arc welding (SMAW) the additional
agents of potassium with low ionization potential (for potas-
sium Iy = 4.3eV.) are inserted into the plasma from elec-
trode cover, and they determine the plasma ionization. The
welding fumes obtained from GMAW does not contain
the alkali additional agent. The condensable atoms are the
source of ions. The rate of condensable atoms’ thermal ioni-
zation is more weakly than in alkali metals case, because the
ionization potential is higher (for iron I, = 7.9eV).

The high-temperature metal vapors from the weld mate-
rials mix up with shielding gas under the welding torch
nozzle. The number density of the jth component ionizable
atoms is (Vishnyakov et al. 2017b)
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where P is the atmospheric pressure; g; is the initial jth
component mass fraction in vapors (it is determined by the
content of weld material components); y; is the jth compo-
nent molecular mass; p, is the shielding gas molecular mass
(CO, in the system under consideration); T}, is the initial
vapor temperature; T, is the shielding gas temperature. The
current temperature is described as

-t
T = ng + (T, - ng)exp P )
where 7 is the mixing time scale, which is defined by the

materials’ evaporation from welding wire and molten
pool, and mechanism of vapor and shielding gas mixing
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(Villermaux and Rehab 2000). In the system under consid-
eration 7 = 1.7 ms.

The equilibrium number densities of the jth component
ions is obtained from Saha equation (Vishnyakov et al.
2017a):

KSj Ny
) ‘/1 4L 1),
nl.l 2 ( + KSj (3)

where Kg; is the Saha constant for jth component:

%, and X, are the statistical weights of ions and atoms respec-
tively; v, = 2(m.kgT/27h?)3/? is the effective density of the
electron states; r, is the atom radius; j,, ~ 10%cm=2s~!is
the flux of photons with energy more than ionization poten-
tial; k,; ~ 10"%cm’s~! is the electron—ion recombination
coefficient.

Equations (1)—(3) allow calculating the evolutions of
component equilibrium ion number densities, which are pre-
sented in Fig. 1. The initial mass fractions are determined
by the welding wire (ER 70S-6) composition: gp, = 96.5%
for iron; gy, = 2% for manganese; gg; = 1% for silicon;
8cu = 0.5% for copper. The total equilibrium ion number
density is the sum n; = 3 n;.

The nuclei as the liquid particles appear in the welding
fume after nucleation. Such a system should be considered
as a dusty plasma, i.e., the plasma, which contains the solid
or liquid particles as a dust component (Goree 1994; Fortov
et al. 2004). The interphase interaction leads to the particle
charging. The surface of charged particle is the additional
channel for gas atoms’ ionization. Therefore, there is ioniza-
tion balance displacement in the space charge region (SCR)
around the particle (Vishnyakov 2005, 2006).
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Fig. 1 Evolutions of the vapor—gas mixture temperature and equilib-
rium ion number densities when GMAW is used.
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Electrical neutrality in this case is described by expression

Me = 1y = ZpMp, 4)
where n,, is the particle average number density; z, is their
average charge number (a charge in the elementary charges),
which can be defined from Gauss theorem for particle with
radius r,: Eg = ez,/ rg, and potential ¢ distribution (Vishn-

yakov et al. 2017a)

N rpe(p(r) 3 rpVb Ty ry =T
= - —exp ,
rpkg T rpkgT 7 N
from which follows
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where rp = \/kgT/8rme?n, is the screening length
(rp ~ 1um in the system under consideration) and V, is the
potential barrier on the plasma-particle boundary.

Here it should be noted that nucleus has negative charge
because environment is enriched by electrons, and potential
barrier is:

V, = %kBTln fes

n, <ng),
ny (es 0)

where n, is the surface electron number density:

n..=Vv,ex ﬂ+Yjph'
es — Ve pkBT VT

[

Y is the quantum yield; vy, = 4/8kgT/7m, is the thermal
velocity of electrons; W is the electron work function with

taken into account the dependency of the work function on
the particle size W = W;, + 0.39%¢*/r,, (Smirnov, 1997) and
W, is the work function for flat surface.

3

3 Modeling of the Nucleation
and Multicomponent Condensation

The welding fume formation is the result of heterogene-
ous ion-induced nucleation in the environment enriched
by electrons. Thus, there is an energy and charge exchange
between nucleus and the environment. Such consideration
has been proposed by Vishnyakov (2008) and Vishnyakov
et al. (2011, 2013), where the change in Gibbs free energy
as a result of nucleation is determined in the following form:

4 4 pkgTIn(s)

AG = 4zrly - 37 +E,+E, +E, ©6)

my,

where r, is the nucleus radius; y = y,r, /(r,, + 26) is the sur-
face free energy of the nucleus; y, is the surface free energy
of the flat; 6 is the Tolmen length; m, is the mass of the
condensable atoms; p is the nucleus density; S is the super-
saturation of the condensable material.

In Eq. (6), the first two terms describe the change in Gibbs
free energy defined by the classical nucleation theory (Green
and Lane 1964; Reist 1984). The term Ey is the change in
surface free energy as a result of the electrical double layer on
the nucleus surface formation:

Vi
E, = _Tb;
E,, is the change in Gibbs free energy as a result of the
interphase energy exchange:

E, = —zn<Wn + %kBT);

E, is the change in Gibbs free energy as a result of the
nucleus charging; it has a different definition for the con-
ductor and dielectric:

2 22
Eqm =< l—" + 1_ l] -for conductor,
20\, 1 o n
L _ =16 2 NERER Y P
= = — — — | -for dielectric,
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where z, is the nucleus charge number; ¢ is the dielectric
constant; r; is the radius of the single-charged positive ion,
which induced the nucleation.

The two kinds of nuclei are formed by the heterogeneous
ion-induced nucleation: the equilibrium nuclei with radius
Fegr which are in the equilibrium state with the environment;
and the non-equilibrium critical nuclei with radius r,,, which
appear as a result of fluctuations. The radius of the equilibrium
nucleus is defined as a minimum of the function AG(r,), and
the radius of the critical nucleus is defined as a maximum of
the function AG(r,,).

The number density of equilibrium nuclei with radius

Iy = I'eq1s determined in the following form (Vishnyakov et al.
2013):
Ny
nn = -3/2 AG(r,,) ’ (7)
N, + N, " exp TT‘*
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where n, is the initial (prior to the nucleation start) conden-
sable atom number density; N, is the number of atoms in one
nucleus: N, = 4xpr’ /3m,.

The nuclei number density (7) is n, ~ 10'5 — 10'6cm™
and much more than ion number density (3). However,
the ions are the centers of ion-induced nucleation and
their number should correspond to nuclei number. When
nucleation occurs, ions disappear from gas phase and
electron-ion recombination is replaced by the neutraliza-
tion of nuclei with more great collision cross-section. As
a result, the balance between ionization and recombination
is broken in favor of ionization, and new electrons and ions
appear in the plasma. Thus, arises a new equilibrium state
for nuclei and gas phase. The time of ionization balance
stabilization is ~ 10™s.

After nucleation of the predominant component, the
fluxes of the accompanying low-boiling components on
to the iron nucleus appear, because the partial pressure of
these components at the nucleus surface is zero. Therefore,
condensation of these components on the nucleus droplet
occurs. The condensation or evaporation of the jth compo-
nent is defined by density of its saturated vapor over sur-
face of the droplet with multicomponent solution, which
is described by Raoult’s law (Vishnyakov et al. 2014b). In
the result, the change in the number of atoms of the jth
component in the multicomponent droplet is described by
the following equation:

3

dn; Ski

i _ 2 _y R
T = acjnranjnaj<l X; 3 >,
j

where a; is the evaporation—condensation coefficient (Okuy-
ama and Zung, 1967) for jth component; vy; = 4 /8kgT / My,
is the thermal velocity of the jth component atoms; m,; is
their mass; Ny, is their number density; XJ is the jth compo-
nent fraction; S; is the current jth component supersatura-
tion; Sg; = Pjsu(ry)/Pjs(00) is the change in vapor partial
pressure at the account of the surface curvature and inter-
phase interaction, which follows from (6):

m, rn+36 (Vo +W) E(1-22)

In Sy = Yo - - .

4z pkg T (r, +26)? r 2r4
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Then the change in the radius of nucleus droplet is
dr, gV Sk
5=2[4—p, =X ©)

j J j

At the moment of nucleation the content of the accompany-
ing low-boiling components in the nucleus X, = 0. There-
fore, growth of the nucleus droplet by the deposition of these
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components on the nucleus surface takes place, which deter-
mines the initial nucleus chemical composition.

The vapors’ condensation leads to decrease of their num-
ber densities. Therefore, equilibrium atom number density of
the jth component in the gas phase must be reduced by num-
ber of atoms in the condensed phase, which is determined as
Ngyj = n, N, X;.

The equilibrium nucleus is in the stable stage and some
activation energy E,,, = AG(r,) — AG(r,,) is necessary for
the nucleus growth via iron condensation. This activation
energy decreases down to zero (E, ., — 0) with the vapor—gas
mixture cooling, thus the equilibrium and the critical radii tend
to equal value (r,, — r,,). After that, the unrestricted growth
of nuclei via iron condensation begins, until the condensable
materials does not deplete. However, condensation of the low-
boiling components are taken into account in evolutions of the

particle sizes until these solidification.

4 Modeling of the Primary Particles
Formation

The large number density of nuclei causes their intensive
Brownian collisions and coagulation, because coagulation is
accompanied by the system free energy minimization (Vishn-
yakov and Dragan 2003). As nuclei are in liquid state, their
coagulation is a coalescence. As a result, the coagulated drop-
lets, which grow through coalescence and condensation (9),
are formed. However, it is necessary to take into account that
the nucleation continues, and the system thermodynamics
requires the presence of the nuclei with equilibrium num-
ber density (7). Therefore, number and size of nuclei can-
not change via coalescence, because new nuclei appear. This
requirement is removed after the nucleation termination.

Thus, already at the initial stage of nucleation the bimodal
size distribution of the droplets occurs. The first mode con-
tains the droplets of nuclei with radius r, ; coagulated droplets
with radius r4 > r, resulting from the long-term coalescence
and condensation represent the second mode. These droplets
can be described by a log-normal size distribution, which is
based on the number of atoms N contained in the droplets,
using probability density function for two modes (Seigneur
et al. 1986)

—(InN —InN,,)?
fv= I exp ( 5 o)
Ny 2zIno, 2In0, 10
N4 —(InN —1InNyy)? (10)
+ exp 3
N2z Ino 2In" oy

where index 7 is used for nuclei, index cd is used for coagu-
lated droplets; N, = N exp(— In? 6 /2) is the median of distri-
bution; ¢ is the standard deviation; N is the average number
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of atoms in the droplets, for which the equation of the atoms
conservation is as follows:

Nca = nnNn + nchcd'

The numerical calculation of the coagulation of particles is
the complex problem. Therefore, Cohen and Vaughan (1971)
proposed the approximation method based on the moments
of size distribution. The moments are described by the fol-
lowing equation:

M(k) = / kadeN,
0

and the Brownian coagulation can be described as (Yu et al.
2008)

ME) _ 1 [2 2
=3 /0 fy /0 NNy

(11)
X [N+ N')* = N* = N**]dN'dN,

where N and N’ are the numbers of atoms in the colliding
droplets; (N, N’) is the collision kernel. If the droplets are
much smaller than mean free path of the gas particles, the
Brownian collision kernel should be determined by the
kinetic theory of gases (Shigeta et al. 2004):

N+ N

N,N, — N1/3 +N/1/3 2 ,
BIN,N') = fy( "\ S

5= 3m,\"® |6kyT
0" \dnp p

where Coulomb interaction is neglected because
e*z7 [(a+d') < kyT (a is the r, or r.y; z is the z, or z.4,
respectively).

The evolution of the moments (11) can be defined for each
mode (10) (Vishnyakov et al. 2014a). The PTC Mathcad Prime
program allows calculating the evolution of integral moments
(11) with using the log-normal distribution theory (Pratsinis
1988), without any additional approximations. The zero
moments represent the total number densities of the generated
particles n, and n_4. The total numbers of atoms in these are
defined by the first moments. As a result, the average number
of atoms in the droplets of each mode is
N _ Mn(l) < Mcd(l)

n Mn(())’ cd = Mcd(O) (12)

and the standard deviations are defined by the following
equations:

M, 0OM,(2)

My ()M a(2)
, 1N 0.4 =In———

¢, =1 >
M4(1)

== (13)

Equations (10)—(13) allow to describe the evolution of the
coalescence in the bimodal system of droplets with taken
into account both the intramodal coalescence and the inter-
modal association of the different droplet modes.

The droplets’ growth and coalescence proceed while
vapor—gas mixture cools down to solidification temperature.
After solidification the agglomeration of solid primary parti-
cles begins. It should be noted that solidification temperature
depends on the droplet size (Shu et al. 2012). The coagu-
lated droplets solidify earlier than the droplets of the nuclei;
and the transient stage exists when the coagulated mode is
represented by solid particles, but the nucleus mode is the
liquid droplets. The bimodal coalescence terminates when
the coagulated droplets become solid particles. There is only
coalescence of the first mode.

The calculation results are presented in Figs. (2)—(4).
Evolutions of the average nuclei and coagulated droplets
radii with taken into account both condensation and coag-
ulation growths are presented in Fig. 2. Cooling of the
vapor—gas mixture to the temperature of coagulated droplets
solidification occurs during 0.9 ms. After that, this mode
don’t change by the coalescence or vapor condensation, only
nuclei growth is proceeded.

The average diameter of the solid primary particles which
are formed from the nucleiis d;, = 4.3nm and d_4 = 8.4nm
for primary particles which are formed from the coagulated
droplets. Number density of the nucleus mode primary par-
ticles is 6 x 10'cm™3 and greatly exceeds the coagulated
droplet mode number density, which is 4 x 103 cm=3.

Evolutions of the chemical compositions are presented in
Fig. 3 for nuclei and in Fig. 4 for coagulated droplets. The
increase of the droplet size leads to change in the compo-
nents’ condensation intensity, as it follows from Eq. (8), that
causes the change in the chemical composition.

Temperature (K)

5 2800 2517 2267 2044 1847 1672 1517
4 Coalescence
of coagulated Ty
’g droplets only Coagulated droplets
£ 3 solidification
%)
A i T R —
S22/ L — 5
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1 of nuclei only
0 »
0 0.2 0.4 0.6 0.8 1 1.2
Time (ms)

Fig.2 Evolutions of the average nucleus r, and coagulated droplet r4
radii
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Fig.3 Evolution of the nucleus droplet chemical composition

Temperature (K)

12800 2517 2267 2044 1847 1672 1517

0.9
0.8 Fe
0.7

0.6

0.5

0.4

0.3

0.2 Si

0.1 A

0 ————— Cu
0 0.2 0.4 0.6 0.8 1 1.2
Time (ms)

Content of components

Fig.4 Evolution of the coagulated droplet chemical composition

5 Experimental Results and Discussion

Due to the intramodal agglomeration, the differences in
the primary particle modes size and chemical composi-
tion may lead to compositional and specific area inhomo-
geneities for different size range groups of the inhalable
particles. To confirm this assumption, it is necessary to
examine each size range group of the inhalable particles
independently from the others.

For comparison of the computed results to experimen-
tal data, the experimental equipment, which scheme is
presented in Fig. 5, was used. The power source is Paton
PSI-250R invertor rectifier. The welding wire is ER 70S-6
with 0.8 mm diameter. The reverse polarity direct current
is 90 + 5 A; voltage is 21 + 0.5 V; and wire feed speed is

@ Springer

Fig.5 Experimental equipment scheme: 1, fume chamber; 2, weld-
ing torch; 3, turntable; 4, slit air inlet; 5, electrostatic precipitator; (a)
Grid-type electrostatic precipitator scheme: 1, charging section; 2,
grid section; 3, fine filter; 4, coarse filter

7+ 0.5cm/s. At the distance of 20 cm from the arc, the
welding fume was extracted with air co-flow of 1.7 m?/ min.

Inhalable particles are the result of the primary particles
agglomeration and also are described by the bimodal size
distribution (Ennan et al. 2013; Vishnyakov et al. 2014c).
The first mode is presented by the agglomerates with aver-
age diameter of 180-200 nm, and the second mode—with
average diameter of 250-300 nm.

The GMAW fume was separated into two fractions by the
grid-type electrostatic precipitator. The precipitator consists
of two sections: the grid section and the charging section,
shown together in Fig. 5a. The charging section, in the form
of a corona discharge ionizer (Vishnyakov et al. 2016), is
located above the grid section. The voltage on the inner
multi-needle discharge electrode is negative 7 kV, resulting
in the total corona current of 0.6 mA with fume flowing,
which provides the fume particles’ negative charging.

The grid section is mounted in the filter holder assembly
and consists of two metallic coaxial cylinder-type filters with
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the interspace of 3 cm. The coarse filter with diameter of 14
cm is the perforated metal plate with circular holes of diame-
ter 1.2 mm and open area 27% . The potential of coarse filter
is positive 5 kV. The fine filter with diameter of 20 cm is the
wire mesh with mesh opening of 0.063 mm, wire diameter
of 0.04 mm and open area 37%. The potential of fine filter
is negative 7 kV. The precipitator collection efficiency was
about 99%, based on the welding fume mass concentration.

Welding fume particles’ deposits on the upstream face of
the coarse filter preferentially contain particles of the second
mode, whereas the first mode particles are deposited on the
fine filter and on the downstream face of the coarse filter as
a result of the electric force acting on them in the direction
opposing the fume flow.

After filtration, the three powder samples were analysed
by a Quantachrome Autosorb-6B (Quantachrome Instru-
ments, Boynton Beach, FL, USA) for determination of the
specific surface area (Ag). The defined by BET method val-
ues are presented in Table 1. These three powder samples
also were analysed by atomic absorption spectroscopy Sat-
urn-3P1 (Optron Instrument-Making Plant, Minsk, Belarus)
for determination of the chemical composition. Recalcula-
tion on the initial elements which contain in the welding
wire, i.e., with exclusion of oxygen and carbon, gives the
presented in Table 1 results.

There is correlation well between calculation and experi-
mental data, i.e., the difference in the chemical composi-
tion of the primary particle modes remains in the inhalable
particle modes, despite averaging over numerous primary
particles that formed each agglomerate, that can be caused
by great difference in the primary particle number densities
of the different modes.

In the system under consideration, content of iron in the
primary particles which are formed from the coagulated
droplets is higher than in the primary particles from the
nuclei and strongly depends on the cooling rate, which is
determined by the mixing time scale 7 in Eq. (2). In the case
under consideration this time is 7 = 1.7 ms, that provides
content of iron 77% in the nuclei with average diameter

d, = 4.3nm and 84% in the coagulated droplets with aver-
age diameter d 4 = 8.4 nm.

Increase of the time scale up to 3 ms provides content of
iron 54% in the nuclei with average diameter d, = 5.8 nm
and 76% in the coagulated droplets with average diameter
d.q = 10.5 nm. The evolutions of the chemical composition
for this case are presented in Figs. 6 and 7.

Thus, the vapor—gas mixture cooling rate allows to define
the primary particle sizes and their chemical composition.
The dependency of the particles’ sizes on the cooling rate
is confirmed experimentally by Vishnyakov et al. (2017b).

6 Conclusion

Evolution of the primary particles’ sizes and chemical com-
positions in the welding fumes from GMAW was investi-
gated via numerical modeling. The inhalable particles’
chemical composition and specific surface area were studied
experimentally.

The primary particles are described by the bimodal size
distribution as a result of nuclei coalescence. Bimodal size
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Fig.6 Evolution of the nucleus droplet chemical composition for
7 =3ms

Table 1 Experimental data and

. Experiment Calculation
calculation results
Fine filter Coarse filter: Coarse filter: Nuclei Coagu-
downstream upstream lated
droplets
Mass fraction (%) 33 39 28 71 29
Specific area (m?/g) 28.5 30.8 16.8 33 16
Content of Fe (%) 79.3 77.4 85.4 77 84
Content of Mn (%) 12.5 12.8 10.3 13
Content of Si (%) 7.38 9.03 3.96 9
Content of Cu (%) 0.82 0.77 0.34 1 2
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Fig.7 Evolution of the coagulated droplet chemical composition for
T =3ms

distribution remains for inhalable particles, which are the
agglomerates of solid primary particles.

The primary particle different modes have different
chemical composition, because both, the multicomponent
condensation and the liquid droplets solidification depend
on the particle size. The primary particle modes chemical
composition and their average diameter strongly depends
on the vapor—gas mixture cooling rate. This fact create the
chance to regulate the chemical composition by changing
the cooling rate.

The variations in element composition and specific area
for different size range groups of the inhalable particles
reflect the differences in the chemical composition and sizes
of the primary particle modes. For assessing the harmful
effects of the welding fumes, the particles should be col-
lected with separation by sizes and each size’s range group
should be analyzed independently. The obtained results
could be useful for sanitary-hygienic assessments of weld-
ing consumables and conditions.
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