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Abstract: One of the emerging risks in the engineering and electronic industries is
the exposure of workers to ultrafine particles during (micro-)welding operations,
i.e., processes used for joining two metal parts heated locally, which constitute the base
metal, with or without addition of another metal which is the filler metal, melted between
the edges to be joined. The process is accompanied by formation of metallic fumes arising
from the molten metal as well as by the emission of metal fumes of variable composition
depending on the alloys welded and fused. The aim of this paper is to investigate the number,
concentration and size distribution of submicron particles produced by (micro-)welding
processes. Particle number size distribution is continuously measured during
(micro-)welding operations by means of two instruments, i.e., Fast Mobility Particle Sizer
and Nanoparticle Surface Area Monitor. The temporal variation of the particle number size
distribution across the peaks evidences the strong and fast-evolving contribution of
nucleation mode particles: peak values are maintained for less than 10 s. The implication of
such contribution on human health is linked to the high deposition efficiency of submicronic
particles in the alveolar interstitial region of the human respiratory system, where gas
exchange occurs.
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1. Introduction

In the engineering industry, a large variety of manufactures from small metal objects up to large
machines is produced. The production cycles of the engineering industries are generally very simple.
They start from raw materials that may be metals in bars, rods or coils whereas the operations involve
cutting machines, bending, drilling, pressing, grinding, turning operations, use of milling cutters and
drills. Work centers vary for preparing the various parts to be welded or screwed or assembled.

Among the various risks associated with these processes (e.g., generic dust from grinding and/or
sanding, polishing, calendering, nuisance dust in the case of epoxy coatings, respirable dust, crystalline
silica, mists of mineral oils, solvent vapors) [1], fumes from welding pose a complex risk [2—7].
In these fumes, various components may be present both in gaseous phase and solid state (particles at
different size, ultrafine particles—nanoparticles, inhalable dust, respirable dust) [8,9].

The welding, one of the most common procedures in such industries [10,11], is a process used to join
two metal parts heated locally: this can occur with or without addition of another metal, which is
the filler metal [12,13], melted between the edges to be joined. The welding is heterogeneous when
the molten filler material, which necessarily must have a lower melting point, shows a different
composition from that of the pieces to be welded; this is the case of brazing in all its variants. Otherwise,
the autogenous welding provides the fusion of the base metal (filler) which therefore must have a similar
composition, or the fusion of only the edges to be welded pushed together by means of pressure (gas
welding or electric arc) [14]. Brazing is carried out by placing the base metal so that, between the parts
to be joined, there is a space both for allowing the filling of the joint and obtaining a connection for
wetting and capillary action [15]. Depending on the lower or higher melting point of the filler metal,
brazing stands in soft and hard. The soldering uses filler materials with melting temperature <450 <C;
the filler materials are typical tin/lead alloys.

On the other hand, micro-welding is largely used in high-tech applications, especially for electronic
devices [16,17]. The solder in electronics [18] has the main goal to ensure a good electrical connection
between the parts to be welded [19-21]. It is also important and necessary to ensure a rigid mechanical,
sturdy and long-lasting connection between the two metal surfaces. It is well to specify that the weld
does not realize a simple ‘bonding’ but between the solder and the material it will form a thin transition
layer consisting of an alloy composed of solder alloy and the material, the layer of which is called
alloying. In fact, during the welding of Cu wire with Sn-Pb alloy, a layer of Cu-Sn-Pb is formed: it
ensures good mechanical and electrical connections [22]. If this layer is not formed, the welding is poor
(cold welding) and both the electrical and mechanical connections are poor. Micro-welding is based on
different technologies and equipment: these have the scope to be able to perform welding on thin or
delicate materials. The welding processes are designed to maintain tight operational tolerances and to
not interfere with product function and quality. Most of the micro-welding operations are carried out
under microscope with suitable miniature tools to place exactly the hardware elements and filler metal (if
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present), and to control performance [23]. Devices where components are welded need that
the equipment used for micro welding is able to locate the hardware itself with the required precision.
The required amount of energy for welding is deposited in the exact spot. Although micro-welding, also
called precision welding, is not a standard term identifying a specific process, and recognized as such
by the AWS Terms and Definitions Committee, it is a loose description of any process applicable to thin
or tiny joints for the purpose of establishing a permanent connection. Also, there is not yet universally
accepted consensus on size. A common definition considers micro welds as all those having fusion zone
dimensions less than 100 um. Another definition would accept welds less than 0.5 mm wide as micro
welds. Practically, any welding process suitable to be miniaturized in order to accomplish required
diminutive welding could be included in the micro welding term. The following processes have been
applied with success to micro-welding: resistance, flash, arc (TIG, MIG and plasma) and laser [24].
Also, electron beam welding could be considered for miniature welding. Applications include tiny
medical implants, lamps and lighting assemblies, jewelry, dental appliances, aerospace items, hermetic
sealing, batteries, thermocouples, wires, TV tube parts, sensing devices, electronic instrumentation,
molds and tool build up and many other types of miniature work [25].

This paper shows the evaluation of number particle size distribution and relative surface area of
submicron aerosol during (micro-)welding operations and, in particular, our attention has been focused
on the particles in the nucleation mode (5.6-16 nm): number concentration levels and behavior will be
reported and debated according to the ‘hard-welding’ and ‘soft-welding’ investigated in this study.
Further, a model describing the fate of such particles in the respiratory system in terms of deposition
dose will be described: the evaluation of the deposited aerosol doses will be discussed in relationship
with the particle diameter and the generations in the respiratory tract during welding operations.
This information will be useful for understanding the risk of the workers exposed to welding
(fumes) aerosol.

2. Results and Discussion

Real-time samplings were performed during repeated operations of Sn-Pb micro-welding under
suction. Figure 1a shows the trends of the temporal evolution of submicron particles (5.6-560 nm).

Firstly, it can be seen how the total number of particles produced is of the order of a million (over
10° # cm™3) with a difference of 10 # cm™ compared to the background level (around 10° # cm™3).
In detail, it is very interesting to note that particles in nucleation mode (5.6-16 nm) can be an important
fraction: they are averagely 30% of the total fraction. Welding aerosols are initially formed from
the nucleation of vapors emanating from the superheated metal droplets located within the arc, and from
spatter particles ejected from the welding process [26]. The collision frequency of freshly nucleated
particles with larger particles is high due to the Brownian diffusion enhanced by the high temperatures
reached during welding, and to the high particle concentration. As a consequence, these particles are
quickly formed and are removed to form larger particles, and aerosol size distributions quickly evolve
with time. In case of repeated micro-weldings (basically, 8-10), when the dispersion of the particles is
only limited by time factors, but permitted by a suction system, higher percentage ratios (up to
45%-50% of the total particles) are also reached. The micro-welding operation averagely produces
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92000 # cm™3 (max 1.4 x<10° # cm~3) particles in contrast to the average number of particles produced
during industrial welding operations (about 3 <10° # cm™3, max 2 x<10° # cm3) [27].
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Figure 1. Performance of the three investigated modes (6-560 nm blue line, 5.6-16 nm

red line, 19-560 nm green line) (a) and the particle surface area (b) during the Sn-Pb
micro-welding operations.

Figure 1b shows the simultaneous trend of the surface area of the particles during the same operation
reported in Figure 1a: also in this case, there is a periodicity due to the repetition of the operation carried
out. The measurement of the surface area is an important indication from the point of view of human
health: the parameter thus becomes fundamental in the study of the depositions (total deposited alveolar
surface area 0.012 cm?) along the respiratory tree with the relative doses. Stoeger et al. [28] showed that
deposited surface area represents a valuable reference unit for the assessment of causative health effects
for carbonaceous UFPs. Moreover, they demonstrated the existence of a threshold for the particle surface
area at an instilled dose of approximately 20 cm?, below which no acute proinflammatory responses
could be detected in mice.

Figure 2a shows the behavior of the submicron particles during brazing operations. Such brazing
operations are carried out in different environments than those where micro-welding operations previously

analyzed are carried out: in this area, there are several sources of particles, external sources causing
an elevated background level.
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Figure 2. Performance of the three investigated modes (5.6-560 nm blue line, 5.6-16 nm

red line, 19-560 nm green line) (a) and the particle surface area (b) during the Cu-Al
soldering operations.

In such measures (Figure 2a), it can be noted how the background level is very high, around
1+3 x10*# cm3, whereas maximum particle peaks during similar operations are not so high. Moreover,
particles in the nucleation mode exhibit different temporal trends: while the particles in
the mode 5.6—16 nm decrease in number during the operations, and the particles in the mode 19-560 nm
decrease, or at least remain constant, due to accumulation phenomena occurring in atmosphere. This can

be explained by Figure 3 where particles in the nucleation mode are rapidly formed and are quickly
removed by collision with accumulation mode particles.
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Figure 3. Temporal trend of aerosol size distribution (# cm3) during the Cu-Al soldering.
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Figure 2b shows the trend of the particle surface area: a very different behavior than previously
studied (total deposited alveolar surface area 0.245 cm?) can be evidenced. In this case, the trend is
continuously increasing, qualitatively very similar to the performance of the particles in the mode
19-560 nm with the exception of some peaks (negative) in correspondence with the operation change
(further addition of borax on the sample to be brazed).

It is interesting to analyze the correlations between particles and surface area for the micro-welding
and the brazing as well. Excellent correlation (r?> 0.95) is noted between the number of particles in
the mode 5.6-560 nm and the surface area during the brazing process, whereas this correlation is not
good for the micro-weldings (r? 0.25): this is probably due to the different surface action employed
during brazing and so the measurements are statistically more correlated. Inside of the measures for
a same process, however, the correlations between the total particles (5.6-560 nm) and those in
the nucleation mode (5.6-16 nm) or those in the accumulation mode (19-560 nm) are good for
the micro-weldings (0.59 per particles in the nucleation mode and 0.96 for the particles in
the accumulation mode) whereas show values contrasting for brazing (—0.29 for the particles in
the nucleation mode and 0.99 for the particles in the accumulation mode).

Figure 4 shows the trend of total particles (5.6-560 nm) and particles in the mode 5.6-16 nm in
the welding area during a typical MIG operation (electrode E 7018; heat input 0.43 kJ mm™).
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Figure 4. Submicronic particles (5.6-16 nm red circles; 5.6-560 green diamonds) and
geometric mean diameter (blue triangles) during a Metal Inert Gas (MIG) welding.

The welding operation was carried out with suction whereas the sampling probe is positioned close
to the respiratory system of the worker. This operation causes an instantaneous increase in the number
of total particles and, in particular, ultrafine particles. Moreover, the considerations reported for
Figure 1 as to nucleation mode particle can be easily seen in this figure where such particles steeply
increase and become an important fraction of the total particle concentration (see box in Figure 4).
In fact, the greatest increase is due to the particles with particle size 5.6-16 nm (about 3 orders of
magnitude, up to 10° particles cm™2), whereas the particles between 5.6 and 560 nm reach a maximum
value over 2 x 10° particles cm™3. At the end of the welding operation, which lasted about 2 min,
the particles in the range 5.6-16 nm employ a latency time of about 3 min for returning to their plateau
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value around 25,000 particles cm™3. The proceeding of the welding particles in the size range
5.6-16 nm are greatly dispersed; this is due to the generation process in progress (welding) and
the simultaneous removal, particularly efficient for these particles and due to their Brownian diffusion,
and to the coagulation process after their collision with other particles. The particles in the mode
19-560 nm have, however, higher atmospheric residence times since both Brownian diffusion and
the gravitational sedimentation are of poor efficiency for them.

After about 40 s from the start of welding, the particles in the nucleation mode increase from 7%—-60%;
simultaneously, geometric mean diameter (GMD) decreases from 60 nm to about 18 nm. The highlighted
part of this figure provides an attempted estimated of the doses that are deposited in the respiratory tract.

It should also be considered that the toxicity of welding fumes depends both on their chemical
composition and the ability to penetrate and accumulate in the lungs. Their penetration and deposition
in regions of the respiratory system is determined mainly by the size of the particles. An important part
of this study is the estimation of the dose of aerosol deposited in function of the particle diameter and
the generations of the respiratory system for a worker.

Ultrafine particles are extremely small when compared with the cellular structures and have a high
surface area per unit mass [29-31]. They form aggregates and are easily deposited as aggregates in
the lungs, where it can then disaggregate. About this, it should be noted that the measurements performed
in this study show high concentrations of particles with numerical size less than 1 um, in particular those
in the nucleation mode. There are studies documenting the adverse effects of ultrafine particles [32—36]
while current research is seeking to understand those mechanisms [37-39]. In any case, the high surface
area of these particles seems to lead to phenomena of oxidative stress, and changes in calcium levels in
macrophages and epithelial cells (promoting inflammatory mechanisms). For such particles, the surface
area, rather than the mass, is the measure of the dose that best predicts the lung response, with important
consequences for the occupational standards currently based on the particle mass [40,41].

The choice of the type of welding with respect to another one derives essentially from the type of
welding: the particle production and their evolution are shown in detail in Figure 5, where in highlight
it is also shown the size distribution of the particles in the range 5.6-560 nm at the maximum peak
(2 %< 10% # cm™). In particular, from the analysis of the latter figure a bi-modal performance of
the particles are evident with maximum peaks at 12 nm and 18 nm with values reaching 2.8 <10° # cm™3
for the mode at 12 nm, whereas the particle number drastically decreases for particle sizes greater
than 100 nm.

The possibility to monitor this rapidly evolution, reported in Figure 6, is fundamental in the study of
dose deposition in the human respiratory tract. In this case the use of FMPS is critical because it allows
for a high temporal resolution [42]: in fact, the size aerosol distribution is measured every second (1 Hz).

The assessment of the doses was performed by the MPPD model: it calculates the deposition and
clearance of aerosol mono- and poly-disperse, from ultrafine particles (<100 nm) to coarse mode
particles in the human and rat respiratory systems; it considers the efficiency of particle deposition by
diffusion, sedimentation and impact.
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Figure 5. Evolution of the particle number concentration during an entire welding operation
along with the highlight showing the particle number size distribution at the maximum
particle generation peak.
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Figure 6. Dimensional distribution showing the rapid temporal evolution of particles during
welding operations (Fast Mobility Particle Sizer software, release version 3.1.0.0, TSI,
Shoreview, MN, USA).

In Table 1, the parameters of the model Multiple-Path Particle Dosimetry (MPPD) [43-45] used to
evaluate the deposition of particles in the respiratory tract [46,47] during the welding operation described
in Figure 4 are reported.

Furthermore, the doses are calculated as a function both of the particle size and the generations of
the respiratory apparatus (28 considering the trachea as generation 0). Such model includes single-path
and multi-path methods for the calculation of the airflow and the aerosol deposition. On the other hand,
the modeling of the human respiratory tract is based on an asymmetric stochastic model of the lungs:
five symmetrical lobes (three lobes on the right side, two lobes on the left side) but each lobe is
structurally different.
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Table 1. Multiple-Path Particle Dosimetry (MPPD) model parameters.

Stochastic Lung 60th Percentile Data
Functional Residual Capacity (FRC) 3300 mL
Upper Respiratory Tract (URT) volume 50 mL
Particle density 3.7gcm?®
Breathing frequency 20 per minute
Tidal volume 1250 mL
Inspiratory fraction 0.5
Pause fraction 0
Breathing scenario nasal
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Figure 7 shows the deposition in the respiratory tract during the welding: 9.8 > 10° particles are
deposited in the respiratory tract after approximately 80 s while the maximum deposition is at the 21st
generation (8.93 x10° particle after 80 s).

Finally, Figure 8 shows the variations both of the dose deposited for each generation (red line) and
the cumulative dose deposited (blue line) during a single welding process whereas the Figure 9 shows
a contour plot where airway generation numbers are plotted vs. particle diameter. Analyzing both
the graphs, it can be seen how the main contribution is due to the particles in the nucleation mode
(maximum deposition for particles of 10.8 nm at the 20th generation, Dmax, 1.36 <107 particles) while
it is estimated that the density of deposition is the maximum at lobar bronchi (third generation) for
particles of 10.8 nm (the maximum deposition density calculated overall size class-generation number
data pairs, Tmax, is 8.40 %< 10* particles cm™).

Figure 7. Contour plot showing the particle deposition for each generation number during
a welding process: maximum deposition at the 21st generation 8.93 x10° particles (D®: total
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3. Experimental Section
3.1. Materials and Methods

This paper investigates the temporal evolution of submicron particles in the range 6-523 nm particle
size (calculated as electric mobility diameter) and in particular the particle behavior in a size range
(5.6-16 nm) that is representative of the nucleation mode. All the experimental measurements are started
before the holding of the welding operations and are terminated after several minutes (between
10 and 20 min, in general) so as to restore the background operating conditions of the acquisition system.
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The measurements were carried out both in the presence and absence of suction and ventilation devices.
This measure has been used the Fast Mobility Particle Sizer TM Spectrometer (Model 3091 FMPS, TSI,
Shoreview, MN, USA), a well-known instrument with high resolving size and time resolution, which
allows collection, counting and provide the size distribution of particles with size from
5.6-560 nm [48,49]. Unlike the Scanning Mobility Particle Sizer (SMPS) [50,51] sampling takes place
every second [52,53].

This instrument charges the particles due to collision with an ionized gas; the particles thus charged
are separated in function of their electrical mobility through flowing into a further electric field generated
by electrometers. The instrument has 32 channels used for the separation of the particles. This tool,
one of the most technologically advanced in the field of aerosol, allows to obtain the particle size
distribution in the entire dimensional spectrum explored in a very short time (1 s). This occurrence allows
to observe the ultrafine particles produced by combustion phenomena with respect to the particles formed
by agglomerations of smaller particles (coagulation and/or gas-particle condensation), following
simultaneously the kinetics of formation.

Over the FMPS instrument, a Nanoparticle Surface Area Monitor (Model 3550, TSI, Shoreview, MN,
USA) was used for measuring the human lung deposited surface area of particles (expressed as
um? cm~3) corresponding to tracheobronchial (TB) and alveolar (A) regions of the lung depending on
the ion trap voltage [54]. The NSAM provides a simple and fast solution for detecting the surface area
equivalent dose in the lung of particles in the size range of 10 to 1000 nanometers. The instrument is
based on diffusion charging of sampled particles, followed by detection of the charged aerosol using
an electrometer. The aerosol sample is drawn into the NSAM passing through a cyclone with 1 um cut
point. The aerosol moves on to the electrometer for charge measurement. In the electrometer, current is
passed from the particles to a conductive filter and measured by a very sensitive amplifier. The charge
measured by the electrometer is directly proportional to the surface area of the particles passing through
the electrometer. The ion trap voltages are optimized to correspond to the ICRP model-based
tracheobronchial and alveolar lung deposition curves [55], and the NSAM indicates the lung deposited
surface area, not the total active surface area of the aerosol sampled.

3.2. Welding and Brazing Operations

The measurements, repeated in several stages have been performed in different work processes: in
the assembly, micro weldings of electronic circuits and/or connections have been carried while in
the brazing area solderings were performed with brazing filler metal without melting the metal welding
(Figure 10). The sampling probe was located on the worker’s lapel.

In Pb and Sn micro-welding, the process took place under vacuum system (suction Weller WFE 2ES,
Sparks, MS, USA; suction flow conveyed in a closed container with, in series, a pre-filter to reduce
particulate and an activated carbon filter). The entire working operation of the micro-welding has
occurred at the tip temperature of 320 <C (with a peak of 380 <C); the thread of Sn/Pb (ratio 60/40) is of
Sn section 0.5 mm. During the soldering/desoldering operations, a solution of alcohol and chloroform
was used as a fluxing.
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Figure 10. The micro-welding operation under suction (sampling probe was located on
the worker’s lapel).

After, the exposure was evaluated in the brazing process. The material to be welded is Cu or Al,
welded with filler material that is castolin (based-silver alloy) and alloy Al-Si, respectively. Aspiration
is performed from the bottom (carbon filters, SAF-FRO Saldidactic Professional Welding Fumes
Electrostatic Filtering System, Air Liquide Welding, Cergy-Pontoise, France); the temperature reached
is of about 800 <C. During the brazing operation borax is used. The welding torch is based on
an oxy-acetylene flame. In this type of process (strongly dependent on the demand of the market),
the operator is involved an average of 10 days per month with an average of 4 h per day.

4. Conclusions

The results of this study confirm that in the engineering industry and, particularly, during welding
operations, there is significant production of submicronic (and ultrafine too) particles. Due to their size
(<100 nm), they manage to reach the deeper portions of the respiratory system, spreading into the alveoli
and reaching the bloodstream.

The analysis of the temporal distributions of particle size also highlights the following points:

v very fast evolution of the particle size in the range of 5.6-560 nm during welding operations, in
particular those in the nucleation mode;

v’ importance of measures at high temporal resolution (1 s) performed by FMPS for evaluating
the particle size distributions during generation;

v’ the total deposited alveolar surface area values are 20-fold higher for Cu-Al soldering than
the Sn-Pb micro-welding. To the authors’ knowledge, studies correlating surface area to health
effects have not been performed on metal fumes; nonetheless, the data obtained in this study
represent a useful reference to interpret the health effects observed for welders;

v" due to their high particle deposition efficiency in the human respiratory system, such particles
pose a (potential) risk to the human health associated with their high number, concentration and/or
surface area. They should be the subject of further studies to continuously evaluate and monitor
their effects.
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