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Abstract

Welding fumes have been found to be carcinogenic and stainless steel welders may be at higher risk due to increased forma-
tion of hexavalent chromium (Cr(VI)). The slag-shielded methods, identified to generate most airborne particles and Cr(VI),
would potentially be most harmful. With ever-stricter limits set to protect workers, measures to minimize human exposure
become crucial. Austenitic stainless steel flux-cored wires of 316L type have been developed with the aim to reduce the
toxicity of the welding fume without compromised usability. Collected particles were compared with fumes formed using
solid, metal-cored, and standard flux-cored wires. The size, morphology, and composition were characterized with scanning
electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS).
Total metal concentrations and released amounts of metals (Cr, Cr(VI), Ni, Mn, Fe) were investigated after complete diges-
tion in aqua regia and after incubation in phosphate buffered saline (PBS) by means of flame furnace atomic absorption
spectroscopy (AAS), inductively coupled plasma mass spectroscopy (ICP-MS), and UV—vis spectroscopy. The cytotoxicity
of the particles was assessed with the Alamar blue assay for cell viability using cultured human bronchial epithelial cells
(HBEC-3kt). The findings correlate well with previous in vitro toxicity studies for standard and experimental wires. The
new optimized 316L-type flux-cored wires showed improved weldability and generated less Cr(VI) in wt.-% than with solid
wire. The respirable particles were confirmed to be less acute toxic in HBEC-3kt cells as compared to standard flux-cored
wires. The highest cell viability (survival rate) was observed for the metal-cored wire.
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1 Introduction

Strong evidence suggests that all welding fumes can be
carcinogenic and can induce chronic inflammation in the
respiratory tract [1-6]. Stainless steel welders are addi-
tionally subject to inhalable hexavalent chromium, Cr(VI),
reported to increase the risk of health related issues, such
as lung cancer, asthma, and bronchitis [7—13]. Since the
base material only contributes 5-10% to the total fume
particle mass, the welding consumable composition
becomes most important [14, 15]. Fillers containing more
Cr typically result in aerosols with higher amounts of
Cr(VD) [11, 16—19]. Other elements of concern are nickel
(Ni), iron (Fe), and manganese (Mn) [20-23].

Fume can be collected and analyzed as described in,
for instance, ISO 15011-1 [24], ISO 10882-1 [25], and
AWS F1.2 [26]. The shape and size of the particles have
a large effect on the potential absorption in the human
lungs as respirable particles can be inhaled and retained [6,
27]. The most common characterization methods are scan-
ning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) [13, 28-30]. The dominating size
appears to be within 0.1-1 pm by mass, for both mild steel
and stainless alloys, regardless of welding technique [10,
20, 31-34]. This aerosol range can deposit in the alveolar
and bronchiolar regions of the lung [13]. Smaller particles
with diameters (assuming spherical shape) ranging from
10 to 50 nm can form larger agglomerates after accumulat-
ing in the air to chainlike structures [28, 29]. Clearance
of the particles in the lung depends on many parameters
including site of deposition, the amount deposited, as well
as size, shape, and surface reactivity [6]. Larger surface
areas can influence both the reactivity and toxicity [35].

The fume composition can be determined with methods
such as energy dispersive spectroscopy (EDS), X-ray pho-
toelectron spectroscopy (XPS), X-ray diffraction (XRD),
and inductively coupled plasma mass spectrometry (ICP-
MS) [28, 29, 33, 36, 37]. The challenges with chemical
analysis have been reviewed by Jenkins and Eagar [28]
stating that elemental data from multiple techniques may
not be directly compared. Extensive information is, how-
ever, gained by combining different methods for analy-
sis [38]. While EDS analysis in SEM and TEM results
in very similar bulk compositional information, XRD is
mainly used to provide data on crystal structure enabling
the determination of predominant oxides. XPS is ideal
for analyzing the exterior layers of fume particles, where
information about the composition and the chemical state
can be obtained [36].

The highest emission rate and content of Cr(VI) have
been confirmed for shielded metal arc welding (SMAW),
but also flux-cored arc welding (FCAW) and gas metal
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arc welding (GMAW) generate substantial amounts of
fume [34, 39]. While solid wires mainly consist of met-
als, trace elements, and some impurities, covered electrode
coatings and flux-cored wires can contain a mixture of
metals, oxides, silicates, fluorides, and carbonates. The
extra components are necessary to form the slag support-
ing the melt and protecting the surface from oxidation.
Additional binders and minerals can improve the welding
characteristics, where especially potassium (K), sodium
(Na), calcium (Ca), and fluorine (F) have been identified to
influence the oxidation state of the particles generated [16,
28]. These elements are intentionally added for controlled
fluidity, viscosity, and arc stabilization during the welding
process [19]. The general solubility of the fume is signifi-
cantly higher for the SMAW and FCAW processes than
with GMAW [15]. This is of importance as pulmonary
toxicity can be associated with soluble forms of transition
metals and their doses [40, 41].

A large fraction of the fume particles has been reported to
consist of oxide spinel phases, but in presence of alkali met-
als and fluorides, the complexity increases [28, 42]. Espe-
cially Na and K may react with Cr and oxygen (O) to form
soluble chromates and di-chromates [16, 43, 44] or influ-
ence the solubility of mixed oxides containing Cr(VI) [19].
The amount of Cr(VI) has also been suggested to be higher
with CaF,, MgO, and CaO in covered electrodes [45, 46]. If
eliminating the alkali and alkali-earth elements in the flux
or coating, the weldability is greatly affected and the slag
concept may need reformulation. Different replacements and
additions aiming to reduce the fume formation and Cr(VI)
content have been proposed, including rutile (TiO,), lithium
(Li), zinc (Zn), magnesium (Mg), and aluminum (Al) [16,
45-48]. The particle size of the raw materials has also been
proposed to affect the arc stability and thus control both
fume emissions and Cr(VI) [49, 50]. Each wire manufac-
turer offers unique formulations using different philosophies.
Since various strips, raw materials, and coatings are applied
to optimize welding conditions and feedability, also emis-
sion rates and Cr(VI) composition vary considerably [17,
18, 26].

The concentration of specific elements in the weld-
ing fume such as Cr, Mn, Na, and K can be significantly
higher than what is expected from the electrode composition
[16, 29]. Evaporation follows from the high temperatures
reached at the electrode tip, causing vapor emission followed
by condensation and oxidation [45, 51]. The temperature
increases with the welding current, which results in addi-
tional fume emissions and Cr(VI) formation [18, 52]. The
process parameters thus have a large effect on the formation
of aerosols.

Spray arc welding with solid, flux-cored, and metal-cored
wires can after parameter adjustments be performed using
the same power source, but different shielding gases. The
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choice of gas is important for the arc transfer, arc stability,
spatter formation, material transfer, oxide formation, and
loss of alloying elements, but has also been reported to affect
the fume formation rate and Cr(VI) content [18, 47, 52, 53].
To improve the arc stability and retain the corrosion resist-
ance and mechanical properties of stainless weld metals, the
GMAW process is preferably welded with Ar+2-3% CO,
or multicomponent shielding gases containing helium. For
flux-cored wires, the slag cover protects the melt and indi-
vidual droplets from oxidation and the shielding gas selected
for enhanced arc stability and mechanical properties is usu-
ally Ar+18% CO.,.

To quantify to which extent a product is harmful may
be complex as individual elements can be toxic or show
enhanced toxicity in the presence of other elements and
compounds [40, 43]. There are different ways to determine
the release of metals, and for welding fumes, incubation
in phosphate buffered saline (PBS) has been proven to be
physiologically relevant and efficient [13, 40]. Trace met-
als can be analyzed using quantitative analytical methods
such as atomic absorption spectroscopy (AAS), ICP-MS,
and UV-vis spectroscopy [19, 54, 55].

When particles and gases enter the lungs, biological reac-
tions may take place, possibly resulting in an inflammatory
response [56]. The exposure can result in the formation of
reactive oxygen species (ROS) that can produce damage to
cellular membranes, proteins, and DNA [13]. Substances can
also cause mutations or alterations to the genetic material
and promote cancer [13, 20]. As an alternative to clinical
studies and in vivo (within the living) animal testing, the
effect of welding fumes can be studied in vitro (outside of
an animal / “in a glass”), for instance by using cultured cells.
Effects on, for instance, cell viability, DNA damage and pul-
monary inflammation can be investigated by using different
assays [6, 13, 19, 41, 55, 57-61].

The possibility to reach the highest productivity in all
positions with the FCAW process serves as a driving force
to decrease the emission rate and the amount of Cr(VI) in
the welding fume. Experimental 316L flux-cored wires for

reduced Cr(VI) in the fume emissions were investigated in
an earlier work [55]. The results demonstrated that fumes
containing lower amounts of Cr(VI) were less acute toxic
regarding both cytotoxicity and DNA damage compared
to the standard wires. However, inflammatory effects were
observed in response to the Cr(VI) reduced fumes, likely
due to the presence of other toxic components. The weld-
ability of the wires investigated were not completely satis-
factory and especially the arc stability could be improved.
Therefore, the wires have undergone further development
to become more user-friendly. The goal was to reduce the
fume generation rate, Cr(VI) formation, and toxicity of
the respirable particles as compared to the standard flux-
cored wire, while maintaining the welding performance.
Divided in two papers, part 1 (this paper) is focused on the
health aspects of welding fume generated with the newly
developed consumables as compared to solid, flux-cored,
and metal-cored wires. The objective was to investigate
the effect of particle morphology, composition, and release
of metals on the cytotoxicity in a simulated lung environ-
ment. In part 2 [62], a round-robin test for the genera-
tion of data in fume datasheets in accordance with ISO
15011-4 [63] was conducted and discussed.

2 Experimental
2.1 Material and welding

The investigated wires included one E316LSi solid wire
(SW), one standard E316LT1 flux-cored wire (FW), three
new-developed E316LT1 flux-cored wires for fume reduc-
tion (FR), and one standard metal-cored wire (MC). The
base metal (BM) was chosen to be the matching AISI 316L.
(EN 1.4404/UNS S31600). The plates had a dimension of
50x 10% 250 mm and all wires were of @ 1.2 mm diam-
eter. The chemical composition for the parent material and
the filler metals is shown in Table 1.

Table 1 Chemical composition

. . Designation* C Si Mn P S Cr Ni Mo Cu

of base material and filler wires,

wt.-% BM (316L) 0.020  0.56 1.17  0.030  0.001 16.70 10.10  2.05 0.06
Sw ER316LSi 0.008  0.83 1.67  0.017 0.011 18.37 1212 2.64  0.08
FwW E316LTI 0.022 0.72 1.53 0.024  0.008 18.68 11.86 272 0.12
FR1 E316LT1 0.024 0.83 1.35 0.024  0.009 18.25 11.82  2.87 0.12
FR2  E316LT1 0.023 0.79 1.31 0.023 0.009 18.20 11.60  2.55 0.12
FR3 E316LTI 0.029 0.84 136 0.024  0.009 18.25 11.73 2.86  0.12
MC EC316L 0.025 0.44 1.22  0.021 0.011 18.67 12.17 259  0.03

*Classification in accordance with the American Welding Society standards AWS 5.9 for solid wires and

AWS 5.22 for cored wires

@ Springer



2322

Welding in the World (2021) 65:2319-2337

2.2 Fume collection

Welding was carried out until a sufficient mass of particles
(137-200 mg) was collected on each filter. The influence of
the filter material is discussed in more detail in part 2 [62] of
this paper series. In a pre-study, four different filter materi-
als, including different cellulose and glass fiber filters, were
tested on their background contamination. Triplicate sam-
ples of clean (new) filter pieces were immersed to PBS (see
below) for 24 h at 37 °C (at bilinear agitation with 12° incli-
nation and 22 cycles/min in darkness), with a background
(blank) control without filter. The chosen Macherey—Nagel
MN 640 w (ash content <0.01 wt.-%) cellulose filter (@
240 mm) had very low levels of contamination (close to limit
of detections for Fe and Ni, and below limit of detection for
Cr, Cr(VI), and Mn). Fume particles were collected on these
filters in a fume box as described in ISO 15011-1 [25]. The
collected particles were stored for later analysis in band-heat
sealed plastic bags, closed immediately after the welding.

All welding was carried out bead-on-plate with
DC+ polarity and in spray arc mode. The shielding gas
was Ar+2.5% CO, for the solid and metal-cored wires
and Ar+18% CO, for the flux-cored wires. The welding
machine was an EWM alpha Q 552 PULS MM RC. The
wire speed was 10.0 m/min and the arc length adjusted to
approximately 3 mm using high-speed imaging. The result-
ing welding parameters are presented in Table 2.

2.3 General sample preparation for further analysis

Filter pieces of 4 cm? (22 cm) size were cut from the total
filter area (452 cm?) and placed in acid-cleaned dry plastic
vessels. Since the total mass of the welding fume on the
entire filter area was known, the mass on the filter pieces
could be calculated by (4/452) multiplied by the total fume
mass on the filter, assuming equal mass distribution.

Metal release and total content measurements with trip-
licate samples of filter pieces with collected fume particles
were exposed in parallel with a clean filter piece as back-
ground control. Background concentrations were in all cases
negligible.

2.4 Fume particle characterization with SEM/EDS

Selected fume particles (FW, FR1, FR2, FR3, and MC) were
characterized in terms of size, morphology, and chemical
composition. Collected particles on the filter were trans-
ferred to double-sided carbon tape and coated with a 4 nm
thin layer of iridium (Ir) to prevent beam charging artifacts.
Examination was performed using a Hitachi SU8230 Regu-
lus field emission microscope (FE-SEM) combined with a
Bruker XFlash 6160 X-ray analyzer at an acceleration volt-
age of 15 kV. With secondary electron (SE) imaging, it was
possible to observe variations in surface topography. The
samples were also examined using EDS, a semi-quantitative
technique able to detect all elements (> 0.1 wt.-%) from car-
bon (C) to uranium (U). Due to peak overlap for molybde-
num (Mo L g) and sulfur (S K,) and concentrations close to
detection limits, it was not possible to unambiguously assign
and quantify these elements. Sample SW was examined in a
tabletop SEM (Hitachi TM1000), where the EDS only has
the possibility to measure elements starting with Na and
hence not O.

The ImagelJ software (version 1.52v) was used to cal-
culate the size distribution (by number) based on the SEM
images (25 k magnification) for FR1, FR2, FR3, and MC by
evaluating 210-290 individual particle diameters for each
welding fume sample. For FW, the analysis was based on
TEM images obtained in the work of McCarrick et al. [55]
following the procedure described by Hedberg et al. [19].

2.5 Fume particle characterization XPS

The outermost (probing depth 7—10 nm) surface composition
and oxidation states/species of the collected welding fume
were determined by means of XPS. Due to their small size,
this represents a significant fraction for most of the parti-
cles with information gained from both the surface oxides
and the core (bulk). XPS was run for sample FW and, in a
more detail, also for samples FR1, FR2, FR3, and MC. Peak
assignments and quantitative chemical state analyses were
done according to Biesinger et al. [64].

Table2 Welding parameters

. Wire  Shielding gas Wire feed Welding Arc Stick-out, mm ILA U,V Gas
used for collecting fume rate, m/min  speed, m/ length, flow, L/
min mm min
SW Ar+2.5%CO, 10.0 0.40 ~3 20 265 282 16
FW Ar+18% CO, 10.0 0.40 ~3 20 190 29.1 16
FR1 Ar+18%CO, 10.0 0.40 ~3 20 191 303 16
FR2 Ar+18%CO, 10.0 0.40 ~3 20 190 293 16
FR3 Ar+18%CO, 10.0 0.40 ~3 20 190 290 16
MC Ar+2.5%CO, 10.0 0.40 ~3 20 220 282 16
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For the samples FR1, FR2, FR3, and MC, XPS analy-
ses were carried out with a Kratos AXIS Supra X-ray
photoelectron spectrometer using a monochromatic Al
K(a) source (15 mA, 15 kV). XPS can detect all elements
except hydrogen (H) and helium (He), and has detection
limits ranging from 0.1 to 0.5 at.-% depending on the
element. The instrument work function was calibrated
to give a binding energy (BE) of 83.96 eV for the Au
4£7/2 line for metallic gold (Au) and the spectrometer
dispersion was adjusted to give a BE of 932.62 eV for
the Cu 2p3/2 line of metallic copper (Cu). The Kratos
charge neutralizer system was used on all specimens.
Survey scan analyses were carried out with an analysis
area of 300 x 700 pm and a pass energy of 160 eV. High-
resolution analyses were performed with an analysis area
of 300 x 700 pm and a pass energy of 20 eV. All spectra
were charge-corrected to the main line of the C 1 s spec-
trum (adventitious C) set to 284.8 eV and analyzed using
CasaXPS software (version 2.3.14). The fume particles
were fixed on adhesive C tape.

For the sample FW, an UltraDLD spectrometer (Kratos
Analytical Manchester, UK) was used, with a monochro-
matic Al K(a) X-ray source (150 W). The fume parti-
cles were fixed on adhesive Cu tape. Wide spectra and
detailed spectra (pass energy of 20 eV) for Fe 2p, Cr 2p,
Ni 2p, Mn 2p, Si 2p, Bi4f, F1s,0 1s,and C 1 s (as
energy reference at 284.8 eV) were run at two different
locations for each sample.

2.6 Total metal content of fume particles —
digestion procedure

Determination of total concentrations of Fe, Cr, Mn, and
Ni was performed by digesting the cutout filter sections
in 20 mL diluted aqua regia (6.9% HNO,, 2.5% HCI, pH
negative) sonicated for 2 h in an ultrasonic bath, which
resulted in a final solution temperature of 60-70 °C.
The digested samples were kept in the diluted aqua regia
for at least 24 h prior to solution analysis. For the wires
FR1, FR2, FR3, and MC, the solutions were filtered using
coarse filter paper (filtering away any insoluble parti-
cles that would be a problem for further analysis) prior to
ICP-MS analysis (see below). For the wires SW and FW,
digested samples were directly analyzed by means of AAS
(see below). In all cases, the average concentration (ug/L)
of the triplicate samples, with the corresponding blank
(background) concentration subtracted, was multiplied by
the exposure volume and divided by the exposed particle
mass (mg), to determine the ug/mg values of the total
metal content (Fe, Cr, Mn, and Ni) in the fume. These
values were divided by ten to obtain the wt.-% values.

2.7 Metals release from the fume particles into PBS

Filter paper pieces with collected fume from the wires
FR1, FR2, FR3, and MC were immersed in 30 mL PBS
(8.77 g/L NaCl, 1.28 g/L Na,HPO,, 1.36 g/L. KH,PO,,
adjusted with 50% NaOH to pH 7.2-7.4) in closed acid-
cleaned vessels for 24 h at 37 °C with bilinear shaking (22
cycles/min, 12° inclination), followed by filtration through
20 nm Whatman Anodisc inorganic membrane filters, and
acidification to a pH <2 with ultrapure HNOj; prior to
solution analysis by ICP-MS. The procedure was identi-
cal for the wires SW and FW, except for a volume of 50
mL PBS and analysis by means of AAS after acidification.

Non-acidified samples were either frozen or directly
analyzed by UV-vis spectroscopy to determine their
Cr(VI) content. In all cases, the average concentration
(ug/L) of the triplicate samples, with the corresponding
blank (background) concentration subtracted, was multi-
plied by the exposure volume and divided by the exposed
particle mass (mg), to determine the ug/mg values of the
released metals. These values were further divided by the
ug/mg total content values (previous section) and multi-
plied by 100 wt.-% to obtain the PBS-soluble percentage
of a particular metal compared to the total content of this
metal.

2.8 UV-vis spectroscopy

For the wires FR1, FR2, FR3, and MC, Cr(VI) concen-
trations were determined by UV—vis spectroscopy (of
non-acidified samples, which were frozen if not directly
analyzed). The analysis was carried out using a Cary
8454 UV—vis instrument and ChemStation software from
Agilent Technologies. Polyethylene cuvettes were filled
with a volume of 960-uL sample or standard solution, 20
pL 70% phosphoric acid, and 20 pL 1.0 g/L. 1,5-DPC in
acetone with one drop of glacial acetic acid. A blank sam-
ple (exposed in parallel, but without any welding fume)
was used to correct the baseline. Quantification of Cr(VI)
was conducted through a pink complex with DPC visible
at 540 nm wavelength. The limit of detection was calcu-
lated to be 30 pg/L or 0.53 pg/mg of Cr(VI). The amount
of released Cr(VI) in pg/mg was determined by standard
calibration in a PBS matrix using 0, 58, 124, 253, 500, and
1000 pg/L, giving a linear calibration curve (R*=0.999).
The procedure was identical for the wires SW and FW,
except for using a Jenway 6300 instrument. The calibra-
tion curves were based on 0, 125, 247.5, 495, and 990 pg/L
Cr(VI) and linear (R*>>0.9996), and the limit of detection,
as based on three times the highest standard deviation of
the blank samples, was <10 pug/L.
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2.9 ICP-MS and AAS

For the wires FR1, FR2, FR3, and MC, an Agilent
7700x ICP-MS instrument was used to measure the Fe,
Ni, Cr, and Mn contents. The welding fume samples were
prepared in solutions of PBS and aqua regia for a total
of 32 sample solutions. The first 16 fume samples were
incubated in 30 mL PBS for 24 h, as described above,
after which they were filtered with 20 nm Whatman Ano-
disc inorganic membranes. The remaining 16 samples
were digested in 20 mL diluted aqua regia (6.9% HNO;,
2.5% HCI, pH negative) as described above. Samples in
PBS were diluted four times and samples in aqua regia
ten times for the analysis. The results were compared to
the dilution factor adjusted method detection limit (MDL)
and method reporting limit (MRL) as given in Table 3.
In all cases, except the blank samples, all concentrations
were significantly exceeding the MDL and MRL. The
analyses were conducted by Biotron Experimental Climate
Change Research Centre at Western University in London,
Ontario, Canada.

The procedure was identical for the wires SW and FW,
but the fume samples were analyzed by flame AAS (AAn-
alyst 800, Perkin Elmer, Waltham, MA). The detection
limits, as estimated from three times the average standard
deviations of the blank samples, were 20 pug Cr/L, 50 pg
Fe/L, 40 pg Mn/L, and 10 pg Ni/L.

2.10 Cell culture and reagents

Human bronchial epithelial cells (HBEC3-kt) were cul-
tured in 50% LHC-9 (Laboratory of Human Carcino-
genesis-9, Gibco) and 50% RPMI-1640 (Roswell Park
Memorial Institute, Gibco) supplemented with 1% peni-
cillin—streptomycin (PEST, Gibco) and 1% L-glutamine in
flasks precoated with 0.01% collagen (Type I, PureCol®,
Advanced BioMatrix) under serum-free conditions. The
cells were kept in a humidified atmosphere at 37 °C, 5%
CO,, and sub-cultured at 80% confluency. Twenty-four
hours prior to exposure, cells were seeded at desired den-
sity on pre-coated plates.

Table 3 Method detection and method reporting limits in pg/L for
the four different analyzed metals and four (PBS) or ten times (aqua
regia) diluted samples

20y 5SMn S6Fe 60N
MDL (Adj. 4 x dilution) 0.179 0.507 2.79 0.788
MRL (Adj. 4 x dilution) 0.536 1.520 8.37 2.36
MDL (Adj. 10 x dilution) 0.446 1.27 6.98 1.97
MRL (Adj. 10x dilution) 1.34 3.80 20.9 591
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2.11 Preparation of fume particles suspensions
for cell exposure

Precut filters with collected fumes were weighed and immersed
in 0.6 mL ultrapure water in a glass tube. The suspensions
were further sonicated in a water bath for 20 min and the filter
removed from the suspension and dried in a fume hood for
approximately 2 h. After drying, the filter was re-weighed. The
concentration of particles in the water suspension was further
determined by the difference in filter weight before and after
extraction. Blank filter extractions demonstrated no measur-
able weight loss. Fresh suspensions were prepared for each
experiment and the particle suspensions were further diluted
to desired concentration in cell media immediately before cell
exposure.

2.12 Cell viability (Alamar blue assay)

To investigate the cytotoxic potential of the welding fume
particles, the Alamar blue assay was performed. HBEC-3kt
cells were seeded at 10,000 cells/well in transparent 96-well
plates and exposed to welding fume particles (5—100 pg/mL)
in cell medium for 24 h. The concentration of the solution was
selected with 100 ug/mL as the highest possible relevant dose
for inhalation and then lowered to visualize the onset of toxic
effects. The Alamar blue assay was performed as previously
described by Di Bucchianico et al. [65]. In brief, the exposure
medium was removed and a fresh suspension of Alamar blue
reagent (10 vol.-%) in cell medium was added to the wells and
incubated for 2 h at 37 °C. The fluorescence was subsequently
recorded by a Tecan Infinite F200 plate reader (Tecan Trading
125 AG, Mannedorf, Switzerland) at 540/590 nm excitation/
emission. The average fluorescence intensity for the nega-
tive control was set to 100% viability and used to normalize
the mean fluorescence values of the exposures to % viability.
Three independent experiments were performed (n=3).

2.13 Statistical analysis

Cell viability results are expressed as mean + standard devia-
tion. One-way analysis of variance followed by Dunnett’s
multiple comparison test was used to test for significance
between exposure and control (p < 0.05). Statistical analysis
and linear regression were performed using Graphpad Prism
5.02 statistical software (GraphPad Inc., La Jolla, CA).

3 Results and discussion
3.1 Release of metals

As shown in Fig. la, the highest total metal content was
found for sample MC, but the release of metals into PBS was
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closer to that of FR1, FR2, and FR3 (Fig. 1b). The largest
dissolution of Cr(VI) and Mn was on contrary found for the
standard flux-cored wire FW. Mn was significantly more
soluble in the fume collected from the cored wires than from
the solid wire SW, where instead larger amounts of Ni were
released. Cr(III) was only released in small amounts into
PBS from the metal-cored wire MC. Cr(III), which is not
soluble at pH 7.4, has been reported to be less bioavailable
and toxic than Cr(VI), which is soluble at the physiological
pH [66]. Cr(VI) can as opposed to Cr(III) be absorbed in the

Fig. 1 a Total Fe, Cr, Ni,

Q

cells where it is stepwise reduced to Cr(IIl) [67]. This oxida-
tion state can interact directly with DNA or indirectly via the
formation of ROS [68]. Figures 1c—f show the soluble frac-
tion of Fe, Cr (as Cr(VI)), Ni, and Mn in PBS for the inves-
tigated welding fume samples. Fe was generally very insolu-
ble in PBS due to the pH of the solution (pH 7.4). The Cr
release as Cr(VI) was considerably smaller for the FR1, FR2,
FR3, and MC samples as compared to SW and especially
FW. This was also the case for Ni. For Mn, SW displays the
lowest solubility, while the samples FR1, FR2, FR3, and
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MC have comparable or slightly lower solubility than the
standard flux-cored wire sample FW. An almost complete
dissolution (100%) of Cr as Cr(VI) into PBS was observed
for the sample FW. Whether any Cr was still insoluble in
that case cannot be stated with confidence due to associated
uncertainties (about 20%) of the trace metal analysis and
a possible incomplete digestion in aqua regia (for total Cr
estimation). However, it is clear that the solubility of Cr for
FW is high and far higher compared to the other samples.

3.2 Detailed particle characterization

SEM investigations of the fume particles confirmed the
dominance of nanometer-sized particles (Fig. 2). Compo-
sitional EDS findings are summarized in Tables 4 and 5
and in Fig. 3. Sample SW showed particles rich in the main
alloying elements (Fe, Cr, Ni, Mn, Mo). All cored wires
generated Cr, F, Fe, Mn, and Si, but only the flux-cored
wires showed bismuth (Bi) in the fume. Higher amounts of
K and Na were observed in sample FW, the sample with the

Fig.2 Overview SEM images
at magnifications 2.5 k (SW),
10.0 k (FW), and 50.0 k (FR1,
FR2, FR3, and MC). The
images were acquired with two
different SEM instruments hav-
ing various resolution capabili-
ties

@ Springer

highest Cr(VI) solubility, but Ni was found to be below the
detection limit. Sample MC contained less F, Ti, Mo, and Bi,
and more Mg, as compared to samples FR1, FR2, and FR3.

Few single micrometer-sized particles were also present
in the welding fume. Their composition varied considerably,
suggesting different origins (both flux particles and main
alloying elements) (Fig. 4). The flux-cored wires contributed
both slag formers (TiO, and (Ti,Zr)O,) and metal oxides
with primarily Fe, Mn, Ni, and Cr. The metal-cored wire
showed metal oxides with Fe, Cr, Mo, Ni, and Mn, as well
as Mg/Ca-rich particles. Most of the metal oxides are sug-
gested to exist as Fe oxides with some substitution of other
metals in their matrix. The Ti-rich particles are most likely
rutile TiO, used in the flux for slag formation.

Figure 5 shows the SEM image determined particle diam-
eter size distribution of the welding fume in samples FR1,
FR2, FR3, and MC. For comparison, the TEM-derived size
distribution for sample FW is also included, although these
particles are naturally smaller due to a selection bias in the
sample preparation. Sample MC was slightly smaller in size,
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Table4 EDS compositional analysis of welding fume particle aggregates, in wt.-% with carbon excluded (the particles were mounted on carbon tape). Mean values and standard deviation of

3-5 different areas are shown. Note that only the composition of the aggregates, not the micrometer-sized particles, is included

Cr Mn Fe Ni Zr Mo Bi

Ti

Ca

Mg Al Si

Na

O

Wire

0.90+1.8
3.1+

0.62+1.2
1.3+1.2

6.1+2.8

9.2+39
13+74

1.2+0.66 7.6+4.2
1.4+0.26 5.6+060 9.7+1.9

083+1.2 47+20

0.39+0.77 45+1.6

82+24
9.8+
6.7+1.5

0.94+0.29

2.1+1.5

13+5.0

7.8+22

42+13

FwW
FR1
FR2
FR3
MC

1.8+0.55

2.1+0.17

24+1.1

15+8.4
11+0.79

0.44+0.15
0.34

2.0+0.40

+

27+5.9
33
6.4
40+3.0

26+1.2

1.1+0.43
0.64+0.42

2.1+0.68

12+43

1.6+£0.52 6.1+2.1

0.1

2.1+0.50

4.8+

3.7
2.4
7.2+0.95

13

+ 11+3.3 +
2.5+0.44

0.32+0.080
0.50+0.17

7.8+3.1
3.6+1.2

1.0+0.44

3.1+£044 48+1.6

4.3+098

17+

1.2+0.23

17+4.4

0.39+0.095

0.50+0.23

with a peak around 50-60 nm, as compared with samples
FR1, FR2, and FR3, being predominantly about 80 nm. The
size distribution of welding fume particles depends on the
method used for detection, as it spans all the way from very
small (<20 nm) to micrometer-sized, with the majority of
particles (by number) being smaller than 100 nm.

3.3 Surface composition measured by XPS

The surface compositions (based on XPS survey data) for
the FR1, FR2, FR3, and MC fume particles are summarized
in Table 6. The results are consistent with the EDS findings
with less F, Bi, and Ti, and more Mg for sample MC com-
pared with samples FR1, FR2, and FR3.

The XPS high-resolution data for samples FR1, FR2,
FR3, and MC are summarized in Tables 7, 8, 9 and 10. Mn
was primarily detected in its divalent and trivalent form,
with little or no contribution from the tetravalent form. Cr
was entirely present in its trivalent state, as an oxide and/or
hydroxide. A large fraction of the O signal can be attributed
to SiOx or organic O compounds. F was only present as
fluoride species and Bi in its trivalent form (probably from
added Bi,0;) [68].

No Ni was observed for sample FW. Fe and Ti were pos-
sibly present, but interfered with the F 1 s loss structure and
Bi 4d peaks, respectively. Even though the signal to noise
ratio was low for Cr, Mn, Ti, and Fe, it was evident that Mn
was present in its divalent (74 at.-%), trivalent (19 at.-%),
and tetravalent (6 at.-%) forms. Bi was found as Bi(IIT). The
Si peak position indicated the presence of both silica and
organic silicon. Fluoride was detected. The O peak could
originate from oxide, hydroxide, or defective oxide, as well
as oxygen in silica compounds and organic compounds (e.g.,
adventitious oxidized C).

In all, the compositional XPS analysis of sample FW was
very similar to observations for the samples FR1, FR2, and
FR3, except that the oxidation state of Cr could not be identi-
fied due to low signal to noise ratio. It can be assumed that
its oxidation state is at least partially Cr(VI), as previously
observed for similar samples [19]. No evidence of Cr(VI)
in the outermost (7—10 nm) surface was obtained for either
FR1, FR2, or FR3.

3.4 Toxicity

The effects on cell viability following welding particle expo-
sure for 24 h, assessed by the Alamar Blue assay, are shown
in Fig. 6. Exposure to all samples tested, except sample MC,
resulted in a dose-dependent decrease in viability. The larg-
est effect was observed in response to sample FW, result-
ing in a statistically significant decrease in viability starting
at 25 ug/mL (p <0.001). Samples SW, FR1, FR2, and FR3
resulted in comparable cytotoxic effects of 50-60% viability
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Table 5 EDS results for the SW fume. Mean values and standard deviation of three different areas are shown. Note that only the composition of
the aggregates, not the micrometer-sized particles, is included. O was not detectable with this instrument

Wire F Al Si S Cr

Mn Fe Ni Cu Mo

SW 0.33+0.29 0.40 4.3+0.10 0.23+0.15

18+0.26

12+1 53+0.68 9.5+0.44 0.67+0.65 2.0+0.46

at the highest dose tested (p <0.01). No cytotoxicity was
observed in response to sample MC.

When comparing the survival rate of human bronchial
epithelial cells exposed to welding particles to the soluble
Cr(VD) (in PBS) of the same particles (Fig. 1b), it becomes
apparent that there is an association between these two
parameters. In McCarrick et al. (2019), Cr(VI) release in
PBS was shown to predict the cytotoxic effect of the welding
fumes in human bronchial epithelial cells to a large extent.
To follow up these results, a compilation of results from
the present study and previously published [19, 55, 61] was
made, which confirmed the same linear correlation where
(cyto)toxicity is increased with increased amount of soluble
Cr(VD) in PBS, and vice versa (Fig. 7). No correlation was
found with the other metals (Fe, Mn, Ni), with R?<0.30.

3.5 Weldability

Depending on the type of application, local preferences, and
requirements, different flux-cored wire electrodes may be
preferred. In this work, it was decided to develop a product
with fast-freezing slag for welding in all positions. This type
of wire is most universal and has been reported to generate
the lowest levels of fumes in FCAW [18, 69].

When introducing Cr(VI)-reduced products on the mar-
ket, it is of course important that these show an acceptable
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Fig.3 Relative elemental composition (excluding C) in weight per-
cent of the welding fume determined by SEM/EDS
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weldability. Although the first set of experimental Cr(VI)-
reduced wires used for the work of McCarrick et al. [55]
showed significantly lower toxicity than the standard flux-
cored wires, the weldability may not have been sufficiently
satisfactory to convince all users. Welders aware of health
risks with standard products may accept some deterioration
in the conversion, but could be more motivated to use addi-
tional personal protection equipment such as helmets with
breathing apparatus than a wire causing more rework and
grinding. When evaluating the suitability for a new product,
there are a few critical aspects to take into consideration.
The arc transfer and stability affect the spatter formation,
and the slag cover is crucial for support. Excessive fluid
melts may be challenging to weld out of position, while too
viscous melts can cause uneven bead shapes and slag entrap-
ment. The slag should cover the whole weld bead, be easy
to remove, and not leave any residuals after hand brushing
the surface. Since most slag ends up on the floor, a too thick
slag cover affects the recovery rate and thus the total produc-
tivity. If the slag becomes too thin, it can come off in small
flakes at high velocity and burn the welder’s skin and eyes.
All operators will appreciate if the process parameters are
easy to find and if the wire allows for high welding speed
without causing any disturbances. The goal with the new
wires was to optimize the fume formation rate and reduce
the Cr(VI) content without compromising the weldability.
The outcome was significantly improved weldability as com-
pared to the previous generation of Cr(VI)-reduced wires,
despite elimination or substitution of key components known
to be beneficial for arc stability and slag removal.

3.6 Welding fume particles — morphology
and composition

All welding fume from the cored wires showed larger
agglomerates of tree-like coral shape as previously described
by Kirichenko et al. [70]. The particle size (by number) dis-
tribution ranged as expected from a few nanometers up to
a few micrometers. Visually, the samples were very simi-
lar, but sample MC showed somewhat smaller size than the
samples FR1, FR2, and FR3. Jenkins et al. [30] and Keane
et al. [34] made similar observations for the mass median
aerodynamic diameter of fume generated by the GMAW
process as compared to FCAW. Hedberg et al. [19] found
larger nanoparticles for flux-cored wires than solid wires of
the same alloy type.
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Fig.4 SEM images of microm- a C
eter-sized particles in welding
fume with relative elemental
compositions (excluding C) in
weight percent measured by
means of EDS
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Fig.5 Size distribution (by number) of welding fume particle diame-
ters determined from X 25 k magnification SEM images (primary par-
ticles in aggregates only, no micrometer-sized particles included) for
samples FR1, FR2, FR3, and MC. The size distribution of the sam-
ple FW is derived from TEM images and hence naturally smaller due
to a selection bias, necessary in TEM sample preparation. No data is
available for sample SW

Berlinger et al. [31] saw a correlation between chemical
composition and particle size, with increasing amounts of
volatile elements with larger diameters and related this to
different formation mechanisms. Sowards et al. [38] studied
the fume generated by covered electrodes of E308-16 type
and found that the fractions of Na decreased and Si increased
with the particle size. The surface composition is often quite
different from the bulk and contains considerably larger
fractions of volatile elements such as Na, K, F, and S [31,
43]. Particles have been reported to mainly consist of metal
oxides such as (Fe,Mn);0, for mild steel and K,(Cr,Mn,Fe)
O,, when using stainless steel-covered electrodes, while the
shell (surface) consists of more elements and compounds
such as Si0/Si0O,, NaF and CaF, originating from flux-based
processes [43]. When present, chromates appear to be con-
densed on the surface of the metal oxide particles [20]. This
may influence the toxicity as the outer layers are most likely
first to interact in the body after ingestion or inhalation [36].
Especially Na and K readily react with Cr and O forming
soluble chromates such as Na,CrO, and K,CrO, [16], but
also, other Na and K-rich chromates and di-chromates have
been observed [43, 44]. The FW fumes contained signifi-
cant amounts of Na and K, while lower concentrations were
detected for the newly developed flux-cored wires (FR1,
FR2, and FR3) and minor levels with MC. Although solid
wires are not alloyed with alkaline constituents, Cr(VI)

Table 6 Results of XPS bulk

R Wire Al Bi C Cr F Fe K Mg Mn Mo N Na O Si Ti Ni
analyses in at.-%
FR1 03 03 247 10 246 04 - - 20 0.1 0.6 84 31.1 6.1 0.1 -
FR2 03 03 322 08 181 05 - - 1.7 0.1 0.6 64 334 53 0.1 -
FR3 02 03 358 0.7 193 02 - - 15 0.1 0.7 60 306 43 0.1 -
MC 0.1 - 372 12 91 25 02 19 30 <01 09 25 384 27 - <0.1
Table 7 Proportion of Mn, Cr Mn Cr 0
and O species as identified by
XPS, at.-% Sample Mn,0; MnO MnO, Cr(OH), Cr,0; Hydroxide Oxide SiOy,
organic
(@)
FR1 1.0 1.0 0 0.2 0.8 6.3 2.3 23
FR2 0.6 1.1 <0.1 <0.1 0.7 5.9 5.7 22
FR3 0.7 0.8 0 0.2 0.6 4.2 33 23
Table 8 Proportion of C, Si, F, C Si F Bi
and Bi species as identified by
XPS, at.-% Sample C-C,C-H C-OH, C=0 O-C=0 SiF,? Silica,silicate? Silicone/ Fluoride Bi(IIl)
C-0-C siloxane
FR1 9.6 12 2.8 0.8 0.9 0.8 4.4 25 0.3
FR2 15 13 3.5 1.0 04 0.6 4.3 18 0.3
FR3 15 16 4.3 0.9 0.7 0.7 3.0 19 0.3
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Table 9 Proporti.on of .Of Fe., Fe Mn Cr

Mn, and Cr species as identified

by XPS, at.-% Sample  Fe,0; Fe;0, Fe,0, FeOOH Mn,0; MnO MnO, Cr(OH); Cr,0;
MC 1.0 04 0.3 0.2 2.8 0 0.1 1.1

was still observed in the fumes. It has been suggested that
these may instead originate from the Ni or Mn chromates,
NiCrO, and MnCrO, [43]. Cr(VI) has also been shown to be
included in mixed, possibly amorphous, oxides [19].

3.7 Metals release and effect on toxicity

The viability of lung epithelial cells after exposure to vari-
ous concentrations of welding particles indicate that the
new flux-cored wires may be significantly less toxic than
the standard flux-cored wire, on the level or somewhat bet-
ter than solid wire. This is in agreement with the previous
work presented by McCarrick et al. [55]. The differences
between FR1, FR2, and FR3 were small, which means that
any of these wires can be a possible substitute to FW when
needed. As compared to the use of GMAW, substantially
higher welding speeds may thus be reached without increas-
ing the risk for exposure. As an important new finding, the
MC wire did not indicate any cell death under the investi-
gated doses and conditions. Reasons behind could be more
favorable temperatures and arc stability influencing the
composition (e.g., the manganese speciation) in the formed
fume particles. With these encouraging results, the MCAW
process may be considered as an alternative to both GMAW
and FCAW where applicable.

McCarrick et al. [55] concluded earlier that the new
Cr(VI)-reduced flux-cored wires were considerably less
cytotoxic and did not cause any significant DNA damage
at the doses tested. However, the new wires were found
to cause rather similar inflammatory effects compared to
standard FCW as assessed by cytokine release of human
monocyte-derived macrophages [55]. This suggests that the
presence of other harmful metal components than Cr(VI),
such as Mn, also contribute to the toxicity of welding fume
particles. As previously shown, no correlation was observed
between cytotoxicity and release of Mn, but Mn release was
well correlated to the acellular ROS production [61]. This
is in agreement with Antonini et al. [40], concluding that
the effect of soluble Cr from stainless covered electrodes
on ROS production was low and that other metals may have
a larger effect. Yu et al. [71] concluded that many welding
fume components generated from SMAW of stainless steel
were associated with ROS production, including Cr(VI),
Mn, Fe, and various gases (O3, NO,, and nitrous fumes).
Leonard et al. [13] studied the effect of particle composi-
tion and morphology on the generation of free radicals,
ROS, and ROS-related damage. Fume formed in GMAW

of stainless steel caused more DNA damage than mild steel
due to the presence of Cr and Ni. The greatest free radical
generation was observed when analyzing ultrafine particles,
which agglomerated in large chains, generating a larger sur-
face area where reaction can take place. McNeilly et al. [41]
found Ni-based SMAW to induce significant production of
ROS in A549 cells.

The toxicity of the fume is not determined solely by the
metal composition but also on the release of the metals
[61]. Previous studies have suggested the soluble fraction
of stainless steel fume particles to play an essential role in
the toxicity [40, 41, 55, 60, 72]. Other elements than Cr(VI)
can cause acute systemic inflammatory responses and there
may be co-exposure with other carcinogens such as Ni and
NiO [14, 73]. Badding et al. [57] compared the cytotoxicity
and oxidative stress of fumes generated with a Ni-Cu-based
consumable, intended to replace mild steel and stainless fill-
ers. Although significantly lower Cr(VI) and Mn contents
were confirmed, the cell viability was reduced and more
DNA damage observed. This could partly be due to for-
mation of more Ni in the fumes and the authors concluded
that the replacement material instead could be more toxic.
Ni compounds have been demonstrated to cause oxidative
DNA damage and be carcinogenic [22]. Also, Cu-containing
nanoparticles are highly toxic to lung cells [74].

In studies carried out in vivo, Fe oxide (Fe,O; but
not Cr,0;, CaCrO,, or NiO) was reported to cause long-term
effects such as siderosis (pigmentation in the lungs) and to
promote lung tumors [9, 32, 75, 76]. In addition, particles
may be transported from the lung via the lymphatic and cir-
culatory system to other parts of the body where the toxic
effects may be manifested [20].

Mn in welding fumes can be present in different oxida-
tion states, but is primarily reported as (IT) and (III) in the
oxide spinel phase [28, 42]. Both have been proposed to
increase the dose-dependent formation of ROS, with the
trivalent form being most potent [77]. The welding param-
eters in GMAW of stainless steel have been suggested to
affect the valence states and thus affect the toxicity of Mn
[78, 79]. Keane et al. [78] found MnO, MnO,, and Mn;0,
in welding fumes formed when welding stainless steel
with the GMAW process, but the amounts varied with the
process parameters. The dominating Mn fraction was in
oxidation state (II), but depending on the arc mode and
shielding gas, also phases with oxidation states (III) and
(IV) were observed. In the current study, the predominat-
ing fraction was shown to be Mn(II), followed by Mn(III).
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Table 10 Proportion of O, C, Si, and F species as identified by XPS, at.-%

Si

Fluoride

Silicone/siloxane

Silica, silicate?

SiFy?

=0

0-C

C=0

C-OH, C-0-C

C-C, C-H

SiOx, organic O

Hydro-xide Oxide

Sample

9.1

2.1

04

0.1

1.3

43

16

16

24
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Fig.6 Cell viability of HBEC-3kt cells following 24 h exposure
to welding fume particles assessed by the Alamar Blue assay. The
results are presented as mean=+SD of three independent experi-
ments. Asterisks indicate a significant (*p <0.05) reduction in cell
viability compared to control (100% viability). Ten percent DMSO
was used as a positive control and significantly reduced cell viability
(*p<0.05, **p<0.01, ***p <0.001)
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Fig.7 Regression between release of Cr(VI) from welding fumes
and toxicity. Linear regression between the Cr(VI) release in PBS per
fume mass and cytotoxicity observed after exposure to 50 pg/mL of
welding particles for 24 h. Results from the present work combined
with earlier work [19, 55, 61]

Only sample FW contained small amounts of Mn(IV). This
may be highly relevant as the various manganese oxides
have different solubility and toxicity. In the presence of
fluorides and potassium, KMnF, and K,MnO, may form
[80]. Antonini et al. [40] pointed out that fluorides present
in covered electrodes may affect the toxicity of welding
aerosols. It was also stated that freshly generated stainless
steel welding fume more readily induces lung inflamma-
tion in rats as compared to aged fume. The fume emission
samples in this work were not investigated immediately
upon collection, which may have affected the quantitative
results somewhat, though the ranking is believed to be
unaffected by storage.
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3.8 Protection of welders

Although stainless steel generates considerably more Cr(VI)
than unalloyed and low-alloyed steel, mild steel welders have
also a higher risk of developing severe health issues such as
lung cancer, pulmonary fibrosis, acute respiratory infections,
and cardiovascular diseases [3, 12, 32, 43, 56, 81, 82]. Addi-
tional exhaust may form during other tasks a welder may
perform, such as thermal cutting, grinding, and arc gouging
[14, 83]. Fume can also be generated when welding painted,
coated, or galvanized materials [84]. It is thus always impor-
tant to ensure good ventilation, provide respiratory protec-
tion such as fresh-air supplying masks where needed, and to
train the welders on risks and different protective measures.

It should be noted that there is a large difference between
self-shielded and gas-shielded flux-cored wires, as the for-
mer needs to generate its own shielding gas [46, 52]. More
microspatter forms with the self-shielded type due to arc
instabilities, similar to gas-shielded wires welded with 100%
CO, as shielding gas.

The work environment affects the total exposure to air-
borne particles. As an example, a boiler maker is exposed
to significantly higher amounts of fume and Mn than a pipe-
fitter. Confined and restricted spaces increase the need for
local exhaust ventilation and personal respiratory protection
as compared to working in open space or outdoors [33, 79].
Various recommendations and binding occupational expo-
sure limits exist in most industrial countries to protect work-
ers, and are becoming increasingly stricter as more research
is made available [14, 85-88]. This serves as motivation
for companies to select welding processes and consuma-
bles generating lower levels of harmful elements, but also to
increase the extent of mechanization and invest in suitable
ventilation. It may also push for more health-driven innova-
tion on personal protection equipment and fume extraction
systems. Fresh air supplying welding helmets and special
integrated extraction torches are already available on the
market [53].

When the regional specifications restrict potential expo-
sure to general fume, Cr(VI) and/or Mn even further, the
manufacturers have to consider other alternatives. As the
quantity and constituents of fumes vary with the welding
methods, conversion to other processes may contribute to
reduced exposure [89]. Among available processes, sub-
merged-arc welding (SAW) results in the lowest formation of
fume, ozone (O;), and UV-radiation. At the same time, the
highest deposition rates and productivity can be achieved.
Some disadvantages to consider are that the method is lim-
ited to welding of plates in flat and horizontal positions and
that another process may be needed for the root pass. Gas
tungsten arc welding (GTAW) can be used in all welding
positions, yielding the highest mechanical properties, but
the process is slow and thus more time-consuming. It is the

cleanest manual method when it comes to welding fume,
but substantial amounts of O5 are generated, which is highly
inflammatory and can cause different pulmonary edema and
DNA damage [15, 20, 90]. Wagner et al. [91, 92] have, how-
ever, shown that it may be possible to reduce the O; for-
mation considerably with the GTAW process by selecting
special shielding gases.

Decisions on the welding procedure specification can
have a great effect on the formation of airborne particles.
Since some of the processes represent lower deposition
rates, the total amount of fume generated to complete a
weld should also be considered [53]. If there is an option to
mechanize the process, this would keep the operator further
away from the exposure source. The choice of shielding gas
affects the generation of welding fume. While the majority
of the flux-cored wires have dual classifications and can be
run on both mixed gas and on straight CO,, Ar+18-25%
CO, typically results in the most attractive surface appear-
ance, highest toughness, and lowest FER [18, 26, 83, 93].
The fume generation rate is also increased with the current
[18, 52], which the welding engineer can limit if the loss of
productivity is acceptable [94].

The potential to change to a wire generating less Cr(VI)
may be another alternative. For most alloys, a matching
solid wire is available. Although the same welding machine
can be used, the GMAW process may require pulsing and
special shielding gases to reach a good result for certain
alloys. For some stainless steels, solid wires are more prone
to spatter formation and porosity than cored wires, why more
advanced power sources may be required. As seen in this
study, the metal-cored wire released far less Cr(VI) in PBS
than the solid wire, but also have many of the advantages
of the flux-cored wires. The cored wires enter the favorable
spray arc droplet transfer mode at a much lower wire feed
rate than solid wires [95]. In many applications, significantly
higher welding speed and productivity can be achieved.
Similar to the solid wires, the spray arc needs to be pulsed
when welding out of position with metal-cored wires and the
process becomes fairly slow as compared to FCAW. An evi-
dent risk of changing to a welding method, which results in
lower productivity, is that the engineering companies decide
to relocate the production to other countries (with less strict
occupational hygiene limits) to remain competitive.

4 Conclusions

Austenitic flux-cored wires of E316LT1 type have been
developed to reduce the amount of Cr(VI) in the fume emis-
sions. Aerosols generated from the new consumables were
compared to those formed when welding solid, standard
flux-cored, and metal-cored wires. The collected particles
were subject to investigation with SEM and XPS, where the
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morphology and more detailed compositions were analyzed.
The release of metals was studied after incubation in PBS
at 37 °C, an environment simulating the conditions of body
fluids and suitable for Cr(VI) analysis. The cytotoxicity of
the particles with focus on the viability of lung cells was
assessed with the Alamar blue assay using cultured human
bronchial epithelial cells (HBEC-3kt).

Characterization suggests most particles to be in the
nano-range and hence respirable, but the composition varied
between the different products. Flux-cored wires contrib-
uted Na, K, F, Ti, Zr, and Bi, which were not found or only
available in small amounts for the solid wires, while the
metal-cored wire was unique in that it resulted in some Ca
and Mg. Few micrometer-sized particles were also present in
the collected aerosols from all wires. These were primarily
metal oxides and metals covered with metal oxides, but for
the flux-cored wires, additional slag particles were found.

The new wires generated considerable less Cr(VI) than
the standard flux-cored wire and the weldability has been
improved in terms of arc stability, control of melt, and slag
removal as compared to previously investigated Cr(VI)-
reduced wires.

The solubility of Cr, Cr(VI), Mn, Ni, and Fe affected the
toxicity and a linear correlation between cytotoxicity and
Cr(VI) release was found. The standard flux-cored wire
showed the largest release of Cr(VI) and Mn into PBS and a
corresponding decrease in cell viability could be confirmed.
Significant amounts of Cr(VI) and Ni were released for the
solid wire, while the fume-reduced flux-cored wires instead
contained substantial amounts of Mn. Despite the obvious
difference in metal composition and release, the toxicity of
these wires was relatively similar. The fume generated by the
metal-cored wire also contained and released large amounts
of Mn and some Ni, but had no negative effect on the sur-
vival rate of the cultured human bronchial epithelial cells.

In all, weldable alternatives to a standard 316L flux-cored
wire have been developed, which result in fumes with sig-
nificantly lower cytotoxicity, emission, and soluble Cr(VI).
As Mn and other potentially hazardous metals are still pre-
sent, inflammatory and long-term health effects should not
be disregarded. Good ventilation and personal protection are
always important during welding operations.
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