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A comprehensive analysis of individual welding fume particles of different size fraction has been

performed by applying of an innovative combination of the energy-dispersive x-ray fluorescence
spectroscopy (EDXRF), micro-Raman spectroscopy (MRS) and electron probe microanalysis (EPMA).
Owing to this set of analytical techniques, a systematic study of the chemical composition along with
the size, morphology and structure parameters of the collected welding particles was performed. The

results show distinct interdependencies between the particles” elemental composition and their sizes and

structures, which are consistent with commonly assumed mechanisms of their formation and evolution.
In particular, interactions between the particles of fine and coarse fractions as well as regularities in
distribution of the most toxic welding fume components (Mn and its oxides) have been observed.

Copyright © 2007 John Wiley & Sons, Ltd.

INTRODUCTION

Arc welding technologies are widely used in many indus-
tries. Along with obvious technical advantages, they pose
substantial hazards to the human health and the environ-
ment. In particular, the welding fume (welding aerosol)
contains respirable particles with high content of chemi-
cals that cause adverse effects after inhalation. In the whole
world, about 0.5-2% of industrial workers of different pro-
fessions (about 3.5 million people) are affected by welding
waste."2 Therefore, the harmful influence of welding fumes
on human health and the possible ways for its neutralization
are subjects of intensive research activity.!>

Recent studies® ' have shown that harmful effects
of welding fumes are mainly stipulated by chemicals
constituting the fume particles and gases. The most toxic
agents essentially presented in wide range of welding
technologies are heavy metals, mainly nickel, chromium and
manganese, and their compounds. However, the harmful
influence of these agents strongly depends on their chemical
form and on the size and morphology of aerosol particles
they are carried in. For example, airborne particles of
several micrometers in diameter and greater, are generally
deposited in the walls of human airway and do not
reach the lungs;"’*8 besides, such particles can be efficiently
trapped by usual filtering systems. On the contrary, particles
smaller than 0.1 um are inhaled and deposited in the
lungs, constituting thus the most harmful part of welding
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aerosol. The intermediate fraction (0.1-1 um) can be exhaled
and only a minor part of them really affects the human
organism.® In the latter case, the probability for toxic
substances to penetrate into the body is essentially dictated
by morphological peculiarities of individual particles or
aggregates. On the other hand, physical properties and
structure of the welding aerosol particles essentially affect
the efficiency of air-cleaning methods used in various
welding technologies. An important aspect is that during the
transportation of the welding fumes to the filtering system,
the evolution of the aerosol particles continues. As a result,
the particle components can change their chemical state; the
structure of the particles themselves can be modified and
agglomerates can be formed. In this process, toxic agents
can be redistributed between different fractions and types
of particles. Such processes must also be taken into account
upon the choice of cleaning methods and in design of filtering
and ventilation equipment.

In view of the evident importance of the problem, a
lot of efforts have been made to determine the chemical

composition”-10

as well as size and structural parameters
of the welding fume particles.*®*!! Employing the most
efficient and informative analytical techniques, including x-
ray diffraction and spectrometry, electron- and laser-probe
microanalysis, atomic emission and absorption optical spec-
troscopy, neutron activation analysis, mass spectrometry,
etc., have enabled to achieve a rather full knowledge on
the bulk chemical composition and microstructure speci-
ation of welding fumes at various welding regimes and
technologies.” Various types of impactors and particle coun-
ters in conjunction with optical and electron microscopy
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yield valuable information on the fume particles’ shapes,
external structures and size distributions.”!2 Considering the
above, in case of the welding fumes, particle size distribution
and morphology must be investigated inseparably from its
chemical composition, because of their interrelationship and
mutual dependencies

This paper presents an attempt of solving this problem
for a selected but rather typical and widespread situation
of welding with standard mild-steel rutile-coating electrode.
After collecting the fume samples with an impactor, we
determined bulk chemical content of welding aerosols as well
as the elemental compositions of individual fume particles
of different sizes and morphologies. During this study, three
micro- and trace analysis techniques were applied. Electron
probe microanalysis (EPMA) with energy-dispersive x-
ray detection was employed for the characterisation of
individual particles, because it allows characterising large
numbers of particles in a fast, automated way and can give
detailed information about their elemental composition, size
distribution and morphology. Special attention was paid
to the microanalysis of individual particles by EPMA in
conjunction with micro-Raman spectrometry (MRS). This
approach creates a possibility for further studies of the
particles’” molecular composition. Bulk trace analysis was
performed by the energy-dispersive x-ray fluorescence
(EDXRF) method.

The results presented below show peculiarities of the
distribution of the chemical constituents of the welding
fumes over various size fractions. They reveal correlations
between the particle composition and its dimensional
and morphological parameters, which comply with the

conventional mechanisms of the welding fume formation.!®

EXPERIMENTAL

In order to control the welding conditions and provide a
stable welding fume production during several minutes, a
laboratory set-up as shown in Fig. 1 was used. A standard
mild-steel electrode with rutile coating (E6013) and a
4 mm wire diameter was placed at 45° to the mild-steel
plane substrate. The general composition of the electrode
includes, as basic elements, Fe, Mn, Si, Na, K, Ti, Al,
Mg, O, C (concentration 0.5-10%) and, as impurities, Ca,
Cr, Cu, Zn, Pb, S, Cl, F (concentration below 0.5%)."° An
automated wire-feeding unit maintained the constant wire
feed speed of 4.3 mm/s with a welding travel speed of
3.3 mm/s. The welding current density varied within the
range 12.7-17.5 A/mm”. The air was pulled up vertically
through the box by the exhauster, with a delivery of 1800
1/min and a depression of 7.0 kPa, and entered the gas-
collecting system through the outlet situated at 30 cm above
the arc plume, which enabled collection of the whole fume.
For bulk analysis by the EDXRF technique, the fume
particles were collected by a Stacked Filter Unit on Nuclepore
filters. For spectroscopic analyses of individual particles
(low-Z element EPMA and MRS), samples were collected on
non-organic substrates (Si, Ag) by a cascade Berner impactor
with a low-volume vacuum pump (30 1/min). This way of
collection allows a size segregation of the particles according

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 1. The experimental set up.

to their aerodynamic diameters.!* The particle size ranges
(cut-off diameters) for the used stages, 3, 4, 5, 6, 7 and 8,
of the Berner cascade impactor were equal to 0.25, 0.5, 1,
2, 4 and 8 um, respectively. The impactor was connected
to the gas-collecting pipe at the distance 2m from the
welding plume. Since the mass concentration of particulate
matter in the pipe (0.35-1 g/m’) exceeds the value necessary
for a proper performance of the impactor (0.02 g/ m?), the
collected welding fume samples were diluted by an injection-
type diluter in a proportion 1:100. The sampling time was
optimized in order to obtain the best loading of particles in
the impactor spots and varied from a few seconds for stages
3 and 4 to approximately 100 s for stages 7 and 8.

Low-Z EPMA (Z > 6) was carried out on a JEOL
733 (Tokyo, Japan) electron probe micro-analyser equipped
with a super-atmospheric thin-window OXFORD energy-
dispersive x-ray detector. Particles from impactor stages 3
and 4 were collected on Si substrate and therefore analysed
manually (100 particles at each stage). Particles from stages
5,6, 7 and 8 were deposited on Ag foil and analysed in
an automated mode using the homemade software (400
objects at each stage). To achieve optimal experimental
conditions, such as low background levels in the spectra and
high sensitivity for light element analysis, an accelerating
voltage of 10 kV and a beam current of 1 nA were applied.!®
Automatic and manual measurements were carried out in
the spot mode.

The characteristic x-ray spectra from the low-Z ele-
ment EPMA were evaluated by non-linear least-squares
fitting, using the AXIL code.!® The semi-quantitative ele-
mental composition of the particles was calculated with
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an iterative approximation method based on Monte Carlo
simulations.!>1718 The obtained data set was used for the
further particle classification by means of hierarchical cluster
analysis performed with the Integrated Data Analysis Sys-
tem program.' The clustering was done only on the basis of
the chemical composition of the aerosol particles and not on
the morphological information. The separate samples were
clustered independently. The visual/manual analysis with
respect to the changes in the morphology of the individual
particles in the different particle fractions was performed on
JEOL JSM 6300 scanning electron microscope (JEOL, Tokyo,
Japan). Analysis of the molecular and phase composition
of particles was performed by means of MRS (Renishaw
inVia Reflex, Wotton under Edge, UK) coupled with a Peltier
cooled CCD detector (576 x 288 pixels) and equipped with
two lasers of 514 nm and 785 nm wavelengths. Calibration
was done using the 520.5 cm™! band of a silicon wafer. Data
acquisition was carried out with the Spectracalc software
package GRAMS (Galactic Industries, Salem, NH, USA).

Determination of elements in the whole sample (bulk
analysis) was done by EDXRF (Tracor Spectrace 5000)
equipped with a low-power Rh-anode x-ray tube (17.5 W).
The characteristic x-ray radiation was detected by a Si(Li)
detector. For determining high-Z elements (starting from
K), an accelerating voltage of 35 kV and current of 0.35 mA
were used. The acquisition time was set at 10000 s. Low-
Z elements (from Al to Cl) were measured at 10 kV and
0.35 mA with an acquisition time of 4000 s. The measured
intensities were converted into elemental concentrations by
the application of the AXIL software.'® The results represent
normalized surface concentrations of elements collected on
a filter (ug/cm?).

RESULTS AND DISCUSSION

Elemental bulk concentration

Results of the bulk sample analyses performed by the
EDXRF method (Table 1) show the general composition
of the investigated particulate matter at different welding
regimes specified by the arc current densities. Despite the
known increase of fume emission with growing arc current, '
changes in the fume elemental compositions are inessential or
show no explicit trends. Therefore, only one welding regime
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Table 1. Bulk elemental composition of welding aerosol at
different arc current regimes

Concentrations of most abundant elements
in samples, pug/cm?

Welding arc current

density, A/mm? Fe Ca K Mn Si Ti Al
12.7 876 009 049 1.1 081 008 0.26
14.3 861 0.09 060 1.15 094 019 0.17
15.9 8.05 004 090 124 127 023 0.9
175 845 003 071 114 118 026 0.19

with arc current density 14.3 A/mm? was selected for more
comprehensive investigations at the single particle level.

The results of a low-Z element EPMA of separate particle
fractions are given in Table 2. The presented data were
obtained by averaging the measured elemental composition
over all particles found in each size fraction. The most
significant differences were observed when comparing the
fine (diameters < 0.5 um) and coarse (> 1 um) size fractions.
Fraction with cut-off diameter 0.25 um is characterized by
a relatively higher content of O, K, Na, Mg and a low
concentration of Fe and Mn. Within the coarse fractions, the
contents of practically all the most abundant elements (Fe,
Mn, K, Si, Mg, Na, O, C) do not depend on particle size.
Elements such as Cr, V, Ti, Al, for which concentrations
increase with the particle size, are exceptional. The observed
variability of the chemical composition is apparently caused
by differences in the mechanisms responsible for formation
of fine and coarse particles.

In accordance with the commonly used notion, %!
fine fractions are composed by particles of the so-called
nucleation mode and their agglomerates. They are formed
by the typical ‘condensation’ mechanism.!®?' It occurs
when high-temperature vapours of the welded metal and
electrode components under the action of plasma flows
are pushed out of the arc column to the ambient air with
a lower temperature. There, the consecutive condensation
of individual elements takes place, in accordance with the
degree of their supersaturation and possible vapour-phase
reactions; simultaneously, some condensation products are
oxidized. The soot particles formed after combustion of the

Table 2. Mean elemental composition of different fractions of the welding fume particles (last row represents the normalized bulk

composition of the total welding fume mass at 14.3 A/mm?, Table 1)

Percentage of elements in fraction, %

Fraction cut-off

diameter, um Fe Mn Cr \% Ti Ca K Si Al Mg Na O N C

0.25 11 3.4 — — — 0.8 49 7.6 — 3.5 7.4 53 — 8.4

0.5 15 2.9 — — 0.7 — 2.7 6.2 — 0.6 14 65 — 5.2

1 36 4.9 — — 1.1 — 2.5 6.5 — 1.1 1.2 38 — 7.7

2 40 4.8 — — 1.4 1.1 2.3 6.0 0.5 1.5 1.0 33 0.6 7.7

4 40 5.2 — — 2.1 1.8 2.5 6.0 0.8 1.4 0.9 32 1.0 6.9

8 38 49 0.5 0.7 2.7 0.7 2.0 5.0 0.9 1.5 0.7 32 1.2 8.8

Particulate matter in total 40 5.3 — — 0.9 0.4 2.7 44 0.8 0.5* 3.0+ 33* — —

* Data from Ref. 20.
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X-Ray Spectrom. 2007; 36: 328—-335
DOI: 10.1002/xrs



X-RAY

Spectrometry

cellulose and wood flour (gas-producing components of
the electrode coating) play the role of condensation nuclei.
Therefore, fine particles are expected to have a multi-layer
structure typical for consecutive condensation of a high-
temperature multi-component vapour.’® The carbon core is
surrounded by the oxides of Fe, Mn and Mg, which are
condensed first; above this layer, compounds of K, Na and
Si can be deposited. However, because of high-temperature
gradients in the condensation zone, particles of nucleation
mode generally cannot grow above 0.5 pm.!°

The relatively large particles of the coarse fractions
(usually referred to as microspatter®?) are formed by
a different mechanism, from ejection and explosion of
liquid droplets consisting predominantly of molten welded
metal and electrode components.!®!? This is reflected in
the qualitative difference of their elemental composition
(e.g. Table 2). In particular, the microspatter mechanism is
consistent with the high content of Fe in coarse particles and
with a decrease of the Mn/Fe ratio to 0.05-0.13, which
is characteristic for the slag melt. The value of Mn/Fe
concentration, typical for small particles, covers the range
0.3-0.5, higher by an order of magnitude than in microspatter
particles. The additional evidence is the presence of elements
that compose the electrode rod (Cr, V, Ni andCu) and the
electrode coating (Ti, Al, Ca, P, S, Cr etc.) in the coarse
particles.

For comparison, the last row of Table 2 contains data of
the bulk fume composition at the current 14.3 A/mm? from
Table 1, normalized in this way that the Fe concentration is
accepted to be 40%; data for Na, Mg and O are taken from
Ref. 20. Noteworthy, the composition of the coarse particles
correlates fairly well with the results of the bulk analysis. It
is consistent with the common assumption that the coarse
particles dominate the bulk chemistry of welding fume, even
if their number is relatively small.>? In particular, this means
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that the bulk analysis is not relevant with respect to health
aspects, since it gives information about the least respirable
fume fraction.

Individual particle analysis

On the individual particle level, the most important differ-
ences between the size fractions of welding fume particles
were found with respect to their shape and the type of par-
ticle agglomeration. Tables 3-8 contain results of the cluster
analysis of individual welding particles including relative
abundance and average elemental weight concentrations for
each particle group, separately for each size fraction. Since
different mechanisms of formation are responsible for differ-
ent chemical and morphological properties of the particles,
a more detailed discussion is required for the fine (cut-off
diameters 0.25 and 0.5 um) and coarse (cut-off diameters
> 1 um) fractions, separately.

Figure 2 presents examples of the particles collected
on stages 3, 4, and 5 accompanied by their molecular
spectra. In the fine particle fractions, irregularly shaped
species were most abundant. Such small particles repre-
sent highly agglomerated formations having typical spongy
and fibrous structures formed by accumulation of pri-
mary nanometer-sized particles appearing due to conden-
sation mechanism. Additionally, diameters of the particles
collected on stages 3 and 4 (normally representing the
fine particle fractions with an aerodynamic diameter up
to 1um) were larger than the expected from the corre-
sponding impactor stage cut-off size. This is explained
by the non-compact structure of fine particles result-

ing in increase of the geometrical size compared to the
aerodynamic one,?
classification.

3 which determines the impactor stage

Ref: Hematite (Fe,03) Ref: Hausmanite Mn30,

‘ 1 / Ref: Hematite (Fe,03)
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Figure 2. Visualisation of the welding particles’ shape collected in A: stage 3 (cut-off 0.25 um); B: stage 4 fraction (cut-off 0.5 um), C:
stage 5 (cut-off 1 um); D, E, F: Examples of the molecular spectra of the typical individual welding particles from stages 3, 4, 5,
respectively. Dark circular structures seen in panels A, C are the substrate pores.
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Table 3. Elemental composition of the welding fume particles in the fraction 0.25-0.5 pm

Main group components, %

Group Group

number abundance % Fe Mn Ca K Cl Si Mg Na O C
1 31 7.2 3.6 1.0 6.9 — 7.2 43 7.3 57 41
2 27 17 4.6 — 43 — 6.9 2.8 5.1 51 7.7
3 20 12 3.2 — 2.8 — 8.0 3.2 4.0 62 3.8
4 14 9.2 3.4 15 6.9 1.0 13 5.3 10 47 3.1
5 8 14 — — 1.1 1.1 2.5 — 18 26 49

Table 4. Elemental composition of the welding fume particles in the fraction 0.5-1 um

Main group components, %

Group Group

number abundance, % Fe Mn Ti K Si Mg Na (@) C
1 43 18 33 — 2.6 5.1 — 1.7 63 49
2 41 8.8 24 — 3.4 5.0 — 14 73 4.4
3 10 22 15 15 — 19 — — 48 7.3
4 5 37 6.4 — 42 — 1.6 2.0 47 1.4
5 1 — 4.0 5.0 — 13 — — 33 45

Table 5. Elemental composition of the welding fume particles in the fraction 1-2 upm

Main group components, %

Group Group

number abundance, % Fe Mn Cr Ti K D Si Al Mg Na @) C
1 39 31 55 — — 2.7 — 7.5 — 14 13 40 8.4
2 25 44 44 — — 1.7 — 44 — — — 38 48
3 18 54 3.2 — — — — 3.0 — — — 33 42
4 17 17 6.1 — — 5.1 — 11 — 1.8 25 44 8.6
5 1 2.0 — 2.2 3.2 — 12 2.2 3.2 6.0 1.0 9.3 69

Table 6. Elemental composition of the welding fume particles in the fraction 2—-4 pm

Main group components, %

Group Group

number abundance, % Fe Mn Ti Ca K D Si Al Mg Na O N C
1 31 47 5.5 1.0 — 2.1 — 5.1 — 1.1 — 33 — 3.5
2 27 34 6.3 1.6 — 3.6 — 8.6 — 1.7 1.6 37 — 3.6
3 16 60 2.8 — — — — 1.8 — — — 31 — 22
4 9 20 5.8 3.3 12 4.8 12 11 1.0 2.0 2.0 41 1.0 6.4
5 5 63 6.2 — — 2.8 — 5.2 — — — 17 — 2.6
6 5 11 — 21 25 — — 5.1 23 43 — 27 — 43
7 3 34 2.9 1.6 1.6 1.7 — 43 1.9 3.7 — 25 — 22
8 2 3.9 — 2.0 2.9 — — 2.1 3.3 5.1 — 7.7 — 72
9 2 2.8 — — 24 — 15 45 1.3 15 1.0 44 2.5 16

Observation of spongy structures in Fig. 2(A) and (B)
stays in good agreement with known reports about fractal-
like agglomerates of the nucleation mode particles.” A
relatively high content of such agglomerates correlates with
high concentration of Na and K in fine particles of conden-
sation origin, which promotes their agglomeration due to
adsorption of moisture.!%13

Copyright © 2007 John Wiley & Sons, Ltd.

In compliance with the formation mechanism outlined
above, the fine particles mainly contain low-boiling compo-
nents of the electrode coating: ionizers and binders (Na and
Kisilicates), gasifiers (magnesite, MgCO,) and doping alloys
(FeMn, FeSi) (Tables 4 and 5).

Inessential quantitative differences in elemental compo-
sitions were found while comparing groups (e.g. 1 with 4

X-Ray Spectrom. 2007; 36: 328—-335
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Table 7. Elemental composition of the welding fume particles in the fraction 4-8 um

Main group components, %

Group Group

number abundance, % Cu Fe Mn Ti Ca K Si Al Mg Na (@) N C
1 24 — 56 5.0 — — 1.2 3.3 — — — 29 — 29
2 23 — 46 6.1 — — 2.1 57 — 1.1 — 33 — 2.8
3 21 — 37 5.5 1.0 — 3.0 8.0 — 1.9 1.1 36 — 5.9
4 14 — 21 6.1 9.5 — 5.9 8.7 19 2.0 21 38 17 2.8
5 7 — 67 89 1.1 — 2.5 3.0 — — — 13 — 2.8
6 5 2.6 6.2 — — 74 1.5 13 6.3 1.7 2.2 38 1.6 19
7 4 — — — 15 19 — 2.2 3.6 47 — 11 5.6 68
8 2 — 11 — — 35 — 24 — — — 45 2.7 11

Table 8. Elemental composition of the welding fume particles in the fraction > 8 um

Main group components, %

Group Group

number abundance, % Fe Mn Cr \% Ti Ca K Si Al Mg Na @) N C
1 39 49 54 — — — — 14 46 — — — 34 — 19
2 22 33 7.8 — — 2.0 — 29 95 — 2.0 14 38 — 2.0
3 12 63 1.0 — — — — — — — — — 32 — 14
4 10 13 5.3 — 27 18 1.0 44 4.8 4.0 3.0 1.8 38 27 1.5
5 9 1.0 — 2.7 — — 12 — 17 24 3.0 — 14 45 69
6 4 10 — — 30 10 72 60 75 41 2.3 — 32 34 21
7 4 69 10 — — 12 — 21 35 — — — 11 — 17

and 2 with 3) in Table 4. This may be caused by the tem-
perature fluctuations followed by changing concentrations
of vapours of individual elements and their compounds in
the condensation zone.

The presence of sodium carbonates and silicates with
high C-content is noteworthy in the fractions < 0.5 pm and
0.5-1pum. In view of the high content of O, Mn is likely
present at high oxidation state in these fractions, which is
important because MnO, is the most toxic oxide of Mn.

It should also be mentioned that on stage 4 there are
some agglomerates of small spherical particles in the typical
chain forms (Fig.2(B)). As it can be seen from Fig. 1(D)
and (E), iron-containing compounds were only found in the
forms of goethite and hematite. In the fraction of stage 5
(cut-off diameter 1 um), spherical particles were suspended
in a sort of webs of very fine particle chains (Fig. 2(C)). They
represent probably the primary welding fume structures
of nucleation mode particles, which can be considered as
a result of inertial coagulation process.” Single spherical
species were also observed quite frequently.

Figure 3 presents examples of particles from the coarse
fractions (stage 6, 7, 8). The agglomerated structures contain
fine particles deposited on the smooth surfaces of coarse
particles. Since the fume particles collected on these stages
are rich with Fe-containing phases with articulate magnetic
properties, these types of formation seem to be caused by
magnetic interaction between the particles. The compositions
of the particles collected on stages 6 and 7 (cut-off diameters
2 and 4 pm, respectively) were very similar to each other and
the most complex among all the particle fractions. The data

Copyright © 2007 John Wiley & Sons, Ltd.

gathered in Tables 5-8 lead to the conclusion that the larger
the size of particles is, the wider is the range of elements
they contain. The variety of elemental combinations also
increases (the cluster analysis produces a larger number of
partitions).

Owing to the microspatter mechanism of formation in
coarse particle fractions, the elements are characterized by
lower degrees of oxidation. Therefore, conditions for the
emergence of very toxic Mn compounds in a highly oxidized
state are not as favourable as in case of small particles.

The contribution of C compounds revealed by the low-Z
EPMA is worth considering in detail. All the size fractions
contain C-rich particles but their share is rather low (less
than 9%)—e.g. group 5 in Tables 3-5 and 8, as well as
groups 8 and 7 in Tables 6 and 7, respectively. The ratio of
C and O in the fine C-rich particles confirms the suggested
mechanism of their formation, which presumes that the
fine particles contain small soot cores. For the fraction with
< 0.5-um-particle size, these cores may contribute noticeably
to the whole particle composition, while for particles larger
than 0.5 um in diameter, the core plays only a minor role.
Considering the coarse C-rich particles whose existence is
clearly proven by EPMA (Tables 6-8, rows 8, 7 and 5,
correspondingly), their formation cannot be explained by
the same mechanism as for the case of the fine particles.
Most probably, they appear as fragments of C-containing
components of a coating layer. In this case, large fragments
are more likely to be preserved in the course of the welding
process, which explains the increase of the C-rich group
population with the fraction size (Tables 5-8).
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Figure 3. Visualisation of the welding particles’ shape collected in A: stage 6 (cut-off 1 um); B: stage 7 fraction (cut-off 4 um), C:
stage 8 (cut-off 8 um); D, E, F: Examples of the molecular spectra of the typical individual welding particles from stages 6, 7, 8,
respectively. Dark circular structures seen in panels A, B and C are the substrate pores.

The molecular spectra collected from the coarse particles
(Fig. 3(D)—-(F)) confirm these results. Moreover, the Raman
activity of elemental C was detected together with goethite
Raman shifts, while hematite was mostly agglomerated with
hausmannite. No agglomerates of goethite and hausmannite
were found in any of the particle fractions.

From the morphological point of view, Fig. 3(A) and
(B) demonstrate significant differences in shape between
particles from stages 6 and 7. The spherical particles captured
onstage 6 have a smoother surface than those on stage 7. They
do not show many inclusions, while agglomeration appeared
in a limited degree. However, in some cases it was observed
that the particles were connected to one another by a sort
of chain structures. Similar structures were also observed on
stages 5 and 8 (cut-off diameters 1 um and 8 pm). In the case
of the particles from stage 7 (e.g. Figure 3(B)), accumulation
of spongy structures (typical for fine particles, Fig. 2(A)) on
the surfaces of spherical ones is often observed. This way of
agglomeration brings the idea of either adhesive or magnetic
properties of both the covering and covered particles.

For particles from stage 8, this agglomeration was less
intensive; however, large web-like structures of fine chains
were rather abundant (see an example in Fig. 3(C)). Although
the morphology of these structures seems to be similar
to those occurring in stage 6 (Fig.3(A)), their chemical
compositions differ essentially, as can be seen from Fig. 3(D)
and (F).

CONCLUSION

Morphology and chemical composition of individual weld-
ing aerosol particles, depending on their size distribution,
have been studied by applying a combination of micro- and
trace analysis techniques. Strong correlations between the

Copyright © 2007 John Wiley & Sons, Ltd.

particles” elemental compositions and their size have been
observed. In the fine fractions (0.25-0.5 um), particles of
irregular shapes are mainly rich in Fe, Si, Na and C. In the
0.5-2.0 um fractions, the particles are spherical and their
composition differs from the one observed for finer frac-
tion: various types of Fe-rich particles (with and without
Si content or with Mn content) are the most abundant. An
increasing contribution of C-rich particles is observed in the
size fraction above 2 um. The MRS showed the presence of
Fe-containing compounds, such as hematite and goethite,
in all the size fractions. Evidences of some Fe oxyhydrox-
ides containing Mn (also in the form of hausmannite) was
found in the larger size fractions. The properties of fine and
coarse welding fume particles revealed in these experiments
correspond to the suggested mechanisms of their formation.

Interesting and probably far-reaching conclusions can be
made in the context of the observed accumulation of fine
fume particles on surfaces of the coarse ones or formation of
large web-like structures. Referring to the effective trapping
of welding particles, such agglomeration could be considered
as a positive effect, since the particles become bigger and
more irregularly shaped. Additionally, the smallest fraction
tends to be immobilized by the larger one. These examples
confirm the possibility of the welding aerosol evolution
in which the most harmful species of welding fumes are
concentrated in certain fractions with special dimensional
and morphological parameters. These properties facilitate
their removal from the fume and subsequently their
neutralization. However, these statements are preliminary
and require more fundamental study with respect to
magnetic properties of the welding fumes.
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