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Abstract
The objective of this study was to estimate the particle emission rates, human dose and retention from two arc welding pro-
cesses and cutting of stainless steel. The two arc welding processes were Shielded Metal Arc Welding (SMAW) and Tungsten 
Inert Gas (TIG). In a simulated confined workspace of experimental chamber under controlled conditions, four different 
scenarios were considered, including the use of filtering face piece respirator (FFR), leaving or staying in the workspace 
after the emission. Deposited and retained dose in the respiratory tract was assessed for the different regions of the human 
respiratory tract using a dosimetry model (ExDoM2). The three investigated processes generated high particle number con-
centrations ranging from 2.4 to 3.6 × 106 particles/cm3 and were the highest during TIG. Among all three processes, PM10 
concentrations from cutting reached the highest levels [11 and 22 (× 103) μg/m3], while SMAW had the highest contribution 
of fine particles [~ 4.1 (× 103) μg/m3], consisting mostly of PM1–2.5. The examination of different scenarios revealed that there 
is only a slight difference in respect to deposited dose while staying in the workspace for the entire investigated time period 
(4 h) with or without use of Filtering Facepiece Respirator (FFR). It would be more beneficial in respect to deposited dose 
if the exposed subject was not wearing a FFR during the emission process and would leave the polluted workspace immedi-
ately after the emission period. In the first two scenarios (staying 4 h in the polluted workspace with and without FFR), both 
welding processes had higher cumulative deposited (~ 23%) and retained dose (~ 20%) in thoracic region compared to cutting 
(~ 9% and ~ 7%). These results demonstrate that even a short emission period can cause a considerable increase in concentra-
tions of harmful respirable particles, thus increasing the human dose. The approach applied in this study could be used for 
the determination of personal exposure and dose to particles of known composition particularly in confined workspaces.

Keywords  Arc welding · Stainless steel cutting · Chamber study · Particle emission · Human dose · Cutting of stainless 
steel · Aerosol emissions · Simulated confined workspace

1  Introduction

Arc welding is a common unit operation in the construc-
tion industry, where frequent changes in location and weld-
ing position make it more difficult to control fume expo-
sures than in industries where fixed locations are the norm. 
Shielded Metal Arc Welding (SMAW; also known as Man-
ual Metal Arc Welding—MMAW or ‘stick’ welding), is a 

manual arc welding process that uses a consumable elec-
trode of a proper composition for generating arc between 
itself and the parent work piece. In SMAW, the electrode 
is a metal rod or stick held in the torch with a small clamp. 
The rod has a solid coating of inert materials which vapor-
izes during welding. This creates an inert cloud or gases 
which protect the molten metal and displace any oxygen 
that might come into contact with it. The gas cloud settles 
on the pool of molten metal as it cools, and is referred to as 
‘slag’. The disadvantage to SMAW is that the slag must be 
chipped off of the weld after it cools, and can sometimes 
infiltrate the weld causing weakness. Tungsten Inert Gas 
(TIG; also known as Gas Tungsten Arc Welding—GTAW), 
is an arc welding process in which heat is generated by an 
electric arc struck between a non-consumable tungsten 
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electrode and the work piece. Flux is not used in the pro-
cess and the weld pool is shielded by an inert gas (Ar, He, N 
or as mixture with CO2) protecting the molten metal from 
atmospheric contamination. The heat produced by the arc 
melts the edges of work pieces and joins them, filler rod/wire 
may be used, if required. Tungsten withstands the heat of 
welding, significantly less fume is generated in comparison 
with SMAW, and is usually reserved for specialized types 
of welds (Antonini 2014).

Welding fumes appear when the arc between a special 
electrode and a weld material produces evaporation of the 
welding consumables. The high-temperature multicompo-
nent vapor is forced up from the bottom area of the arc col-
umn to the low-temperature environmental air and forms a 
vapor–gas mixture as a result of mixing with air (Su et al. 
2019; Baracchini et al. 2018). The vapor–gas mixture cools 
down during mixing with air, and reaches a temperature 
of phase transition, when the primary particles of welding 
fumes are formed. Their chemical composition and size dis-
tribution are of great importance since they determine the 
physicochemical properties of the welding fume (Berlinger 
et al. 2011; Oprya et al. 2012; Vishnyakov et al. 2019). The 
dusty plasma behavior (strong ionization of the environ-
ment created by electric-arc discharge formed between the 
electrode and the weld material) was studied by Vishnyakov 
et al. (2014a) in the process of coagulation of the primary 
particles, which are formed as a result of the nucleation and 
nuclei growth in the condensable high-temperature vapors. 
The study found that the agglomeration of the ultrafine par-
ticles (~ 2 nm) occurred in two stages. In the first stage the 
chain-like agglomerates were formed rapidly, and then they 
associated with the cluster-like agglomerates, and the final 
agglomerates (inhalable particles) had bimodal size distribu-
tion with different chemical compositions and fractal dimen-
sions. The agglomerates are kept together by van der Waals, 
electrostatic and magnetic forces (Antonini 2006). These 
agglomerates consist of long chains, frequently of hundreds 
of fine particles, are rather stable and retain their agglomer-
ate structure in the process of their separation with an elec-
trostatic classifier of SMPS or with a cascade impactor.

Ennan et al. (2013) demonstrated that the inhalable par-
ticles of the welding fume have three-modal particle size 
distribution, when electrodes with rutile (such as the one 
used in this study) and carbonate-fluorite covers are applied. 
The first mode (content of 80–90%) is represented by the 
agglomerates of small primary particles which are formed as 
a result of nucleation and growth of the nuclei in the liquid 
phase. The second mode (10–20%) is a product of associa-
tion of the small primary particles with the large primary 
particles, which are formed as a result of the coagulation of 
the nuclei in the liquid phase. The third mode (0.02–0.2%) 
is the coarse fume particles.

Welding exposure is also a common cause of work-related 
asthma (WRA), which includes both occupational asthma 
(OA, new-onset asthma related to sensitizers or irritant work 
exposures) and work-exacerbated asthma (WEA, pre-exist-
ing asthma that worsens on work exposures). Banga et al. 
(2011) found that exposure to welding fumes was the fifth 
leading cause of WRA among workers in Michigan, US. 
Antonini et al. (2011) reported respiratory effects among 
welders including bronchitis, airway irritation, lung func-
tion changes, and a possible increase in the incidence of 
lung cancer. Welders may be exposed to ultrafine particles 
(UFP; ≤ 100 nm) (Debia et al. 2014; Graczyk et al. 2015; 
Ward et al. 2020) and a variety of toxic airborne contami-
nants including manganese (Mn) and hexavalent chromium 
(CrVI) (Hobson et al. 2011). This issue of occupational UFP 
exposures is of increasing importance as evidence suggests 
that UFPs are potent triggers of oxidative stress, systemic 
inflammatory and may contribute to adverse respiratory 
outcomes as specific exposure to welding fumes is known 
to cause respiratory health problems (Järvelä et al. 2013; 
Kauppi et al. 2015).

General ventilation systems, consisting of both supply 
and exhaust, mechanical, natural, or a mixture of both might 
prevent or minimize the respiratory hazards of welding 
fume. The most efficient and economical method of weld-
ing contaminant control in the breathing zone of the welder 
is local exhaust that captures the contaminants at or near the 
source (Flynn and Susi 2012). When ventilation controls 
fail to reduce the air contaminants produced by welding to 
allowable levels (Pouzou et al. 2015) or when the use of 
ventilation is not feasible (e.g., welding in confined spaces), 
personal respiratory protective equipment, such as filtering 
facepiece respirator (FFR) should be used for protection 
(Lehnert et al. 2012) from exposure to hazardous levels of 
airborne contaminants of full-time welders (boilermakers, 
pipefitters, construction workers, shipbuilders, automotive 
workers). When welding in a confined space (area with poor 
ventilation that has limited space, entry or exit, such as stor-
age tanks, holds of ships, boilers, furnaces, tunnels), all the 
hazards that are associated with normal welding are ampli-
fied (Bowler et al. 2007).

However, up to this day, there is just a limited research on 
emission rates and resulting exposure dose from welding in 
confined workspaces in regards to both, field and simulated 
studies. Hazardous gases and fumes may accumulate rapidly, 
thus causing a reduction in safe, breathable air (Hanley et al. 
2015; Paridokht et al. 2023). Computational fluid dynam-
ics (CFD) was used by Tian et al. (2016) to investigate the 
transport and deposition of welding fume agglomerates in 
a realistic human nasal airway and found that a very small 
fraction of the inhaled welding fume agglomerates is dis-
persed into the nasal olfactory mucosa, and did not reach 
the olfactory bulb within the brain. The majority of particles 
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passed through the nasal barrier and penetrated deep into 
the lungs.

The aim of the current study was to estimate the emission 
rates, and human dose and retention from two arc welding 
processes, SMAW and TIG. Additionally, cutting of stain-
less steel (SS) was also investigated as this process many 
times accompanying the welding (Serfozo 2017). In a simu-
lated confined workspace of experimental chamber under 
controlled conditions, 4 different exposure scenarios were 
considered, including the use of FFR, leaving the work-
space or staying in the workspace after the emission. In this 
study, total deposited dose in the Respiratory Tract (RT) was 
assessed for the extrathoracic and the thoracic region of the 
human respiratory tract, subsequently, cumulative retention 
in extrathoracic and thoracic regions, Gastrointestinal (GI) 
tract and blood was also calculated. Dose and retention from 
SMAW, TIG and cutting of SS were calculated for exposure 
period of 4 h under 4 different scenarios where the emission 
period occurred in the first 5 min.

2 � Experimental

2.1 � Materials and Methods

Measurements were conducted in a small stainless steel 
environmental chamber with volume of 7.56 m3 (Serfozo 
et al. 2018). The flow through the chamber was 5.3 LPM 
measured with Gilibrator-2 (Standard cell, Sensidyne, USA), 
thus, the air exchange rate (AER) was equal to 0.044 h−1. 
Additional pump to increase the Air Exchange Rate (AER) 
was intentionally not employed to simulate confined welding 
workspace. Its interior dimensions are 2.50 × 2.39 × 1.27 m3 
(H × L × W), built from double-layered drywall (75 mm) 
with aluminum skeleton and interior surface covered with 
1.5 mm thick Stainless Steel (SS) sheets. Outdoor air enter-
ing the chamber is purged through HEPA filter (type H14; 
610 mm × 305 mm × 69 mm; 99.995% removal efficiency). 
Chamber features fixed window (510 × 410  mm), door 
(2110 × 805 mm), two openings for inlet/outlet, and a sealed 
tube opening for a glove (PVC Gauntlet) designed to enable 
operating inside the chamber without entering it. The inlet of 
the sampling point was in distance of 1.2 m from the emis-
sion source. Chamber and the sampling tubes were tested 
for leaks prior to the beginning of the measurements and 
the particle number and mass concentration were monitored 
continuously. Uniform particle concentration was ensured by 
fan operating at 1200 rpm. The air temperature and relative 
humidity inside the chamber during all the measurements 
was on average 25 ± 1 °C and 45 ± 1%, respectively. Metal 
used to weld and cut in all experiments was stainless steel 
tube (100–150 mm) with rectangular profile and wall thick-
ness of 2.5 mm.

SMAW was performed by Gysmi 164 Inverter (Gys, 
France) with Fincord-M (350 mm, Ø = 4 mm) rutile medium 
coated electrodes (Oerlikon, Switzerland) at 90 A of direct 
current (DC), which was sufficient enough considering the 
SS tube wall thickness. In total, one electrode was used for 
both SMAW welding processes (1/2 electrode per process). 
In this study, TIG welding by fusion (i.e., without a filler 
rod) was performed by Fronius Magic Wave 2000 (Fronius, 
Austria) with argon (100% Ar) as an inert gas at DC of 90 A. 
For the cutting experiments AG 115 SS-DC angle cutter 
(Kraft Tech, China) equipped with Speed Plus 200 Green 
cutting disc for stainless steel (Zebra, Würth, Germany) was 
employed to cut the SS tube. The net duration of the emis-
sion source was approximately 3 × 20 s and 2 × 60 s (total 
time period of 5 min per experiment) for welding processes 
and cutting, respectively. These relatively short emission 
periods are based on limitations of the used instrumenta-
tion where after certain concentration limit flow rate and 
coincidence error occurs. Each experiment was done two 
times in a row for each process on a same day with a mini-
mum of 4–6 h between the processes, and measurements of 
different processes were conducted on different days. The 
effect of different current, welded metal, welding duration, 
distance of sampling point or AER was not examined (Ser-
fozo et al. 2017a).

2.2 � Instrumentation

Condensation Particle Counter (CPC 3775) was employed to 
measure the total particle number concentration, an OPS to 
measure the mass concentrations of different particles sizes 
(both TSI, Inc., USA) and a PhoCheck instrument (ION Sci-
ence) for the estimation of the total volatile organic com-
pound (TVOC). CPC 3775 samples particles up to 3 μm for 
concentrations up to 5 × 104 particles /cm3 with continuous, 
live-time coincidence correction in single particle counting 
mode and from 5 × 104 to 107 particles /cm3 in photometric 
mode, and was sampling in high-flow mode at 1.5 LPM flow 
rate. The OPS is based on 120 light scatter and filter sam-
pling and it is able to count mass concentrations in the range 
0.001–275,000 µg/m3 and number particle concentrations 
up to 3000 particles /cm3 in the size range 0.3–10 µm. It 
operates with up to 16 user-adjustable channels at a sample 
air flow rate and sheath air flow rates of 1.0 LPM. The mass 
size distribution data were obtained from the OPS (3330, 
TSI). Number size distribution data were converted auto-
matically to mass size distribution using the algorithm of 
the instrument. The total volatile organic compound was 
measured with a PhoCheck Tiger (ION Science) which uses 
a photoionisation detection (PID) having a resolution from 
1 ppb to 20,000 ppm (calibrated to isobutylene at 20 ℃ at 
RH equal to 90% with concentration up to 3000 ppm) at flow 
rate of 0.3 LPM.
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In addition, average of total losses due to diffusion, iner-
tial deposition and gravitational settling in the sampling tub-
ing (Hinds 1999) in the chamber measurements for the parti-
cle size range found in this study were negligible for CPC as 
they were estimated to be less than 4% for the particle size 
range detectable by the instrument. Although the average 
loss for fine mode particulate mass measured by OPS was 
also less than 4%, for the coarse mode it was 56% on aver-
age, thus loss correction factor was applied for each of the 
16 size bins separately for the whole size range measured by 
the instrument (Serfozo 2017a).

2.3 � Deposition Losses Calculation

While in this study the air exchange rate is a known param-
eter (0.044 h−1), analyses needed to be performed also on 
overall particle loss rate from the particle number and mass 
concentration decays to estimate the loss rate β (h−1) com-
prising all deposition mechanisms. Overall particle loss rate 
(λ∗) includes the deposition rate of aerosol particles (β) and 
air change rate (λ):

The overall particle loss rate can be derived from a simple 
mass balance equation (Smolík et al. 2005) describing the 
change in concentration of aerosol particles in an indoor 
environment:

where V is the volume of the room, Ci and Co are the concen-
trations of aerosol particles indoors and outdoors, t is time, λ 
is the air exchange rate, P is the penetration factor, Q repre-
sents possible particles sources and parameter S represents 
total sink strength of aerosol particles. Assuming that there 
are no indoor particle sources, that particles are not resus-
pended, are physically and chemically stable, and there is no 
coagulation, the sink strength S can be simplified to S = Ci V 
β, where β is the deposition rate in the room comprising all 
deposition mechanisms and all surfaces. Equation (2) can 
be simplified under the following conditions: (1) after the 
emission period there is no other source of aerosol particles 
in the room; (2) there is no resuspension of deposited aero-
sol particles; (3) particle coagulation can be neglected, (4) 
the initial aerosol particles concentration Ci is equal to the 
initial condition Ci(0) = C0. Then the analytical solution of 
the Eq. (2) describing the loss of aerosol particles becomes:

The term C∞ is a function of the initial concentration, 
volume of the microenvironment (chamber), emission and 
infiltration rates. The experimental curves were then fitted 

(1)�∗ = � + �

(2)V
dCi

dt
= V�

(

PCo − Ci

)

+ Q − S

(3)Ci(t) = C∞ +
(

C0 − C∞

)

e−�
∗t

with the model utilizing the constrained Nelder-Mead Sim-
plex method to find parameters of the model equation which 
minimize the sum of squares of residuals between theoretical 
prediction and experimental data.

2.4 � Dosimetry Model

The ExDoM2 model was used for the calculations of human 
dose, which is a dosimetry model for calculating the human 
exposure and the deposition, dose, clearance, and finally 
retention of aerosol particles in the respiratory tract (RT) at 
specific time intervals during and after exposure, under vari-
able exposure conditions (Chalvatzaki and Lazaridis 2015; 
Chalvatzaki et al. 2020, 2022). The ExDoM2 is an updated 
version in respect to the ExDoM (Aleksandropoulou and 
Lazaridis 2013) incorporating modified particle clearance 
mechanisms in the Human Respiratory Tract Model of Inter-
national Commission on Radiological Protection (HRTM, 
ICRP 2015) and it was developed using the Matlab software 
(Mathworks, Inc., USA) in the Laboratory of Atmospheric 
Aerosol at the Technical University of Crete. The RT is 
treated as two regions: the extrathoracic regions (ET) and 
the thoracic regions (TH). The extrathoracic regions are fur-
ther divided into the ET1 (anterior nasal passage) and ET2 
(posterior nasal passages, pharynx and larynx) regions. The 
thoracic region (the lungs) is divided into the BB (trachea 
and bronchi), bb (bronchiolar) and AI (alveolar–interstitial).

The ExDoM2 model estimates the individual’s dose rate 
H (μg/h) of particles in different size fractions by Eq. (4) as 
the product of the exposure concentration, the ventilation 
rate and the deposition fraction of particles in the respiratory 
tract (Chalvatzaki and Lazaridis 2015):

where B (m3/h) is the ventilation rate of the exposed indi-
vidual (depending on the breathing frequency and tidal vol-
ume), Ci the exposure concentration (μg/m3) for particles in 
the size fraction i, and ni,j the deposition fraction in region j 
of the respiratory tract for particles in the size fraction i. The 
deposition efficiency nj depends on aerodynamic deposition 
efficiency nae (due to impaction and gravitational settling) 
and thermodynamic deposition efficiency nth (due to diffu-
sion). The deposition efficiency of region j is calculated as:

where both the aerodynamic and thermodynamic efficiencies 
are expressed as:

where a and p are dimensionless constants and R has a char-
acteristic functional form that is different in each region and 

(4)H =
∑

BCini,j

(5)nj =
(

n2
ae
+ n2

th

)1∕2

(6)n = 1 − exp(−aRp)



478	 Aerosol Science and Engineering (2023) 7:474–487

1 3

depends on the particle size (aerodynamic and thermody-
namic) and the relevant respiration parameters.

The model also calculates the clearance and retention of 
particles in the RT. The amount of particles in each region of 
the lungs after an acute intake is given by the mass balance 
equation (Aleksandropoulou and Lazaridis 2013):

where, mi(t) and si(t) are the instantaneous clearance rates of 
the deposit in compartment i due to mechanical movement 
and absorption into blood, respectively, and Ri(t) the retained 
mass after time t.

The mass of particles retained in the human body includes 
the deposited mass in each compartment of the RT during 
and after continuous exposure to particles and their fraction 
transferred to the GI tract, lymph nodes, and blood. The 
retained mass in each compartment of the RT and their mass 
fraction transferred to the oesophagus and blood is estimated 
by Eq. (8) for fraction of particles dissolving relatively rap-
idly and Eq. (9) for fraction of particles dissolving slowly, 
and are solved independently using exponential substitution 
and Gauss elimination (Chalvatzaki and Lazaridis 2015):

where m is the mechanical movement rate of particles from 
compartment k to j (mk,j) or the opposite (mj,k), fr the fraction 
dissolved rapidly, (1−fr) the fraction dissolved slowly, sr the 
rapid dissolution rate, ss the slow dissolution rate, Hj the 
instantaneous dose applied to the compartment j at time t, I 
the retained mass of particles dissolving relatively rapidly 
after time t in compartments k and j, T the retained mass 
of particles dissolving slowly after time t in compartments 
k and j. Hence, the retained mass after time t in compart-
ment j is calculated as the sum of the Tj(t) and Ij(t). The 
fractions fr and (1−fr) depend on the type of the absorption 
behavior. The system is solved per 1/(breathing frequency) 
during exposure and per minute post-exposure to determine 
retention. For more details about the exposure model see 
Aleksandropoulou and Lazaridis (2013), and Chalvatzaki 
and Lazaridis (2015).

Conversion from optical to aerodynamic diameter (Hinds 
1999) was needed prior to calculation of exposure dose. For 
this purpose, uniform value of particle density equal to 3.7 g/
cm3 (Avino et al. 2015) was considered for all the emission 
sources (SMAW, TIG and cutting). Exposure dose rates from 

(7)
dRi(t)

dt
= −

[

mi(t) + si(t)
]

Ri(t)

(8)
dIj(t)

dt
=

13
∑
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)
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]

+ frHj(t)

(9)

dTj(t)

dt
=

13
∑

k=1

[

mk,jTk(t) +
(

mj,k + ss
)

Tj(t)
]

+
(

1 − fr
)

Hj(t)

concentration (Base line concentration, BC) in the labora-
tory (considered as ‘clean environment’ for the purposes of 
this study) were taken as the reference and compared to the 
exposure dose from welding and cutting. Particle density 
of 1.5 g/cm3 (approximation for ambient aerosol) was used 
for the exposure dose calculation of the BC. In all calcu-
lations (diameter conversion, BC and exposure dose from 
emissions), particles were assumed to be spherical (shape 
factor of 1). Scenarios involving use of FFR in this study 
were based on FFR filter efficiency of 3 M 8835 from FFP3 
filtering class (Serfozo et al. 2017a, b) only in model calcu-
lations (FFR was not challenged with welding fumes). The 
dose rates were calculated for an adult Caucasian male with 
ventilation rate 1.5 m3/h (light work scenario, nose breath-
ing, moderate blood absorption behavior) for total of 4 h 
exposure duration in 1 h exposure time steps for 4 different 
scenarios where the emission (welding or cutting) occurred 
in the first 5 min:

Scenario 1: Stay all the time period (4 h) in the polluted 
workspace without a use of FFR.

Scenario 2: Stay all the time period (4 h) in the polluted 
workspace; use of FFR only during the emission period (first 
5 min).

Scenario 3: Stay in the polluted workspace only for 
the time period of emission (first 5 min) without a use 
of FFR and then leave the polluted workspace (to clean 
environment).

Scenario 4: Stay all the time period (4 h) in the polluted 
workspace; use of FFR for the entire period.

3 � Results and Discussion

3.1 � Effect of Welding and Cutting on Particle 
Number Concentration

During welding and cutting processes the total particle 
number concentration (TPNC) reached its peak within 
5 min from the start of the emission and ranged from 2.4 to 
3.6 × 106 particles/cm3 (see Fig. 1). The 1 h average TPNC 
varied from 2.4 to 5.2 × 105 particles /cm3 and was the high-
est in the case of SMAW and the lowest in the case of cutting 
process (Table 1). It was not possible to measure the size 
distributions of the particles emitted during the processes 
due to technical error of the SMPS and the only available 
particle size distribution is from SMAW testing on SS at 
70 A in a size range of 5–350 nm (see Fig. 2). Note that all 
the experiments were conducted with DC of 90 A, thus, the 
concentration would reach higher number concentrations 
since the emission of airborne fine particles and fume for-
mation rate increases with the current intensity (Guerreiro 
et al. 2014). As it can be seen in Fig. 2, there is a burst of 
new particles in the whole measured size range at the start 
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of the emission with dominant mode on 13 nm (Fig. 2a). 
Within 10 min the size distribution shifts towards parti-
cles with bigger diameters and higher concentration with 
dominant mode on 242 nm and reaches its maximum after 
15 min from the beginning of the emission. Even 4 h after 
the end of emission, the size distributions remained almost 
unchanged, but the particle concentration decreased with 
time (Fig. 2b). Berlinger et al. (2011) showed that in TIG 
welding, most particles have mobility diameters 15–160 nm, 
while SMAW particle diameters are larger, ranging between 
100 and 600 nm.

Multicomponent condensation in the low-temperature 
plasma, which forms at SMAW, was investigated by Vishn-
yakov et al. (2014b). The liquid particles after nucleation of 
the predominant component (iron) had bimodal size distri-
bution with a nano-sized mode of nuclei and a larger-sized 
mode of the aggregated droplets. Consequently, the conden-
sation of the accompanying low-volatility components on 
these droplets caused the termination of nucleation earlier. 

Therefore, the growth of the nuclei subsequently occurred 
by particle coalescence (large number density of nuclei in 
a liquid state causes their intensive Brownian coagulation). 
Thus, size distributions in the beginning of the welding pro-
cess are undergoing rapid changes, hence, SMPS with low-
time resolution is not sufficient and a spectrometer, such as 
Fast Mobility Particles Sizer (FMPS) with time resolution of 
1 s might be required (Brand et al. 2013; Avino et al. 2015).

3.2 � Effect of Welding and Cutting processes 
on Particulate Mass Concentration

The 1 h average PM10 concentrations during cutting were 
the highest among all processes (Fig. 1) and reached their 
maximum [11 and 22 (× 103) μg/m3 for the first and sec-
ond experiment, respectively] within 5 min from the start of 
the emission, similarly, as it was in the case of TIG, which 
had the lowest PM concentrations. Note that due to OPS’s 
coincidence error (when the particle concentration reaches 

Fig. 1   Total particle number and PM10 concentration during welding (SMAW, TIG) and cutting of SS. A CPC 3775 was used to measure the 
total particle number concentration and an OPS to measure the PM10 mass concentrations

Table 1   Average, maximum 
and minimum number and mass 
concentration values for period 
of from the start of welding 
(SMAW and TIG) and cutting 
of SS processes

Process Number concentration (particles/
cm3)

Mass concentration [(× 103) μg/m3)]

Fine (PM2.5) Coarse (PM2.5–10)

Aver. Max. Min. Aver. Max. Min. Aver. Max. Min.

SMAW I 5.1 × 105 2.6 × 106 3.5 × 104 1.56 4.08 0.09 0.07 0.12 0.03
SMAW II 5.2 × 105 2.4 × 106 1.3 × 105 1.46 4.19 0.32 0.05 0.09 0.03
TIG I 3.9 × 105 3.0 × 106 8.1 × 104 0.18 0.21 0.16 0.01 0.01 0.00
TIG II 4.8 × 105 3.6 × 106 8.7 × 104 0.19 0.21 0.18 0.01 0.01 0.00
Cutting I 2.4 × 105 2.4 × 106 7.1 × 103 1.03 1.64 0.19 3.35 9.41 1.16
Cutting II 2.9 × 105 2.9 × 106 3.1 × 104 1.63 2.64 0.18 6.06 19.28 1.75
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the limit of 3 × 103 particles/cm3), the instrument stopped 
sampling for about 10 min from the start of the emission 
in both cases, so the maximum mass concentration would 
be approximately 0.02 (× 103) μg/m3 higher. As shown in 
Table 1, fine particles (PM2.5) dominated in both welding 
processes, whereas coarse particles in the cutting process. 
Mass concentration values during SMAW and cutting pro-
cesses found in this study are consistent with a study of Lin 
et al. (2014), where the authors characterized aerosol parti-
cle sizes in workplace of fitness equipment manufacturing. 
The PM10 concentration from the SMAW process reached 
maximum peak [4.14 (× 103) μg/m3 on average] 1 h after 
the start of emission in both cases, with 1 h average PM10 
concentration equal to 1.55 (× 103) μg/m3.

Figure 3 illustrates the forming of the three fractions of 
agglomerates in the welding fume from SMAW consisting 

mostly of particles in the PM1-2.5 fraction. As mentioned 
earlier, when the high-temperature multicomponent vapor 
is transported from the bottom area of the arc column to 
the low-temperature environmental air, it forms a vapor–gas 
mixture and reaches a temperature of phase transition when 
the large primary particles of welding fumes are formed, 
and at the same time, the mass of the small primary particles 
decrease. The PM1 fraction represents the small primary par-
ticles’ agglomeration fraction, whereas the PM1–2.5 fraction 
refers to particle structures with a uniform dense core, which 
are formed as a result of particle coagulation of small and 
large primary particles. Finally, the PM2.5–10 fraction con-
sists of coarse fume particles (Berlinger et al. 2011; Ennan 
et al. 2013; Vishnyakov et al. 2014a).

Although in this study the aerosol concentration in the 
chamber was assumed to be uniform, the distance of the 

Fig. 2   Size distributions of 5–350 nm particles during SS SMAW test at 70 A using an OPS instrument at different size fractions
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sampling point from the emission source was 1.2 m. Dis-
tances 2–5 m from the emission source are sufficient to 
describe the general background of air pollution in a work-
room, but are deficient for determination of personal expo-
sure. The distance of sampling point should be in the radius 
of ~ 300 mm from the welder’s head (Hariri et al. 2013), 
preferably sampled by personal sampling method (Quémer-
ais et al. 2015) so that solution with fixed sampling position 
is avoided.

3.3 � Deposition Loss Rate

The deposition loss rate was calculated from the particle 
mass and number concentration decay after the end of par-
ticle emission (see Table 2) shows that particulate mass from 
cutting process had the lowest deposition loss rate for both, 
fine and coarse mode. On the other hand, particles emit-
ted from SMAW process, despite of high number and mass 
concentrations, were deposited faster due to the highest par-
ticulate mass among all 3 studied processes. Although there 

were very low concentrations of coarse particles during the 
welding processes, generally, coarse particles in all 3 cases 
had lower deposition loss rates than fine particles. Particu-
late mass generated from TIG welding process had the high-
est deposition loss rate (not taking into account coarse parti-
cles due to its very low contribution to PM10) and the lowest 
deposition loss rate calculated from number concentration 
decay suggesting that these particles were smaller in diam-
eter and had lower mass than the particles generated from 
SMAW or cutting. Number concentration 16 h after the end 
of TIG emission was still 3.4 × 103 particles/cm3, while the 
number concentration for particles generated from SMAW 
dropped below 2 × 103 particles/cm3 8 h after the end of 
emission and decreased to 60 particles /cm3 after 16 h.

3.4 � Effect of Welding and Cutting on TVOC 
concentrations

As can be seen in Table 3, SMAW produced higher average 
total volatile organic compound (TVOC) and also had the 
highest maximum concentration. Average TVOC concen-
trations were found to be 3.21 and 2.31 ppm for SMAW 

Fig. 3   Concentration of PM1, PM1–2.5 and PM2.5–10 during SMAW. E1 and E2 represents the first and the second emission period, respectively

Table 2   Deposition loss rate β (h−1) calculated from particle number 
and mass concentration decays after the end of emission in a simu-
lated confined workspace

Process Number concen-
tration (≤ 3 μm)

Mass concentration

Fine (PM2.5) Coarse (PM2.5–10)

SMAW II 1.334 0.445 1.030
TIG II 3.274 0.247 1.844
Cutting II 1.337 1.093 3.480

Table 3   TVOC concentrations (ppm) in the chamber for period of 
12 h

Process Average St. deviation Maximum Minimum

SMAW II 3.21 0.32 23.17 2.91
TIG II 2.31 0.41 6.86 1.89
Cutting II 0.03 0.03 0.08 0.00
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and TIG, respectively, and were higher than the average 
TVOC during cutting of SS (0.03 ppm). This difference can 
be attributed to the different nature of the welding and cut-
ting processes. The iron oxide particles generated during the 
process of friction of cutting disc and the SS do not produce 
high TVOC, whereas in the welding process, much higher 
temperatures at the melting of electrode and metal produce 
higher TVOC values. Berlinger et al. (2011) examined the 
physicochemical characteristics of different welding aerosols 
and found clear size dependency of the elemental composi-
tion in particles generated in SMAW welding. Small parti-
cles with diameters below ~ 50 nm are mostly metal oxides, 
in contrast to larger particles which also contain more vola-
tile elements such as Na, K, S and F, and the amounts of the 
more volatile elements in the particles seemed to increase 
with increasing particle size, which explains higher TVOC 
during SMAW in comparison with cutting.

3.5 � Particle Dose in the Human Respiratory Tract

The first exposure scenario, staying in the polluted work-
space for the entire time period without a use of FFR, was 
the ‘worst-case’ scenario and reached the highest values 
of deposited, and thus retained dose during all processes 
(Table 4 and Fig. 4a). Nonetheless, in the second scenario, 
when the exposure subject is staying in the workspace for the 
entire time period and FFR is used only for the duration of 
the emission period (5 min) and then is taken off, deposited 
dose was lower, but similar to the first scenario (especially in 
the thoracic region), giving 174-fold, 123-fold and fivefold 
increase in total deposited dose compared to BC (76 μg) for 
cutting, SMAW and TIG, respectively. In the third scenario, 
as demonstrated in Fig. 4b, it would be more beneficial in 

respect to deposited dose if the exposed subject not wearing 
a FFR at the duration of emission, would leave the polluted 
workspace immediately after the emission period (5 min). 
In such a case, the increase in total deposited dose was esti-
mated to be 19-fold, onefold and 0.3-fold for cutting, SMAW 
and TIG, respectively, in comparison to the dose from BC. 
Note that in the case of SMAW in the third scenario, com-
pared to the previous two scenarios, the deposited dose 
decreased significantly because the average PM10 concen-
tration during the emission period (when the subject was still 
present in the polluted workspace) was only 0.45 (× 103) μg/
m3, continued increasing and reached its maximum 1 h later 
[4.19 (× 103) μg/m3]. The 4th scenario, accounting for use of 
FFR for the entire time period while staying in the polluted 
workspace, was the ‘best-case’ scenario as in this particular 
case the total deposited dose was much lower compared to 
the BC dose.

The mass concentration was sampled with an instrument 
based on 120° light scatter (i.e., depending on the particle’s 
refraction index), hence, measured optical diameter needed 
to be converted to aerodynamic diameter to use the data as 
an input in the ExDoM2 model. The conversion was done 
under assumptions that optical diameter equals Stokes diam-
eter, and that the particle density and shape factor are those 
of the sampled aerosol. This is in many cases (such as in 
this study) difficult to determine and approximate values are 
used, which in return, along with the conversion from optical 
to aerodynamic diameter, can result in incorrect estimation 
of the particle’s diameter.

The transport of particles from one region to another 
and to the GI tract and lymph nodes is performed mechani-
cally by the airway secretions and cilia movement (muco-
ciliary escalator), airway macrophages, and extrinsic means, 

Table 4   Cumulative deposited 
dose and cumulative retention 
(μg) in extrathoracic and 
thoracic region, GI tract and 
blood after 4 h for a Cutting 
II, b SMAW II and c TIG II 
welding

Scenario/Process Cumulative deposited dose Cumulative retention

Extrathoracic Thoracic Extrathoracic Thoracic GI Blood

(a) Cutting II
 Stay (No FFR) 13,408 1296 6790 1011 6194 106
 Stay (5 min FFR) 12,051 1233 6129 970 5552 98
 Leave after 5 min 1414 78 696 54 665 9
 Stay (FFR) 8 1 4 1 4 0

(b) SMAW II
 Stay (No FFR) 7540 1942 4238 1725 3176 102
 Stay (5 min FFR) 7497 1931 4217 1715 3155 101
 Leave after 5 min 114 18 63 15 48 1
 Stay (FFR) 5 1 3 1 2 0

© TIG II
 Stay (No FFR) 344 110 189 98 149 6
 Stay (5 min FFR) 331 106 182 95 142 6
 Leave after 5 min 88 10 50 9 35 1
 Stay (FFR) 0 0 0 0 0 0
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such as coughing and nose blowing. Particles deposited in 
the RT are cleared by three main routes: by absorption to 
the GI tract (via the pharynx), to lymph nodes (via lym-
phatic channels), and by absorption into blood (depending 
on the chemical form of deposited particles). As shown in 

Table 4, the highest dose in all processes was deposited in 
the extrathoracic region of the RT, where the particles were 
retained (~ 53%), entered the oesophagus (GI tract) via phar-
ynx (~ 44%) or were cleared by nose blowing (~ 3%). From 
all 3 processes, deposited dose in extrathoracic region from 

Fig. 4   Cumulative retention (μg) in RT (extrathoracic and thoracic 
regions), Thoracic region, GI tract, and blood (sec.axis): a stay all the 
time period—No FFR (full line), and Stay all the time period—FFR 

only during the emission period (dashed line); b stay only for the time 
period of emission (first 5 min)—No FFR and then leave
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cutting (~ 91%) was higher in every scenario compared to 
welding processes (~ 77%). On the contrary, due to higher 
concentration of fine and ultrafine particles, retained dose in 
the thoracic region was higher for SMAW and TIG welding 
processes (~ 20%) in comparison to cutting (~ 7%).

The scenarios involving use of FFR in this study were 
based on FFR filter efficiency only in means of model cal-
culations, i.e., FFR was not challenged with welding fumes, 
thus pressure drop caused by accumulated welding fumes 
on the filter (Cho and Yoon 2012) and its effect on FFR’s 
performance was not taken into consideration. Another 
assumption was that the filtering facepiece fits perfectly and 
there are no leaks around the face seal. However, penetration 
levels can increase up to ~ 50% when the respirator does not 
have a perfect fit (Serfozo et al. 2017c), which is difficult 
to achieve especially in the nose-bridge area of the FFR. In 
addition, most FFRs offer efficient protection against parti-
cles larger than ~ 400 nm, but may be ineffective in provid-
ing the expected respiratory protection for workers exposed 
to nanoparticles (Serfozo et al. 2017a,b). Despite the fact 
that a poor filtration efficiency and a poor fit may increase 
under real work conditions, the use of FFR especially in a 
confined workspace can considerably reduce the exposure 
to welding fumes.

Particles can be distributed from the blood circulation 
system to other organs or tissues like liver, kidneys, heart, 
brain, muscle and bone. Absorption into blood is assumed to 
occur at the same rate in all regions, except for anterior nasal 
passage (ET1) where no absorption takes place. As can be 
seen in Fig. 4a (staying 4 h in the polluted workspace with 
and without FFR as the most likely scenario in real life), 
the cumulative retention in the thoracic region was stable 
after the cutting, while in the case of SMAW and TIG the 
retention in thoracic region was increasing with time due 
to higher contribution of respirable particles. Consequently, 
16%, 21% and 8% of the total cumulative dose was deposited 
in the AI region (where the gas exchange takes place) from 
SMAW, TIG and cutting, respectively. From the particle 
dose retained in the thoracic region from both welding pro-
cesses ~ 6% was absorbed to blood, while in the case of cut-
ting it was ~ 10%. Nevertheless, the total deposited dose from 
cutting after the first 1 h (in which the emission occurred) 
was threefold higher than that from SMAW, after 4 h they 
had very similar values of blood retention (~ 100 μg). After 
8 h blood retention from SMAW reached 234 μg, while in 
the case of cutting it was only 180 μg. More importantly, 
one must consider also the different chemical composition 
of particles from these two processes deposited and retained 
in the thoracic region.

In the current study, exposure scenarios with duration of 
4 h were examined. However, longer exposure periods to 
cumulative deposited and retained dose over rather longer 
time periods of exposure to welding fumes may resulting to 

adverse health effects (Hannu et al. 2007; Banga et al. 2011; 
Wittczak et al. 2012; Järvelä et al. 2013; Kauppi et al. 2015).

High concentrations of Mn, especially in a confined 
workspace, can cause a disease known as ‘manganism’, 
characterized by tremor, muscle weakness and rigidity, 
extreme slowness of movements, or may cause a progres-
sion of parkinsonism (Racette et al. 2017). The amount of 
Mn in welding rods can vary, but most welders are exposed 
to mixed metal fumes that contain a small percentage of Mn, 
which was 0.5% in the electrode used in this study, according 
to the manufacturer. However, latest studies on neurologi-
cal outcomes associated with low-level Mn exposure sug-
gest that changes can be detected in the brain even at very 
low levels of exposure among humans before any clinically 
evident deficits (Baker et al. 2015; Lee et al. 2016), where 
type and route of exposure play an important role in the 
extent of Mn-induced toxic effects on the brain (Long et al. 
2014). Although the occupational exposure limit (OEL) for 
Mn vary within the authorities, the American Conference 
of Governmental Industrial Hygienists (ACGIH) advised 
threshold limit value (TLV) for Mn to be 20 μg/m3 for res-
pirable and 100 μg/m3 for inhalable PM, which however, 
can be easily exceeded in a confined workspace (Hanley 
et al. 2015).

On the other hand, metal fumes that contain iron oxide 
generated at the cutting of SS are considered a nuisance 
dust with little likelihood of causing chronic lung disease 
after inhalation. Accumulation of iron oxide in the lungs 
is called ‘siderosis’ and is not usually associated with pul-
monary fibrosis (lung scarring) and functional impairment 
of the lungs (Flors Blasco et al. 2010). Abnormalities are 
reversible and may resolve partially or completely after the 
worker is removed from the exposure. Moreover, differ-
ences between SMAW and TIG welding processes should be 
addressed with great care as well, even though during TIG 
significantly less fume is generated, mostly originating from 
base metal and the external filler metal if used. Brand et al. 
(2013) monitored the particle size distributions of various 
welding and joining techniques in standardized laboratory 
conditions and noted UFP composition differences between 
processes with high mass emission rates (SMAW) and weld-
ing processes with low mass emission rates (TIG). Despite 
the fact that in all scenarios total dose from TIG in this study 
had the lowest values, this welding process generates a high 
number concentration of heavy metal nanoparticles, such 
as Mn, Cr or Ni (Miettinen et al. 2016) in size range of 
15–160 nm (Berlinger et al. 2011).

Although major concerns exist regarding the poten-
tial consequences of human exposure to UFP, no human 
toxicological data is currently available. Study of Andujar 
et al. (2014) strongly suggest that welding-related UFP 
could be responsible, at least in part, for the pulmonary 
inflammation observed in welders. The study by Présumé 
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et al. (2015, 2016), based upon metal oxide nanoparticles 
found in lung tissue sections of welders, investigated pul-
monary effects in mice of repeated exposure to nanopar-
ticles and demonstrated for the first time a potential risk 
for respiratory health posed by repeated exposure to nano-
particles at occupationally relevant doses. These results 
provide, therefore, the first evidence of a link between 
human exposure to nanoparticles and long-term pulmo-
nary effects. Furthermore, Halatek et al. (2017) confirmed 
deleterious effect of transitory metals (CrVI, Mn, Ni) and 
particles during experimental inhalation exposure to weld-
ing dusts, evidenced in the lungs and brain in serum of 
rats. Their result confirms also the hypothesis about the 
effect of the welding dusts on the oxidative stress respon-
sible for disturbed systemic homeostasis and impairment 
of calcium regulation.

4 � Conclusions

The current study examined the human deposition and 
retention dose from SMAW and TIG arc welding processes 
and cutting of SS in a simulated confined workspace under 
different scenarios. All 3 investigated processes generated 
high particle number concentrations ranging from 2.4 to 
3.6 × 106 particles/cm3. Among all 3 processes, PM10 con-
centrations from cutting reached the highest mass emission 
rates [11 and 22 (× 103) μg/m3], while SMAW had the high-
est contribution of fine particles [~ 4.1 (× 103) μg/m3], con-
sisting mostly of PM1–2.5. The examination of different expo-
sure scenarios revealed that there is only a small difference 
in respect to deposited dose if the subject would stay in the 
polluted workspace for the entire investigated time period 
(4 h) without a use of FFR, or with use of FFR only during 
the emission period. It would be more beneficial in respect to 
deposited dose if the exposed subject was not wearing a FFR 
during the emission but would leave the polluted workspace 
immediately after the emission period. From all 3 processes, 
deposited dose in thoracic region from welding processes 
was higher (~ 23%) in every scenario compared to cutting 
(~ 9%). When welding occurs in a confined workspace with 
lower air exchange rate, harmful gases, fumes and nanoparti-
cles may accumulate rapidly and stay airborne for prolonged 
time periods. As demonstrated in this study, when the total 
duration of emission was only 1 min for welding processes 
and 2 min for cutting (in total time period of 5 min per 
experiment), even a short emission period can cause a great 
increase of respirable particle concentrations, thus leading to 
increase in human dose. The approach applied in this study 
along with toxicological research could be used as an indica-
tor of personal exposure to aerosol of known composition 
in various workplaces (particularly confined workspaces).
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