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The paper provides an overview of the results of studying the nanoscale fractions in the working zone air during
welding operations and in the welder’s breathing zone, as well as data of toxicological studies of welding fumes (WF)
in experiments on laboratory animals (in vivo) and in cell culture experiments (in vitro). It is suggested that the high
disease rate in welders can be caused not only by toxicity of WF components having irritating and mutagenic effects,
but also by the ability of nanoscale particles (nanoparticles) to penetrate deeply into the tissues. The data of hygienic
studies of nanoparticle emission into the working zone air during welding operations, as well as of studying nanoscale
fraction deposition in the respiratory tract of welders are presented. It is shown that decrease in the content of hexava-
lent chromium and manganese in the welding consumable involves increasing the concentrations of other metals, and
thus does not guarantee safety for the welder. The role of prediction of WF harmful effects on the body by controlling
the working conditions using modern hygienic approaches is substantiated. Simultaneous application of in vitro and in
vivo methods to provide the most complete information about the potential hazards of WF, peculiarities of biological
action of its components, as well as the need to develop not only informative, but also less time-consuming and costly
express-methods of screening assessment of toxicity of WF, generated at different types of welding was substantiated.
These methods will allow evaluation of the cumulative effect of the impact of totality of toxicants present in WF solid
component, including unidentified components. 21 Ref.

Keywords: welding fumes, solid component of welding fume, working zone air, cytotoxicity, in vitro, in vivo,

nanoparticles

Members of welding professions have a special place
among the workers exposed to a set of harmful fac-
tors. This is due to broad application of welding tech-
nologies and operations in different industries, con-
struction, transportation, etc. [1] with the number of
welders is increasing steadily. While in 2008 their
number was more than 1 min persons, in 2010 already
there were reports about 5 min welders worldwide [2]
that may be associated with increase in population
and development of infrastructure.

Depending on the type of production operation,
kind of metal, type of welding consumables and pro-
duction technologies, the welder is exposed to harmful
production factors of different nature. Investigations
of presence of harmful substances in the air of work-
ing zone and breathing zone of workers, engaged in
various types and processes of welding, showed that
the most unfavourable factor is exactly the chemical
one. Performance of welding operations is accompa-
nied by formation of harmful factors of chemical na-
ture, which are based on toxic components of welding
fumes (WF), as weld as flux dust. In its turn, their
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guantitative and qualitative composition depends on
welding process, metal composition, etc. [3].

Note that among the set of harmful industrial factors
WEF, in the opinion of many researchers, have the most
negative influence on the human body. Biological ac-
tivity of metal compounds, present in WF composition,
depends on their ability to bind with blood and tissues
proteins, increase the permeability of cell membranes
or damage them, block intercellular and extracellular
enzyme systems that, eventually, leads to pathologi-
cal changes in the body. Results of analysis of electric
welders’ incidence rates revealed that the nervous, re-
spiratory and osteomuscular systems are the most sen-
sitive to the impact of the specific set of harmful factors
[4]. Clinical and epidemiological studies confirm the
association of pulmonological effects with higher rate
of cardio-vascular disorders, and the results of recent in
vivo toxicological studies on laboratory animals con-
firmed the hypothesis of direct damaging effect of WF
on cardio-vascular system [5].

It is known that the level of risk of WF having a
harmful effect on the body is, primarily, determined
by welding process and type of welding equipment,
technological parameters of welding modes (welding

95



INDUSTRIAL

current, arc voltage, electrode diameter), kind and
composition of welding consumable. The nature and
severity of welders’ diseases caused by WF harm-
ful substances depend on their concentration in the
breathing zone. Concentration of WF solid compo-
nent (WFSC) and other harmful substances in weld-
ers’ breathing zone grows in proportion to their for-
mation rate in the arc zone [1].

Despite the fact that WFs have been studied for
quite a long time, many aspects of the dependence
of their biological aggressiveness on the main physi-
co-chemical properties are still unclear. The latter in-
clude dispersity of particles of WFSC, their structural
parameters, and solubility of individual components.
At present it has been suggested that the high inci-
dence rate in electric welders is due not only to toxic-
ity of WF components, characterized by irritating and
mutagenous action, but also by ability of nanoscale
particles (nanoparticles) to penetrate deeply into the
tissues. It is known that sufficient experimental data
has been accumulated in recent years, which indicate
that the substances in the nanorange are characterized
by higher bioactivity and damaging effect [6, 7].

In particular, results of conducted morphological
and chemical studies are indicative of the same nature
and similar mechanisms of WFSC formation in weld-
ing with electrodes with different types of coatings.
Nanosized particles are the main components of all
WESC. They are mainly grouped into agglomerates,
numbering from a few up to thousands of particles,
which, according to X-ray microanalysis, consist pre-
dominantly of compounds of alkali metals, silicates
and iron oxides. Integral chemical composition of
WFSC nanosized particles essentially depends on the
type of electrode coating. It is established that min-
imum dimensions of WFSC stable components are
quite close (300—-600 nm) in the studied welding elec-
trodes (UONI 13/45 and 2TsM7) [8]. However, their
characteristics of solubility in aqueous medium and
stability to mechanical impact significantly differ.

This circumstance is extremely important in terms
of potentially dangerous interaction of WF with the
human body and necessitates investigations of WFSC
nanosized fractions in the welder’s breathing zone. In
the European countries and the USA studies of nano-
sized particle deposition in the respiratory tract of
members of welding professions are performed using
personal samplers [9]. When studying the deposition
of nanosized fractions of chromium, manganese and
nickel in the respiratory tract in gas-shielded met-
al-arc welding of low-carbon and stainless steel and
in flux-cored wire arc welding of low-carbon steel,
the welders were equipped with individual samplers
of WF nanofractions, as well as cassette filters for
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evaluation of the total number of particles. Concen-
tration of manganese for both the welding processes
varied in the range of 2.8-199, nickel — 10-51, chro-
mium — 40-105 mg/m3. Concentration of hexavalent
chromium varied in the range of 0.5-1.3 mg/m? [9].
As regards the fraction of manganese, chromium and
nickel in particles of nanosized fractions relative to
their content in WF, it is as follows: in welding of
low-carbon steel manganese fraction was equal to
10-56 %, and in welding of stainless steel manganese
fraction was 59, that of nickel was 64 and that of chro-
mium was 90 %. These results are indicative of the
fact that the vast majority of chromium, manganese
and nickel are present in particles of nanosized frac-
tions smaller than 300 nm [9].

Nanoparticle emissions in working zone air during
welding operations can be assessed also using station-
ary instruments, which record in real time the total
number of particles from 1 up to 200 nm and their size
distribution. In particular, diffusion aerosol spectrom-
eter DAS-2702 was used to obtain data on dynamics
of changes in time of the number of WFSC particles
in different ranges of their dimensions from 1 up to
100 nm, after welding with electrodes with rutile and
carbonate-fluorite type of coating. It was found that
nanoparticle concentration in working zone air de-
pends on welding electrode grade and diameter, as
well as distance from the welding zone (particle con-
centration decreases with greater distance from the
sampling point to the welding zone). It was also estab-
lished that in the production premises where welding
operations are performed all the time, WF nanoparti-
cles can stay in the air medium for a long time after
the operations are stopped [10].

Kind of welding consumable, particle size and
time after impact are important factors in formation
of free radicals and deposition of particles, which
should be taken into account when developing pro-
tection strategies [2]. Animal studies showed that WF
is removed from the body in three stages. At the first
stage, alveoli and airways are cleared with the help
of mucus, which then penetrates into the alimentary
tract and is quickly removed with semi-clearance pe-
riod of one day. At the second stage, the process runs
slower, semi-clearance period is up to 7 days. At the
third clearance stage, clearance of the lungs proceeds
slower and is more complex: semi-clearance period
can be up to several weeks. At this stage, removal of
individual particles is associated with their ability to
dissolve in tissues and with continuous clearance of
the lungs by macrophages [11].

It is remarkable that in vivo experiment to study
long-term presence and deposition of metals in the
lungs, as well as inflammatory potential after inhalation
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priming of laboratory animals (rats) with WF, metals
detected in the lungs were removed at different times.
Priming was performed with WF (57 % Fe, 20 %
Cr, 14 % Mn, 9 % Ni), which forms in stainless steel
welding and WF (83 % Fe, 15 % Mn), which forms
in low-carbon steel welding. So, potentially more toxic
chromium and manganese were removed from the lugs
faster than iron, probably, owing to their movement
from the respiratory tract to other tissues [12].

It should be noted that the consequence of welding
processes, generating aerosols containing such toxic
metals as hexavalent chromium, manganese and nick-
el, is lung tissue damage and inflammation and lung
tumors in animal experiments. Manganese presence
in WF increases the risk of undesirable neurological
responses, such as Parkinson disease, etc. [13]. There
are data on manganese nanoparticle involvement in
development of manganese-induced Parkinsonism
in welders, because of its ability to penetrate into the
brain through olfactory nerve [7]. In its turn, chro-
mium and nickel presence can cause damage and in-
flammatory processes in the lungs, tumors, immune
disorders and systemic toxicity. Nickel can cause ma-
lignant neoplasms in the lungs [13]. Despite the fact
that in the USA the permissible exposure limit in the
workplace was lowered (from 0.05 to 0.005 mg/m3,
that, by the way, is 2 times lower than in Ukraine), in
practice it is not always possible to protect welders
who often have to work in closed confined space, and
exhaust ventilation can be ineffective here [13]. It is
known [13] that this gave rise to the initiative of min-
imizing potentially hazardous components in welding
consumables through development of new consum-
ables with lower Cr (V1) and Mn content.

WF potential hazards are traditionally assessed us-
ing both toxicological methods in vivo (on laboratory
animals), and adequate short-term tests in vitro (when
experiments are performed «in vitro» — outside the
living organism). Express-methods in vitro allow de-
termination of WF toxicity in a relatively short time,
thus saving time and reducing the number of labo-
ratory animals used in experiment. However, these
methods are not mutually exclusive. Express-methods
in vitro are required for screening assessment of WF
toxicity, providing preliminary information on poten-
tial hazard of a welding consumable and maximum
rational planning of experimental studies during in
Vivo tests.

Specifics of biological impact of WF containing
different quantities of manganese, iron, chromium,
nickel and silicon in WFSC, were précised earlier.
The connection of WF cytotoxic effect with WFSC
initial composition, their solubility in biological solu-
tions of the body, and biosphere simulator solution
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was established. The extent and nature of WFSC com-
bined impact are enhanced at increase of the content
of potassium, silicon, fluorine, sodium and calcium
(in decreasing order of harmful effect) [14]. In vitro
studies of cell culture showed that soluble particles,
formed in manual arc welding of stainless steel, are
more toxic than WF particles, forming in gas-shielded
arc welding of stainless and low-carbon steel [15].

The role of WFSC soluble and insoluble compo-
nents containing hexavalent chromium [16-20] was
also studied. In particular, it was established that WFSC
forming in coated electrode manual arc welding is
more toxic, and has a transforming effect on laboratory
animal cells, that was associated with the presence of
hexavalent chromium in WFSC, while the contribution
of other components, namely trivalent chromium, flu-
orides, nickel and manganese is small. Insoluble com-
ponents containing hexavalent chromium have a more
toxic and transforming effect on fibroblasts of hamster
kidneys than hexavalent chromium.

Here mitotic delay cannot be attributed only to
hexavalent chromium concentration, it can be also af-
fected by other components of WFSC [20].

Now it seems clear that a combination of in vi-
tro and in vivo methods provides the most complete
information not only about WF potential hazard, but
also about the specifics of biological effects of its
components. In particular, assessment of pulmonary
toxicity of fumes formed by Ni—Cu-containing elec-
trodes (Ni—Cu WF) used as substitutes in Ar and CO,
welding of stainless steel in experiments in vitro (cul-
ture of rat pulmonary macrophages in the doze of 0.05
and 0.25 mg/ml) and in vivo (intratracheal and intra-
peritoneal priming of laboratory animals in the dozes
of 0.5 and 2 mg per rat demonstrated persistent dam-
age and inflammation of lung tissue, as well as direct
damaging action of pulmonary macrophages. Despite
the fact that all the three aerosols (Ni-Cu WF, as well
as aerosols, formed in stainless and low-carbon steel
welding) reduced macrophage viability in the high
dose (0.25 mg/ml) and had no significant effect in the
low dose (0.05 mg/l), after 24 h Ni-Cu WF caused
macrophage death in the low dose (0.05 mg/ml), i.e.
demonstrated higher cytotoxicity compared to fumes
generated in welding stainless and low-carbon steel.
Thus, despite chromium reduction, considerable lev-
els of nickel, copper and other potentially hazardous
metals (titanium, aluminium) can enhance WF cyto-
toxic action [13].

Similar results were obtained when studying cy-
totoxic effects of Ni- and Cu-based welding consum-
able and two well-studied WF, formed in gas-shielded
arc welding of stainless and low-carbon steel [21].
While WF formed in stainless and low-carbon steel
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welding lead to increased production of free radicals,
compared to Ni—Cu-containing material, the fumes
from this new consumable were more toxic, including
cell death and causing mytochondrial dysfunction in
low doses (0.05 mg/ml).

Thus, despite the fact that toxic cell reactions in
response to WF effect largely depend on metal com-
position, recent results of in vitro and in vivo studies
convincingly show that reduction of hexavalent chro-
mium and manganese content in welding consumable
implies higher concentration of other metals, and,
therefore, does not guarantee welder’s safety.

In conclusion, it should be noted that prediction of
harmful effects on the body by controlling the work-
ing conditions with application of modern hygienic
approaches, and a complex approach to performance
of toxicological studies of welding consumables (in-
cluding new, potentially less toxic ones) in vivo and in
vitro experiments have an important role in the search
of effective methods of prevention of WF toxic com-
ponent formation, and, accordingly, prevention of pro-
fessional diseases. It is of certain interest to develop
not only informative, but also less labour-consuming
and expensive express-methods of screening assess-
ment of toxicity of WF formed in different welding
processes that will allow evaluation of cumulative ef-
fect from the impact of the totality of toxicants present
in WFSC, including unidentified components. In its
turn, substantiated and rational application of modern
methods of WF toxicological-hygienic studies will
contribute to a deeper understanding of processes,
proceeding in the air of working zone in welding, and
in biological media, as well as development of safer
welding consumables and minimizing professional
risk for welding profession members, respectively.
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