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Introduction, objectives 

The metal-mechanic sector (turnover 970 billion € a year) represents 8% of the total 

European Union business. Welding is the most important joining technique in this sector; 

there are about 730 000 full time and 5.5 million welding related jobs in Europe. Welding 

involves the fusion of metals by high temperature generated via an electrical arc resulting in 

the formation of metal-enriched fumes. Welding fumes are complex mixtures of gases and 

small particulates of metal compounds formed by the vaporization and oxidation of metals 

during the welding process. The health of welders has been studied extensively. Welding 

fumes have a significant impact on human health. We can count on a higher incidence of 

respiratory illnesses among welders. Over the last several decades, numerous studies have 

addressed the effects of welding fumes on the pulmonary function of workers, which found 

higher incidence of chronic lung disease and pulmonary function changes especially in 

shipyard welders. Occupational asthma, metal fume fever, chronic bronchitis, 

pneumoconiosis, fibrosis and respiratory infections are also more frequent in welders than in 

the non-welding population. Welding fumes have not been definitely shown by 

epidemiological studies to be a cause of lung cancer, but some lung cancer mortality studies 

found significantly elevated cancer mortality in the welder group, especially when they were 

exposed to fumes that contained higher amount of nickel and chromium specifically. 

Increased mortality among Swedish welders due to ischemic heart disease was observed as 

well in recent years. Welding fume constituents such as lead, aluminium and manganese have 

been suspected of causing psychiatric symptoms in exposed workers in specific occupations. 

The main objective of the investigation of welding fumes is to get as much information as 

possible for the better understanding of welding fume effects on human health. This research 

has many different areas. Development of sampling and analytical techniques has always been 

as important as the investigation of physical and chemical properties of welding fumes. The 

latter includes the analysis of welding fume particles and welding fume as a bulk sample. It is 

essential to study the bioavailability of welding fumes, which could be supported by 

information about bioaccessibility. In these attempts solubility of welding fume (metallic) 

components has a key role. 

The main aim of my Ph.D. study was to deal with all the important research areas which 

are in connection with welding fumes to provide useful data for the further investigations. 

Different sampling heads for welding fume sampling were compared and evaluated among 
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real circumstances. In the determination of the elemental composition of welding fumes three 

different analytical techniques were applied and compared: inductively coupled plasma 

atomic emission spectrometry (ICP-AES), inductively coupled plasma quadrupole mass 

spectrometry (Q-ICP-MS) and wavelength dispersive X-Ray fluorescence spectrometry 

(WDXRFS). By the XRF determinations a calibration method was developed in order to 

achieve the best matrix matching. This calibration method has not been used in welding fume 

measurements before. Transmission electron microscopy (TEM) is considered to be a gold 

standard for evaluating particle size distribution and shape of particles, so this technique is 

very beneficial in welding fume particle analysis as well. The size distribution of the welding 

fume primary particles could be determined and useful information was obtained about the 

shape, agglomeration and elemental composition of the particles. In comparison with a 

scanning mobility particle sizer (SMPS) some limitations of particle counters were revealed. 

The second part of the dissertation discusses issues which are essential for the better 

understanding of the biological effects of welding fumes. Leaching procedures were used for 

the quantification of the chemical species of Ni and Mn in welding fumes. Both Ni and Mn 

can exist in various chemical forms with different oxidation states and solubility, therefore 

with potential for different biological activity. However the leaching procedures were not 

proved to be completely sufficient in the determination of the oxidation states of these metals. 

The reason for this could be the special morphology of welding fume particles, which was 

investigated later by TEM. The results were compared with X-ray diffraction data about the 

crystalline phases as well. The solubility of the main metal components was investigated in 

several studies. These proved to be very useful in the study of the bioaccessibility of welding 

fumes, where biological fluid simulants were applied. The next step is the analysis of the bio-

available fraction of metals in welding fumes, but assessing metal bioavailability in humans 

requires bio-monitoring strategies. The sample collection is being carried out in these days 

involving more than hundred welders but we still have to wait a bit for publishing of the 

results. Our hope is to get very close to the understanding of the biological effects of welding 

fumes with this final research. 

Materials and methods 

During my Ph.D. reseach work the most commonly used welding techniques were 

investigated, which are used for joining steal in industrial processes. The welding fume 

samples were collected during manual metal arc (MMA) welding, metal inert gas (MIG) 
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welding, metal active gas (MAG) welding and tungsten inert gas (TIG) weldig of stainless 

and unalloyed structural steals at different welding plants. Personal and „fixed point” 

samplers were applied for the sampling, the Institute of Occupational Medicine (IOM) 

sampler (SKC Inc., Eighty-Four, PA, USA) and the conical inhalable sampler (CIS) (Casella, 

Bedford, UK) for inhalable aerosol and the Higgins-Dewell (HD) cyclone (SKC Inc., Eighty-

Four, PA, USA) for respirable aerosol. For the bio-accessibility study welding fumes were 

collected on membrane filters in batches of 114 using a multiport air sampler, which has been 

developed at the National Institute of Occupational Health (NIOH), Oslo, Norway, for the 

collection of parallel samples of workplace aerosols. The multiport air sampler was equipped 

with 25-mm Millipore filter cassettes (Millipore Corp., Billerica, USA). 

For the determination of the total amount of metals in the welding fume samples the filters 

were digested in a microwave-assisted digestion systems (1. MARSX, CEM, Matthews, USA; 

2. MLS 1200, Milestone, Sorisole, Italy) with different mixtures of concentrated mineral 

acids. For the sequential leaching procedures and the dissolution of the soluble fraction of 

metals in welding fumes 50 cm3 volume Maxi-Spin polypropylene (PP) tubes with 25 cm3 

filter cup inserts equipped with 0.2 μm polyvinylidene (PVDF) membranes and glass-fibre 

pads on the top of the membranes (Alltech, Deerfield, IL, USA) were used. In the 

bioaccessibility study leaching procedures were done in 50 cm3 volume VectaSpin 20TM 

polypropylene (PP) centrifuge tubes with 25 cm3 filter cup inserts equipped with 0.2 μm 

nylon membranes (Whatman International Ltd., Maidstone, England). 

Solutions obtained from the digestion and leaching procedures were analysed by ICP-AES 

(Optima 3200 DV, Perkin Elmer Inc.) and Q-ICP-MS (Agilent 7500a, Agilent Tech.) systems. 

For the XRF determination of the total amount of metals without digestion of the samples a 

Fisons ARL-8410 sequential wavelength dispersive XRF spectrometer was used equipped 

with a 3-kW Rh anode end-window X-ray tube. Transmission electron microscopy was 

performed with a Philips CM 20 (Philips, Eindhoven, The Netherlands) instrument. Particle 

size distributions of the welding aerosols were examined by an SMPS instrument (Model 

3034, TSI Inc., Shoreview, USA). 
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Scientific results 

1. Comparison of different sampling heads applied for investigation of welding fumes 

Welding fumes were sampled at two welding plants with ’fixed point’ and personal 

sampling techniques applying different sampling heads. After digestion the Fe, Cr, Mn, Ni 

and Co contents of the samples were determined by ICP-AES and ICP-MS measurements. 

Metal concentrations of the workplace air were calculated for the three samplers, and the 

results were compared to each other. The differences of the metal concentrations determined 

by the different inhalable sampling heads which were paired during the sampling proved not 

to be significant. Therefore the IOM and CIS heads can be equally used for the sampling of 

welding fumes. The distributions of metals were determined between the inhalable and 

respirable fractions. Metal concentrations in the respirable aerosol fraction were 57-86% and 

64-98% of the concentrations in the inhalable fraction in case of ’fixed point’ and personal 

sampling, respectively. These high rates of metals in the respirable aerosol call the attention to 

the increased health risk of welding fumes. 

2. Comparison of different analytical techniques in the determination of the elemental 
composition of welding fumes 

104 welding fume samples which were prepared by the same way were analysed by both 

Optima 3200DV ICP-AES and Agilent 7500a Q-ICP-MS instruments for the determination of 

Cr, Co, Ni and Mn and the results were compared. For the statistical evaluation of the data t-

tests were applied. The t-tests showed no significant differences by higher (> 10 μg/dm3) 

concentrations between the Mn and Cr results, while the differences (3.9%) between the Ni 

results proved to be significant. Still the two methods can be used equally for the analysis of 

Ni in welding fumes with the consideration of the required analytical precision (  10%) of the 

two analytical methods. 

A simple and rapid calibration method was developed for the analysis of welding fume 

samples by XRF spectrometry. Welding fume samples were collected in two welding plants, 

where different types of steels were welded with MIG welding technique. Calibrating filter 

samples were selected from loaded filters containing different amount of welding fume. The 

analytical signal of Cr, Fe, Mn and Ni were directly measured by a wavelength dispersive 

XRF spectrometer. These calibrating filter samples were digested in a microwave-assisted 

digestion system and the Fe, Cr, Mn and Ni contents of the obtained solutions were 

determined by ICP-AES. The calibration curves of elements for the XRF technique were 
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obtained considering the amount of elements on the filters determined by ICP-AES versus the 

XRF signal. 26 filter samples were analysed with both the XRF and ICP-AES methods and 

the results were compared. The average difference between the analytical data amounted to 

2.6–12.1%. The lowest and highest deviations were observed in case of Mn and Fe, 

respectively. On the basis of the results the ICP-AES and the rapid XRF methods can be 

equally used for the analysis of welding fumes generated during MIG. Although the 

developed method requires the use of ICP-AES technique at least ones, it is worth to apply 

because the obtained calibration curves for the XRF with adequate corrections can be used for 

a long time, and they might be applied to other aerosol types as well. 

3. Analysis of welding fume particles 

Particle size distribution of different welding fumes were determined by SMPS, TEM and 

by separation and weighing the size fractions of welding fumes after collection in an eleven 

stage cascade impactor. Chemical composition and morphology of the welding fume particles 

by TEM were determined as well. The particle size distribution determined by SMPS proved 

to be very different from the primary particle size distribution determined by TEM. Most of 

the primary particles had diameters between 10-50 nm and there were no such large 

differences between the distributions of the primary particles in the different welding fumes as 

in case of the particle size distributions obtained by SMPS. According to the TEM 

measurements the primary welding fume particles have a tendency to form chainlike 

agglomerates in case of all welding types. There was a clear size dependence of the particle 

composition. Small particles with diameters below 100 nm were mostly metal oxides in 

contrast to larger particles which also contained more volatile components (K, F). 

Comparison of the SMPS and TEM results revealed the greatest limitation of the SMPS 

measurements: there is no information about the agglomeration state of the primary particles. 

4. Chemical speciation of metals in welding fumes 

Leaching procedures were used for the quantification of the chemical species of Ni and 

Mn in different welding fumes. Based on the leaching procedures, the predominant oxidation 

states of Ni and Mn proved to be very different depending on the welding techniques and type 

of the welded steels. In MMA welding fumes less “insoluble” Ni and Mn compounds were 

found than in MIG/MAG welding fumes. When these two technologies for welding of 

corrosion resistant and unalloyed structural steel were applied, the distributions of the 

chemical forms of Ni and Mn proved to be very different in the different welding fumes. It 

was an important finding, that in MMA welding of corrosion resistant steel more Ni and Mn 
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compounds were in soluble form than in MIG/MAG welding. Therefore in case of Ni we may 

suggest that welders working with MMAW technique are exposed to Ni compounds having 

higher bioaccessibility in spite of the fact that total concentration of Ni in the workplace air is 

lower. However the XRD results could not fully confirm the ones obtained from the 

sequential extractions and they were not fully supported by the previous measurements of 

individual particles by X-ray photoelectron spectroscopy (XPS), secondary ion mass 

spectrometry (SIMS) and TEM either. The main conclusion of this study was that the 

limitations of the sequential leaching methods should always be considered when they are 

applied for other complex matrixes like welding aerosols. Several techniques are needed for 

the speciation analysis of the elements in welding fumes at the same time in order to eliminate 

the possible errors that can be based on inadequately chosen methods. At the same time these 

experiments pointed out the importance of the investigation of solubility and appointed the 

direction of the next studies.  

5. A study of the bioaccessibility of welding fumes 

Solubility of metals in fumes generated in MMA, MIG and TIG welding were investigated 

in the study by the use of three different fluids; deionised water and two kinds of lung fluid 

simulants: lung epithelial lining fluid simulant (Gamble’s solution) and artificial lung lining 

fluid simulant (Hatch’s solution). The most obvious observation yielded by the results is that 

the solubility of individual metals varies greatly depending on the welding technique, the 

composition of the leaching fluid and leaching time. However, if the bio-accessible part of the 

airborne exposure is to be estimated among welders for the study of the relationship between 

air exposure and whole blood/urine concentrations, it is essential to choose the most 

biologically relevant leaching solution and dissolution time. According to results of the study, 

the most reasonable choice might be Hatch’s solution as leaching solution and a 24-hour 

dissolution time for the following reasons: (1) based on its composition, Hatch’s solution is 

the most similar to the lung lining fluid; (2) in most cases the highest concentrations of the 

most important metals (Fe, Mn, Cr, Ni) in the investigated welding fumes were found in 

Hatch’s solution after a 24–hour period. This finding combined with the observation of other 

researchers that 90% of the particles are cleared from the epithelial region within the first 24-

hour period supports the suggestion that the most adequate dissolution time is 24 hours. 
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