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Abstract 
 
The article presents the research results of fume morphology derived from arc welding of stainless steels of 1.4301 and 1.4828 grade. The 
analysis was performed using laser diffraction and high-resolution scanning electron microscopy.  Welding fume has been classified by the 
International Agency for Research on Cancer (IARC) as a group of agents with proven carcinogenic effects to human. The assessment of 
the risk related to exposure to welding fume emission depends on the amount of fume generated, its chemical composition and morphology. 
The combined analysis of these factors determines the toxicity of fume and its impact on the human body. The results of the fume particle 
size distribution and the analysis of the shape and chemical composition using SEM with EDS in connection with the determination of the 
fume emission rate enable to obtain an overall assessment of the health risk as-sociated with welding fume. Such assessment is particularly 
important during welding processes of corrosion-resistant steels, due to the presence of chromium and nickel compounds in the fume, which 
are classified as substances with proven carcinogenic effects to human (Group 1 according to IARC guidelines). It was found that 15-17% 
of particles deriving from arc welding belong to the respirable and tracheal fractions, which are the most harmful due to the penetration 
beyond the larynx. 
 
Keywords: welding fume morphology, stainless steel, arc welding, laser diffraction, scanning electron microscopy 
 
 

1. Introduction 
 
Fume morphology is the science of the structure, forms, shapes, 

fractions and chemical composition of particles. It is a factor that 
determines their manner of inter-action with lung epithelial cells 
and, consequently, determines the effectiveness of deposition in 
various regions of the lung [1, 2]. 

During welding processes, similarly to foundry processes, dust 
is emitted into the work environment. Welding workstations, 

similarly to foundry workplaces, are associated with high 
concentrations of hazardous dust which contain also respirable 
fraction.  Dust (two-phase condensing aerosol) is a mixture of solid 
particles (fume) and gases [3]. Solid particles are formed as a result 
of condensation and oxidation of metal vapor [4]. The mechanism 
of welding fume formation is presented in Figure 1.  

Metallurgical processes occurring during welding have a 
significant impact on the formation of welding fume. These 
processes can be divided into three groups [5-9]: 
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1) physical phenomena and chemical reactions occurring in the 
area of the electric arc on the contact surface of molten metal 
drops and the gas atmosphere of the arc, 

2) chemical reactions occurring in weld pool and between the 
pool and the protective atmosphere, 

3) phenomena occurring in the heat affected zone. 
 

 
Fig. 1. The mechanism of welding fume formation [4] 

 
Gas Metal Arc Welding (GMAW) is among the most widely 

used methods of joining steel structures. The process is also 
designated as MIG/MAG welding - MIG (Metal Inert Gas), which 
refers to welding in inert gas shields such as argon and helium, and 
MAG (Metal Active Gas), which in turn uses chemically active 
shielding gases such as CO2, O2 used most often as mixtures with 
helium or argon, containing admixtures of H2, N2, NO [10]. The 
source of the thermal energy required to melt the welded workpiece 
and the fusible electrode (wire) material is the heat of the electric 
arc creating between the electrode and the welded workpiece, in a 
shield of active or inert gas [10]. The molten metal of the electrode 
wire combines with the molten parent material to form a welding 
pool. The metal of the welding pool, as the arc moves in the 
direction of the weld, solidifies and forms a weld that permanently 
joins the edges of the welded piece [10].  

The assessment of the risk related to exposure to welding fume 
emission depends on the amount of fume generated, its chemical 
composition and morphology. The combined analysis of these 
factors determines the toxicity of fume and its impact on the human 
body. An important factor influencing the toxicity of fume is 
particle size [11]. Welding fume particles have a near spherical 
shape and occur as very fine single particles, chains and 
agglomerates, and their absorption into the body depends on the 
form in which the fume is present [11].  

The analysis of the MIG/MAG welding process of non-alloyed 
steel carried out by the specialists from the National Institute for 
Occupational Safety and Health in Morgantown (USA) assessed 
the particle size in the welder's breathing zone (distance of 30 cm 
from the welding arc) and in the neighboring work area (distance 
of 200 cm from the welding arc) [12].  

The fume particles from the area 30 cm from the welding arc 
contained spherical particles (diameter 0.5 - 4.0 μm) and fine 
agglomerates. The results showed that the fume concentration in 

the area 30 cm from the welding arc was five times higher than in 
the area 200 cm from the arc [12].  

On the other hand, a team of researchers led by J. M. Antonini 
characterized the fume generated during MIG/MAG welding of 
unalloyed and stainless steels [13]. Most of the fume particles 
formed consisted of fine grains with equivalent diameters in the 
range 0.1-1.0 μm. The magnitude of the aerodynamic diameter 
corresponding to the median mass distribution according to 
calculations was 0.3 μm for fume from welding unalloyed steel and 
0.25 μm for fume from stainless steel [13]. 
Specialists from the Royal Institute of Technology in Stockholm 
carried out a size analysis of the fume generated during MAG 
welding with solid and powder wire of austenitic stainless steel 
1.4307 and duplex steel 1.4162, divided into nano-scale (10-170 
nm) and micro-scale (0.6-2.5 µm) fractions and determining the 
chemical composition of the fume [13]. The results showed that, 
despite the division into fractions directly in the air under study, 
each fraction predominantly consisted of nano-scale particles, 
which then formed larger agglomerates. Analysis of the results 
showed that the majority of particles had a near spherical shape, 
although irregularly shaped particles were also noted. The smallest 
fume particle determined was 6 nm in size [14].  

Detailed research of welding fume are important due to the fact 
welding fume has been classified by the International Agency for 
Research on Cancer (IARC) as an agent with proven carcinogenic 
effects to human [15, 16, 17].  

The research was carried out for samples generated during MIG 
welding of corrosion-resistant steels, grades 1.4301 and 1.4828. 
Grade 1.4301 (X5CrNi18-10) is austenitic stainless steel with good 
corrosion resistance and ductility. This grade is resistant to most 
oxidizing acids, foodstuffs, sterilizing solutions, most organic 
chemicals and dyes, and inorganic chemicals [18]. The steel is also 
characterized by good weldability. It is used, among others: in the 
food, processing, dyeing or construction industries [18, 19]. Steel 
grade 1.4828 (X15CrNiSi20-12) belongs to the group of austenitic 
heat-resistant steels and is widely used in industry. Its maximum 
operating temperature is 1000°C, it is characterized by good 
weldability, very good resistance to corrosion and oxidation, it can 
also be used in sulfates environment at temperature exceeding 
850°C. This grade is mainly used in the production of industrial 
furnaces and heating elements, in the production of annealing 
equipment, aerospace engineering, automotive industry (exhaust 
systems) [20, 21]. 

It is worth mentioning that during welding of stainless steels 
nickel and chromium compounds are present in fume and they have 
carcinogenic effect on human [22]. 
 
 
2. Materials for research. Methodology 
 

The fume morphology analysis was carried out for samples 
generated during MIG welding of corrosion-resistant steels, grades 
1.4301 (X5CrNi18-10) and 1.4828 (X15CrNiSi20-12) [23]. For arc 
welding of selected corrosion-resistant steels, solid wire of 308L-
Si grade with a diameter of 1.2 mm (classification G 19 9 L Si 
according to PN-EN ISO 14343) was used as filler metal. The 
shielding gas was 100% argon. 
The analysis of the structure (shape, dimensions) of welding fume 
particles was carried out using the following analytical methods: 
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1. laser diffraction; 
2. scanning electron microscopy (SEM). 
Fume sampling for emission rate determination and fume 
characterization is based on gravimetric method. Fume was 
collected on filters during welding in a specially designed research 
station in the Centre of Welding of The Upper Silesian Institute of 
Technology (Fig. 2). The station consists of the chamber inside 
which welding process is conducted. The construction of chamber 
allows for protection against outside outflow of contamination. 
Suction port (in which filter is placed) is in side part of fume 
chamber. Position of chamber is stationary, only the welded item, 
which is placed on rotational welding table, turns. For the research 
filters in type of PTM-B with 150 mm diameter were used. Welding 
process was conducted using Phoenix 330 ColdArc + Phoenix 
drive 4L firmy EWM Hightec Welding company. Fume tested was 
generated during MIG welding of following technological 
parameters: welding current intensity 300 A,  arc voltage 30 V, wire 
feed rate 10,5 m/min, welding speed 1,0 m/min. 
 

 
Fig. 2. Welding station for fume emission rate determination 

 
 

3. Research results 
 

To determine the particle size distribution, the laser diffraction 
technique is applied. It uses the phenomenon of light scattering on 
particles. Light hitting an object is scattered, and the angle of deflection 
of the wave is strictly dependent on the size of the particle (the smaller 
the particle, the larger the scattering angle) [24]. The spectrum of 
scattered light is analysed and the particle size distribution is obtained. 
Welding fume samples were examined using laser particle sizer 
Analysette 22 (Fritsch GmbH).  

The size distribution of fume particles deriving from arc welding of 
1.4828 steel is shown in Fig. 3. 
In fume deriving from arc welding of the tested steel grades: 1.4301 
and 1.4828, it was shown that the most numerous group included 
particles in the range of 10-20 µm. In fume samples, the volume 
share of this fraction was over 31%. In fume samples, the second 
highest volume fraction, ranging from 21.65 to 22.77%, was found 
in the range with particle sizes of 20-30 µm. In turn, the volume 

fraction of particles from the 0-10 µm fraction ranged from 15.70 
to 17.72%. 

Analysis of the results showed that fume particles smaller than 
20 µm accounted for nearly 50% of the total sample, and particles 
smaller than 30 µm accounted for more than 2/3 of the sample. 
In all tested fume samples, nearly 99% were particles whose size 
did not exceed 100 µm. The volume fraction of particles larger than 
100 µm did not exceed 1%. 
Results obtained showed no influence of the grade of the base 
material on the particle size distribution. The differences for 
individual fractions depending on the steel grade did not exceed 
2%. 

 

 
Fig. 3. The particle size distribution of fume deriving from arc 

welding of 1.4828 steel [23] 
 
In order to evaluate the risk related to fume emission, the exact size 
distribution of particles belonging to the finest fraction (range 
below 10 µm) was determined and shown in Table 1.  
 
Table 1.  
Results of laser particle size analysis of fume derived from arc 
welding of 1.4301 and 1.4828 steel grades, including the respirable 
fraction of 0-3 µm and the tracheal fraction of 3-10 µm [23] 
Size of 
particles 
[µm] 

1.4301 steel grade 1.4828 steel grade 
Volume 
fraction [%] 

Cumulative 
value [%] 

Volume 
fraction [%] 

Cumulative 
value [%] 

<1 0.61 0.61 0.79 0.79 
1-2 1.23 1.84 1.48 2.27 
2-3 1.29 3.13 1.44 3.71 
3-4 1.21 4.35 1.35 5.06 
4-5 1.62 5.96 1.85 6.91 
5-6 1.05 7.02 1.23 8.13 
6-7 1.33 8.35 1.54 9.67 
7-8 1.76 10.11 1.99 11.67 
8-9 2.38 12.48 2.62 14.28 
9-10 3.22 15.70 3.43 17.72 

 
Fume particles belonging to the respirable fraction, those 

whose size does not exceed 3 µm, and the tracheal fraction, whose 
size ranged from 3 to 10 µm, are specified. The analysis of the 
results showed that over 3% of the fume from arc welding of 
corrosion-resistant steels belongs to the respirable fraction, i.e. 
particles reaching and penetrating the ciliated respiratory tract, and 
12-14% to the tracheal fraction - particles penetrating outside the 
larynx. The tests were carried out on fume samples collected on 
filters, where, as a result of increased mobility due to high 
temperature, the particles create larger clusters. 

Filter 

Welding device 

Welded material 

Fume chamber 
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Microstructure analysis of welding fume samples was 
performed using a Mira 3 electron microscope from Tescan, 
equipped with an energy-dispersive spectrometer (EDS) system 
with AZtec Automated ver. 3.1 software. The analysis was 
performed at an accelerating voltage of 15 kV in the backscattered 
electron mode (BSE) or secondary electron mode (SE) for image 
formation. The measurements were carried out on the powder 
samples placed on a conductive carbon tape and additionally 
covered by a conductive layer of graphite by using a Quorum 
Q150R ES device. 

The observations confirm the information obtained during the 
literature review [25] - fume occurs in the form of single particles 
with an elongated or spherical shape, or in the form of chains or 
agglomerates (Fig. 4).  Measurements of the size of fume particles 
were carried out. The morphology of the particles and their 
chemical composition were analysed using the EDS method. The 
fume particles shown in Figure 4a have a diameter of 2.4-2.5 µm 
and contain mainly iron. At 25000x magnification, it was possible 
to determine fume particles with dimensions of 0.3-0.5 µm which 
tend to form agglomerates (Fig. 4 b). 
 

a) 

 
 

b) 

 
Fig. 4. Fume from MIG welding of steel 1.4301 a) fume structure 

at 15000x magnification, b) fume morphology at 25000x 
magnification [23] 

 
Additionally, chemical composition analysis combined with 

particle size analysis was performed for selected fume samples 
from arc welding of corrosion-resistant steels of grades 1.4301 and 

1.4828. Exemplary results for steel 1.4301 are shown in Figure 5. 
Spherical particles (measuring points 1 and 3) with a diameter of 
2.5 µm consisted of over 70% of iron, nickel accounted for approx. 
13.3-15.5%, and chromium approx. 9-11.5%. In turn, the irregular-
shaped particle (measuring point 2) has a length of 6.81µm and 
consists of over 60% of iron, almost 19% of chromium, almost 
9.5% of nickel, almost 1% of manganese and over 2% of silicon.  
 

 
Chemical composition of fume 
where metals are expressed as 

oxides [%] 
 Point 1 Point 2 Point 3 

Fe 72.8 61.3 74.6 
Cr 11.6 18.9 8.9 
Ni 15.6 9.5 13.4 
Mn - 6.0 0.9 
Si - 4.4 2.3 

 

Fig. 5. Analysis of the chemical composition and morphology of 
fume derived from arc welding of 1.4301 austenitic steel 

 
Figures 6 and 7 show a map of the elements distribution in fume 

samples from arc welding of 1.4301 and 1.4828 steels. The analysis 
of the obtained results showed in fume samples deriving from 
welding of 1.4301 and 1.4828 steel grades both single particles and 
larger clusters - chains or agglomerates. In case of 1.4828 fume 
sample more spherical particles were observed in comparison to 
1.4301 fume sample.  

The results of the chemical composition analysis for both steel 
grades were very similar. Fume from the welding of steel grade 
1.4301 was characterized by a slightly higher content of iron. 
chromium and nickel (differences were 0.5% for Fe. 0.4% for Cr 
and 0.06% for Si). However. in the fume from arc welding of steel 
1.4828, a higher content of manganese and silicon was revealed 
(differences were 0.4% for Mn and 0.5% for Si) - Fig. 6 and 7. 

The results of the chemical composition analysis of fume 
derived from welding both steel grades revealed presence of 
oxygen (Fig. 6, 7). This suggests that the previously mentioned 
elements exist in the form of oxides. This is confirmed by the 
results of the phase identification, which showed the presence of 
iron, manganese, chromium and nickel compounds, which existed 

Point 1 

Point 2 

Point 3 

D2=2.55 µm 

D1=6.79 µm 
D3=2.39 µm 

D3=0.31 µm 

D1=1.71 µm 

D2=0.56 µm 
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in the form of oxides - spinels with the general formula AB2O4 - 
where A and B are replaced by Cr, Mn, Ni and Fe [26]. 

 

 
 

 

 
 

 

 
 

 

Chemical composition of analyzed area 
where metals are expressed as oxides [%] 
Fe Cr Ni Mn Si 
60.8 19.4 9.4 6.5 3.9 

 

Fig. 6. Analysis of the chemical composition of the marked surface and a map of the elemental distribution of a fume sample from arc 
welding of corrosion-resistant steel grade 1.4301 

  

 

 
 

 

 
 

 

 
 

 

Chemical composition of analyzed area 
where metals are expressed as oxides [%] 
Fe Cr Ni Mn Si 
60.3 19.0 9.3 6.9 4.4 

 

Fig. 7. Analysis of the chemical composition of the marked surface and a map of the elemental distribution of a fume sample from arc 
welding of corrosion-resistant steel grade 1.4828 

 
 

4. Conclusions 
 

The results of particle size distribution and SEM and EDS 
analysis in connection with the determination of fume emission rate 
and its chemical and phase composition allow for a complex 
assessment of the health risk associated with welding fume 
emission. This is particularly important during welding processes 
of corrosion-resistant steels due to the presence of chromium and 
nickel compounds in the fume. which constitute a significant threat 

to workers' health due to their proven carcinogenic effects (Group 
1 according to IARC guidelines). The analysis of the obtained 
results allowed the following conclusions to be formulated: 
• the main components of fume emitted during MIG arc 

welding of corrosion-resistant steels are iron. manganese. 
chromium. nickel and silicon; 

• EDS X-ray microanalysis results showed the presence of 
oxygen. This is confirmed by the literature data which 
showed the presence of iron. manganese. chromium and 
nickel compounds. which existed in the form of oxides - 
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spinels with the general formula AB2O4 - where A and B are 
replaced by Cr. Mn. Ni and Fe; 

• the results of the chemical composition analysis for both steel 
grades. i.e. 1.4301 and 1.4828. were very similar; 

• 15-17% of particles originating from arc welding belong to 
the respirable and tracheal fraction. i.e. those that are among 
the most harmful because they penetrate beyond the larynx; 

• these particles are characterized by a uniform distribution of 
elements and contain approximately 19% of chromium and 
nearly 10% of nickel. which was confirmed by the results of 
EDS microanalysis. 
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