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Abstract 

Welding is a widely used method to join two pieces of stainless steel. Since it 

produces a large amount of fume during the process, it can cause adverse health 

effects. The welding fume particles contain many elements. Among them Cr, Mn and 

Ni are of concern. These three elements can cause diseases if inhaled by humans, 

especially Cr(VI). In this project, welding fume particles are collected during welding 

of different stainless steel grades (austenitic AISI 304L and duplex LDX2101). 

Furthermore, different welding types (manual metal arc welding and metal active 

gas welding), shielding gas (MISON 2, MISON 18 and CORGON 18) and welding 

electrodes were varied (solid and flux cored wire). The particles were tested by 

scanning electron microscopy, energy dispersive X-ray spectroscopy, cyclic 

voltammetry and atomic absorption spectroscopy. The composition of the particles 

was measured and the surface chemical speciation estimated. In addition, metal 

release (Fe, Cr, Mn, and Ni) in phosphate buffered saline solution (pH 7.4, 37℃, 24h) 

from the particles was tested. Fe, Cr and Mn were found on the surface of the 

particles and released to different extent in the phosphate buffered saline solution 

(dominated by Cr). 
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Sammanfattning 

Svetsning används för att foga samman rostfritt stål. Eftersom en stor mängd 

svetsrök genereras under processen så kan det finnas negativa hälsoeffekter. 

Svetsrökspartiklar innehåller många element, t.ex. Cr, Mn och Ni, vilka kan vara 

skadliga. Dessa tre element kan orsaka sjukdomar, om de andas in av människor, 

speciellt sexvärt krom (Cr6+). I det här projektet samlades svetsrökspartiklar in under 

pågående svetsning av olika sorters rostfritt stål (austenitiskt AISI 304L och duplex 

LDX2101). Olika svetstyper användes (manuell metallbågsvetsning och 

gasmetallbågsvetsning med aktiv skyddsgas), olika skyddsgaser (MISON 2, MISON 18 

och CORGON 18) samt olika svetselektroder (solid tråd eller svetspulverfyllda 

rörtrådar). Svetsrökspartiklar undersöktes med svepelektronmikroskopi, 

energidispersiv röntgen fotonspektroskopi, cyklisk voltammetri, samt 

atomabsorptionsspektroskopi. Partiklarnas sammansättning samt deras ytspeciering 

undersöktes. Dessutom mättes andelen Fe, Cr, Mn, och Ni som frisatts i 

fosfatbuffrad salin (pH 7.4, 37 °C, 24 h) från partiklarna. Fe, Cr och Mn hittades både 

på partiklarnas yta och frisattes i olika mängd, dominerat av Cr. 
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Introduction 

Welding 

Welding is a process to join two materials (usually metals) through localised 

coalescence resulting from a suitable combination of temperature, pressure and 

metallurgical conditions. [1] Due to the difference of materials and requirements, 

there are many welding methods. Commonly, the mechanism of welding is governed 

by fusion to join the metals. A filler metal is always added to the join from a pool of 

molten material during the welding process. The welding pool can form a joint that 

can be as strong, or even stronger, than the base material after cooling. [2]  

Due to the requirement of corrosion resistant materials in many applications, such 

as machinery, medical treatments, and vehicles, stainless steel is widely used. 

Manual metal arc (MMA) welding and metal active gas (MAG) welding are common 

welding method to join stainless steels. 

Manual Metal Arc welding (MMA) 

Manual metal arc welding is also called shielded metal arc welding or stick electrode 

welding. It uses an electrode stick consisting of core wire inside and flux covering 

outside, Figure 1. The stick electrode is named consumable electrode. There are 

various kinds of electrodes used for MMA in order to meet most requirements. The 

coating outside the wire contains a large number of finely powdered chemicals and 

minerals. The coating can help protecting the metal droplets and weld pool from the 

atmosphere. Also, the flux covering can improve the stability of the arc.  

 

 
Figure 1 Manual Metal Arc Welding [4] 
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During the welding process, an electric arc is formed between the electrode and 

the workpiece. When the welding proceeds, the filler metal and base metal are both 

melt in the welding area to form a weld pool. Because of the heat from the arc, the 

coating, i.e. the flux covering, is melted to produce a protective slag. After welding, 

the weld pool solidifies and forms then a joint. The slag formed on the top of the 

joint should be removed. The metal in the joint derives from the core wire in the 

electrode, the metal powder in the coating, and the base metal. [3] 

The equipment of MMA is quite simple, so this kind of welding is straightforward. 

MMA can be used outdoors, unlike other welding methods requiring shielding gas, 

which is not suitable to use in wind. [3] Because of the low requirement of equipment, 

the cost of MMA is low. Also, the MMA equipment is movable, so it can be used in 

many places. The base materials that can be welded by MMA are many, including 

steel, stainless steel, iron, even some alloys contains aluminum, nickel and copper. 

However, MMA welding is not very satisfactory in terms of quality. MMA welding 

often causes problems such as weld spatter, porosity, poor fusion, shallow 

penetration and cracking. The mechanical properties, corrosion performance and 

even appearance of the weld area are affected. [5] 

Metal Active Gas welding (MAG) 

Gas metal arc welding (GMAW) is referred to as MIG (metal inert gas) welding when 

the shielding gas is inert, or as MAG (metal active gas) when the shielding gas 

contains active gas. Mostly, the inert gas is argon and the active gas is CO2. [3] The 

process of MAG welding is similar to MMA welding, i.e. an electronic arc between 

the electrode and the workpiece is produced, a weld pool is formed, which becomes 

the joint when solidifying. The difference between MMA and MAG is that MAG adds 

the shielding gas, while the MMA produces the shielding gas itself, Figures 1 and 2. 

 

 
Figure 2 Metal Active Arc Welding [7] 

 

MAG is often used to weld aluminum, ordinary mild steel, stainless steel, copper alloys, 

magnesium alloys and nickel alloys. Mainly there are two kinds of electrodes used, solid wire 
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and flux cored wire. A continuously feeding solid wire is used to form an arc and the wire is 

melted during welding. The filler metal is transferred to the welding area. MAG welding 

using flux cored wire has a higher deposition rate than using solid wire. It is the combination 

of semi-automatic welding and the traditional welding using coating electrodes. The method 

can influence the arc physical condition, transfer of metal, and metallurgic conditions in 

order to reduce the disadvantages of solid wire welding. The flux cored wire welding has 

higher welding speed and can be done in many positions. [6] 

Stainless Steel 

Stainless steel is widely used because of its corrosion resistance. Stainless steel is 

mainly based on a binary Fe-Cr system. The word “stainless” is used when iron alloys 

contain more than 12 wt. % Cr. Other alloying elements added to modify the 

properties of stainless steel are Ni, Mo and Mn. According to the 

phase/microstructure of the material, stainless steel is classified as austenitic 

stainless steel, martensitic stainless steel, ferritic stainless steel and duplex stainless 

steel. Corrosion resistance, mechanical properties, and welding ability are very 

important for stainless steel. [8] 

Stainless Steel 304L 

304L stainless steel has a high chromium and low carbon content. Due to its low 

carbon content, it can be widely used as welding material. The nominal composition 

is shown in Table 1. 

 

Table 1 Composition of 304L (wt. %) [9] 

 C Mn P S Si Cr Ni N Fe 

Min.      18 8   

Max. 0.03 2.00 0.045 0.030 0.75 20 20 0.10 Balance 

 

304L stainless steel is used both industrial and by end users. 304L is a commonly 

used grade for food and beverage applications and as construction material. [10] 

Stainless Steel LDX2101 

LDX2101 is a duplex stainless steel and consists of both austenite and ferrite phases. 

It has a very high strength, which is twice compared with austenitic steel, and good 

resistance to cracking and pitting corrosion. Its weldability is very good. [11] The 

composition is shown in Table 2. 

 

Table 2 Composition of LDX2101 (wt. %) [12] 

 Cr Ni Mn Mo N C Si P Cu S Fe 

Min. 21 1.35 4.00 0.10 0.20    0.10   

Max. 22 1.70 6.00 0.80 0.25 0.040 0.040 0.040 0.80 0.030 Balance 
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LDX2101 is widely used in building materials and water piping. There are also 

many storage tanks made of LDX2101. Some reinforcement bars are made of 

LDX2101 as well. [11[ 

Stainless Steel 308L 

308L stainless steel has low carbon content. Usually 308L is used as the filler metal to 

weld 304 stainless steel. The composition is shown in Table 3. [13] 

 

Table 3 Composition of 308L (wt. %) 

 Cr Ni Mn Si P C S Fe 

Min. 19 10       

Max. 21 12 2 1 0.045 0.03 0.03 Balance 

 

Stainless Steel 2205 

2205 is a duplex stainless steel and consists of both austenite and ferrite phases. It is 

the most widely used duplex stainless steel. It has very high yield strength that is 

twice compared with austenitic stainless steel. It has a better fatigue strength than 

other stainless steels and has good resistance to stress corrosion cracking, crevice, 

pitting, erosion and general corrosion in some environments. [14] The composition is 

shown in Table 4.  

 

Table 4 Composition of 2205 (wt. %) [15] 

 C Cr Ni Mo N Mn Si P S Fe 

Min.  21 4.5 2.5 0.8      

Max. 0.03 23 6.5 3.5 2.0 2.0 1.0 0.03 0.02 Balance 

 

2205 stainless steel is used in chemical processing for transport and storage such 

as vessels, tanks and heat exchanges. The exploration and processing equipment of 

oil and gas, such as tubes, are made of 2205. It is widely used in the marine and 

other high chloride environments. 2205 is also used to build food processing and 

biofuels plants. [14]  

Welding Fume 

Alloying elements added to stainless steel are improving its properties. However, 

these elements can be hazardous to the human body if they are in an available 

chemical form (bioavailable). Especially in stainless steel welding environment, the 

welding fume contains large amounts of metal particles that could be inhaled. The 

main elements of concern are Cr, Mn and Ni. During the welding process, Cr in 

stainless steel could form Cr(III) and Cr(VI) oxides. Cr(VI) poses more serious health 

risks for humans. It can be carcinogenic or induce allergic asthma. [35] Studies of 

welding emissions in California found that welding is the primary source of airborne 

Cr(VI). [16] Both MAG and MMA welding can form Cr(VI). Ni is also a harmful element 
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for the human body. Similar to Cr(VI), it is carcinogenic and a sensitizing metal. In the 

welding of Ni and Ni alloys, nickel oxides (NiO, NiO2, Ni2O3) are formed, especially in 

MIG welding. [17] There is a large amount of Mn in welding fume of stainless steel as 

well. Workers exposed to welding fume have a greater risk for Parkinson’s disease. 
[18] Stainless steel is mostly composed of iron. Obviously it exists in the welding fume. 

Actually iron is relatively non-toxic for humans; however it still causes a health risk. 

Some reports show that significant amounts of Fe are found to deposit and persist in 

the lungs of full-time welders, which can lead to siderosis. [19] Literature shows that 

welding fume particles less than 1mm in diameter pose a larger health hazard, 

because they can penetrate deep into the lungs. Badly, they cannot be cleared by 

cilia lining from the respiratory tract. [20] 

The welding fume of stainless steel causes serious hazards to welders. Some 

methods are adopted to reduce the danger. The most important one is using 

ventilation to keep a fresh welding environment. In addition, protective equipment 

should be used for welders. Optimized welding parameters also help to control the 

welding fume hazard. Some experiments show that the choice of shielding gas 

influences the particle size distribution and the amount of Cr(VI). The shielding gas 

can decrease the fume formation rate, but it increases the formation rate of UV light 

and ozone. And the amount of Cr(VI), which is dependent on UV light and ozone, 

increases therefore with the shielding gas flow rate. [16] The selection of welding 

parameters is hence very important. In industry, lower exposure welding processes 

can replace traditional MMA and MAG/MIG welding. An example is gas tungsten arc 

welding (TIG welding). [17] 
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Methods 

Collection of Welding Fume Particles 

An Electrical Low-Pressure Impactor (ELPI) combines electrical detection of charged 

particles with impactor collection techniques. Its main function is to measure the 

real-time particle size distribution that cannot be achieved by the traditional 

impactor measurement. It contains three parts: a cascade impactor, a unipolar diode 

charger and a multichannel electrometer. The particles coming into the instrument 

are firstly charged by the unipolar diode charger. Then, the impactors classify the 

particles according to their aerodynamic diameter. Because of their size difference, 

the particles are separated to different stages and stored on different filters. Then, 

the electrometer measures the charges on each filter. The current gained from each 

filter can be transferred as a signal to a PC. The software will calculate the size 

distribution according to their size and the signal by a specific formula. [21]  

ELPI can also collect the particles from the atmosphere such as tail gas of 

combustion motor. The environment of welded stainless steel has a high density of 

particles in the atmosphere. It is a quite satisfactory method to collect welding fume 

particles by ELPI. The reason is that it can separate the size of the particles during the 

collection directly and automatically, which makes it a perfect instrument to further 

investigate how the amount of Cr, Mn and Fe changes with different welding fume 

particle size.  

Particle Analysis 

Cyclic Voltammetry 

Cyclic Voltammetry (CV) is a widely used electrochemical analytical method. It can 

contribute to the fields of electrochemistry, inorganic chemistry, organic chemistry 

and biological chemistry. It mainly investigates the redox transitions of compounds 

at the electrode. CV consists of three electrodes, working electrode, reference 

electrode and counter electrode. During the measurement, a cycling potential is 

added to the working electrode, i.e. a linear potential scan, Figure 3. The line “a” in 

the figure means that potential on the working electrode changes towards more 

negative potentials, and the compound on the electrode is reduced. Line “c” means 

that the potential is increased and the compound is oxidized. The starting potential 

is the same as the ending potential and the potential scanning rate does not change 

during the scan. This process is called circulation. CV measurements can contain only 

one circulation or many circulations. 

During the measurement, a diagram of the current on the electrode (vertical axis) 

and the corresponding potential (horizontal axis) is plotted by the software (Nova 

1.11.2). The diagram is called a voltammogram. Always, the reduction and oxidation 

reactions are accompanied by electron transfer. If there is an electrochemical 
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reaction, the current will be influenced during the measurement. This is shown as a 

peak in the voltammogram. [22] CV measurements can help to analyse the chemical 

speciation of elements in welding fume particles.  

 

 

Figure 3 CV potential scans [22] 

Atomic Absorption Spectroscopy 

Atomic Absorption Spectroscopy (AAS) is a quantitative analytical method. It 

measures the concentration of dissolved metals in solution. Different elements have 

different absorption wavelengths of light. If the amount of one element needs to be 

measured, the corresponding wavelength for that element will be used. The 

principle of AAS measurements is schematically shown in Figure 4. The light comes 

from a “hollow cathode lamp”. For example, when the iron concentration in solution 

is measured, a lamp containing iron emits light from excited iron atoms. The solution 

sample containing iron is atomized in the furnace. When the light goes through the 

sample, the monochromatic light is absorbed by iron atoms. The amount of light 

absorption depends on the number of iron atoms in the sample. A calibration is done 

before the sample analysis, for instance samples with iron concentrations of 10 ppb 

(μg/L), 30 ppb, 50 ppb and 100 ppb are measured to establish a relationship 

between the iron concentration and the amount of absorbed light. Then the iron 

concentration can be calculated from the signals obtained from the detector. The 

absorption of atoms is so sensitive that AAS can measure down to parts per billion of 

a gram (ppb, μg/L). [24] 

 

 
Figure 4 Principle of AAS measurement [23] 
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AAS is a very useful measurement to investigate metal release. CV measurement is 

only a qualitative analysis, if the amount of particles and their oxide thickness is 

unknown. From the result of AAS measurements, the total concentration of each 

element in welding fume particles can be determined, if all particles are completely 

dissolved. The extent of metal release in simulated body fluids can also be 

investigated.  

SEM-EDS 

Scanning Electron Microscope (SEM) is a technique to show the surface morphology 

of samples. It uses electron beams to scan the surface of the sample. There are two 

kinds of electrons produced, secondary electrons and backscattered electrons. Both 

of these electrons originate from the surface (or bulk depending on the acceleration 

voltage) of the sample. The secondary electrons are the result of inelastic collision 

and scattering of incident electrons collision with sample electrons. Backscattered 

electrons originate from elastic collision and scattering between incident electrons 

and sample nucleus or electrons. Both secondary and backscatter electrons contain 

information of the sample surface morphology. When the detector collects the 

information, it can transfer it to surface topography. [25] 

Energy-dispersive X-ray spectroscopy (EDS) is a technique to analyse elements. 

Every kind of element generates its own unique X-ray peaks when the atom is 

excited. If the X-ray is verified by measuring the frequency, the element producing 

this kind of X-ray can be determined. 

SEM and EDS are combined to do a qualitative analysis. In the vacuum chamber of 

SEM, the electron beam scans the sample surface. The secondary electrons and 

backscatter electrons are used for morphology, and then the produced X-ray is used 

for elemental analysis.  

SEM-EDS measurements of the welding fume particles can be used as a guidance 

for the interpretation of CV and AAS measurements. It shows the main composition 

of the particles. For CV interpretation it is important to know the voltammograms of 

reference particles. For the experimental design of AAS measurements, it helps to 

decide what elements to be analysed. The result of the SEM-EDS measurement is 

essential. It provides information on the morphology of the welding fume particles 

that may be useful in future studies, for example to investigate how the shape and 

size of particles influence particle absorption in the human lung compartment.  
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Materials and equipment 

Materials and equipment for particle collection 

ELPI+ was used to collect particles. It contains 15 stages and can collect particles on 

14 size fractions, Table 5.  

 

Table 5 Specification of ELPI+TM channels 

 Filter 

number 
1 2 3 4 5 6 7 

Da (µm) 0.017 0.03 0.06 0.108 0.17 0.26 0.4 

Filter 

number 
8 9 10 11 12 13 14 

Da (µm) 0.64 1.0 1.6 2.5 4.4 6.8 10 

 

 

 

Figure 5 Image of the ELPI+ instrument 

 

Two kinds of filters, Al filter and polycarbonate filters, that collect the particles 

were used for the study and were assessed for their suitability. The filters are shown 

in Figures 6, 7. 
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Figure 6 Al filter                        Figure 7 Polycarbonate filter 

 

A 32 mL plastic box [Polystyrene (PS) / Polyethylene (PE)] is selected to store the 

filters with the particles. The box is shown in Figure 8. 

 

 

Figure 8 Plastic box for filter storage 

Welding Material 

Base Metal 

Outokumpu 18-8L TYPE 304L was used as base metal during welding. 

Information: 

Lot no.:543713-003 

 

Table 6 Composition of 304L (wt. %) 

C Si Mn P S Cr 

0.018 0.31 1.13 0.032 0.001 18.33 

Ni Nb Cu Co N Fe 

8.11 0.006 0.35 0.140 0.064 Balance 

 

Outokumpu LDX 2101 was used as base metal during welding. 

Information: 

Lot no.:422126-004 
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Table 7 Composition of LDX 2101 (wt. %) 

C Si Mn P S Cr Ni Mo Cu N Fe 

0.027 0.76 4.93 0.020 0.001 21.62 1.56 0.26 0.35 0.230 Balance 

 

Filler Metal 

AVESTA 308L/MVR BASIC was used as filler metal during welding. 

Information: 

Material no.:58941 

Batch no.:05151 

 

Table 8 Composition of AVESTA 308L/MVR BASIC (wt. %) 

C Si Mn P S Cr Mo Ni Cu Fe 

0.028 0.39 1.1 0.017 0.010 19.2 0.01 10.5 0.02 Balance 

 

AVESTA LDX 2101 AC/DC was used as filler metal during welding. 

Information: 

Material no.:58941 

Batch no.:03458 

 

Table 9 Composition of AVESTA LDX 2101AC/DC (wt. %) 

C Si Mn P S Cr Mo Ni Cu N Fe 

0.031 0.90 0.7 0.029 0.014 24.0 0.31 7.8 0.37 0.109 Balance 

 

AVESTA 2205 BASIC was used as filler metal during welding. 

Information: 

Material no.:58965 

Batch no.:04980 

 

Table 10 Composition of AVESTA 2205 BASIC (wt. %) 

C Si Mn P S Cr Mo Ni Cu Nb N Fe 

0.024 0.61 1.2 0.016 0.007 23.0 2.96 8.6 0.11 0 0.162 Balance 

 

AVESTA FCW-2D 308L/MVR was used as filler metal during welding. 

Information: 

 

Table 11 Composition of AVESTA FCW-2D 308L/MVR (wt. %) 

Typical composition of all weld metals Ferrite Wrc-92 

C Si Mn Cr Ni FN 

0.03 0.7 1.5 19.8 10.5 3-10 

 

AVESTA FCW-2D LDX 2101 was used as filler metal during welding. 

Information: 

 



 

12 
 

Table 12 Composition of AVESTA FCW-2D LDX2101 (wt. %) 

Typical composition of all weld metals 
Ferrite 

Wrc-92 

C Si Mn Cr Ni Mo N PREN FN 

0.025 0.7 1.1 24.6 9.0 0.4 0.14 27     

 

AVESTA 308L-Si/MVR-Si was used as filler metal during welding. 

Information: 

 

Table 13 Composition of AVESTA 308L-Si/MVR-Si (wt. %) 

Typical composition of the solid wire 

C Si Mn Cr Ni Ferrite 

0.02 0.85 1.8 20.0 10.5 9 FN (WRC-92) 

 

Shielding Gas 

MISON 2 (Ar + 2% CO2 + 0.03% NO), CORGON 18 (Ar + 18% CO2) or MISON 18 (Ar + 

18% CO2 + 0.03% NO) were used as the shielding gas during MAG welding. [26] 

Chemicals and Solutions 

K2Cr2O7 powder:  

Potassium dichromate for analysis  

CAS No. 7778-50-9, EC No. 231-906-6  

Molar Mass 294.19 g/mole  

Grade Value ACS, ISO, Reag. Ph Eur. 

Merck KGaA, Germany 

 

Cr2O3 powder: 

Chromium (III) oxide 99.1%  

Lanxess Deutschland GmbH, Germany 

 

Mn3O4 powder: 

Manganese (II,III) oxide 97%  

Lot No. MKBW5817V, CAS No. 1317-35-7 

Molar Mass 228.81 g/mole 

Sigma Aldrich 

 

Mn2O3 powder: 

Manganese (III) oxide 99.9% trace metal basis  

Lot No. MKBW0836V, CAS No. 1317-34-6 

Molar Mass 157.87 g/mole 

Sigma Aldrich 
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MnO2 powder: 

Lot No. MKBC2119V 

Sigma Aldrich 

 

αFe2O3 powder: 

Iron (III) oxide, α-phase, 99% (metals basis) 

Lot No. F03W069 

Alfa, Aesar 

 

Fe3O4 powder: 

Iron (II,III) oxide 98wt %  

Lot No. K23U052, CAS No. 1317-61-9 

Alfa Aesar 

 

Phosphate buffered saline (PBS) solution: 

PBS solution was used for the metal release tests. It contains 8.7734 g NaCl, 

1.2835 g Na2HPO4, 1.3644 g KH2PO4 and 500 μL 50%NaOH (Batch No. 08D280509, 

made in EC-EMB 45053, EC label: 215-185-5, PROLABO) in 1L in this project. The pH 

value was 7.28.  

Electrodes and CV equipment 

A glass cell was used in CV measurements shown in Figure 8. 

 

 

Figure 8 Glass cell for CV measurements 

 

Graphite powder was used as part of the working electrode in some CV 

measurements. 

Information:  

Natural, briquetting grade, 100 mesh, 99.9995% (metal basis) 

UCP-1 grade, Ultra “F” 

Lot No. 61200620 

Alfa Aesar, Sweden 
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A paraffine-impregnated graphite electrode (PIGE) was used as part of the working 

electrode in some CV measurements, Figure 9. 

 

 

Figure 9 PIGE 

 

A Pt wire was used as the counter electrode in all CV measurements. 

Platinum wire: 0.5 mm (0.02 in) dia, Premion, 99.997% (metal basis) 

Lot No. 61300118     

10cm 

Alfa Aesar 

 

An Ag/AgCl (sat, KCl) electrode was used as reference electrode and shown in Figure 

10. 

 

 

Figure 10 Ag/AgCl (sat. KCl) electrode 

 

8M NaOH was used as the electrolyte in the electrochemical cell in the CV 

measurements. It contains 32 g NaOH in 100 mL ultrapure water. The pH value was 

about 13. 

NaOH: 

Sodium hydroxide, reagent grade,  98%, pellets 
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Lot No. SZBE2520V 

Molar Mass 40.00 

Sigma-Aldrich 

 

A potentiostat was used for the CV measurements, “μAUTOLAB-TYPE III” shown in 

Figure 11. 

 

 

Figure 11 Potentiostat “μAUTOLAB-TYPE III” 

Atomic Absorption Spectroscopy equipment 

A PerkinElmer AAS 800 instrument was used to measure the aqueous metal sample 

concentration. The instrument is shown in Figure 12. 

 

 
Figure 12 PerkinElmer AAS 800 instrument 

SEM-EDS 

A tabletop scanning electron microscope (SEM) with backscattered electron analysis 

(Hitachi TM-1000) and energy dispersive spectroscopy (EDS) were used to 
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investigate the morphology and chemical composition of welding fume particles. The 

particles were fixed on carbon tape. 

Other equipment 

In the experiments, all solutions were prepared using ultrapure water (18.2 MΩcm 

resistivity), which was also used for the cleaning of all the equipment. The water is 

generated using a Millipore instrument (Millipore, Solna, Sweden), Figure 13. 

 

 

Figure 13 Millipore water purification instrument 

 

The PIGE electrode was polished using a SiC grit 500 paper (FEPA P#500) before 

usage to reduce any contamination from the surface, Figure 14. 

 

 
Figure 14 Grinding paper 
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Two balances called “Sartorius” and “Mettler Toledo” (microbalance) were used to 

measure the weight of the samples. They are shown in Figures 15 and 16. 

 

    
Figure 15 “Sartorius” balance           Figure 16 “Mettler Toledo” balance 

 

A pH meter was used to measure the pH value of the solutions using a “PHM210 - 

Standard pH Meter” as shown in Figure 16. 

 

 

Figure 16 Picture of “PHM210 - Standard pH Meter” 
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An incubator was used to control the agitation/shaking of samples and temperature 

for investigation of metal release from the welding fume particles. It is shown in 

Figure 17. 

 

 

Figure 17 Incubator 
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Experimental 

Welding and Particles Collection 

The welding fume particles were collected during the welding process. David Franklin, 

Swerea Kimab AB, Sweden, conducted the welding. Table 13 shows the welding 

materials and parameters. 

  

Table 13 Welding Materials and Parameters 

Test Method 
Base 

metal 
Filler metal 

Shielding 

gas 

Aimed 

current 
Other parameters 

1 MMA 304L 

Avesta 

308L/MVR 

(basisk) Ø 4mm 

 ~140A 35 cm/min a 

2 MMA LDX2101 

Avesta 

LDX2101-3D 

Ø 4mm 

 ~140 A 35 cm/min 

3 MMA LDX2101 
Avesta 2205 

(basisk) Ø 4mm 
 ~140 A 35 cm/min 

4 MAG 304L 
Avesta 308LSi 

Ø 1.2mm (solid) 
MISON 2 ~230 A 

90 cm/min                     

27 V 219 A b  

9m/min c 

5 MAG LDX2101 
Avesta LDX2101 

Ø 1.2mm (solid) 
MISON 2 ~230 A 

90 cm/min                 

26.3 V 225 A 

9.5 m/min 

6 MAG LDX2101 

Avesta FCW-2D 

LDX2101 

Ø 1.2mm 

CORGON 

18 
~230 A 

90 cm/min                 

29 V 223 A             

13 m/min 

7 MAG 304L 

Avesta FCW-2D 

308L/MVR 

Ø 1.2mm 

CORGON 

18 
~230 A 

90 cm/min                 

29 V 219 A             

13 m/min 

8 MAG 304L 

Avesta FCW-2D 

308L/MVR 

Ø 1.2mm 

MISON 

18 
~230 A 

90 cm/min                 

29 V 217 A             

13 m/min 

9 MAG LDX2101 

Avesta FCW-2D 

LDX2101 

Ø 1.2mm 

 ~230 A 

90 cm/min              

29.3 V 209 A             

13 m/min 

10 MAG LDX2101 

Avesta FCW-2D 

LDX2101 

Ø 1.2mm 

MISON 

18 
~230 A 

90 cm/min                 

29 V 197 A             

13 m/min 
a welding velocity 
b real current 
c feed rate 
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The welding fume particles were collected by an ELPI+ device indoors. The 

collection started at the same time when the welding began. The particle collection 

lasted for ten more minutes after the welding ended in order to collect enough 

particles for chemical analysis. Polycarbonate filters (ungreased) were mounted on 

the substrates in the ELPI+ for collection of the particles. The sampling rate was set 

to 10 Hz and, the flow rate to 10 L/min. After the collection, the filters were taken 

out and stored in separate plastic boxes with marks of the corresponding test 

number and size number. 

SEM-EDS Test of Welding Fume Particles 

Several samples (Test 1 #8, Test 4 #13, Test 6 #13, Test 8 #13 and Test 9 #13) were 

selected to be analyzed by SEM-EDS. In order to avoid the dispersion inside the SEM 

chamber and ensure necessary conduction, the particles were transferred from the 

polycarbonate filter to a carbon tape. The surface morphology was investigated at a 

magnification of 1000 times to view the particles and 10000 times to observe single 

particles. Both the area and spot method were used in the EDS investigation to 

determine the main elements of the particles. 

Cyclic Voltammetry Test of Welding Fume Particles 

Two kinds of working electrodes were tested for the CV measurement, a graphite 

paste electrode and a paraffine-impregnated graphite electrode. 

Cell Set Up for CV Measurements with a Graphite Paste Electrode 

For some reference powders, CV tests were done with a graphite paste electrode. 

Using graphite is convenient for controlling the weight of the metal oxide powders 

that is in electrical contact with the graphite paste, which enable quantitative 

estimations. The first step is to make the paste. The paste is a mixture of carbon 

(graphite) powder and the metal powder. Usually 100 mg carbon powder is suitable 

to make a paste. The amount of the metal oxide powder depends on its 

electrochemical characteristics. For example, the reduction of one Cr(VI) ion 

consumes 3 electrons to Cr(III), but only 0.5 electrons is required to reduce a Fe(III) 

ion to Fe(II,III). The current is hence higher when reducing Cr(VI) compared with 

Fe(III) (Faraday’s law). The reduction peak is further larger for the reduction from 

Cr(VI) than from Fe(III) if their amount is equal. That means that a less Cr(VI) amount 

is needed for detection of the redox peaks in CV measurements. The weights of the 

metal oxide powder and the graphite powder are shown in Table 14 for all the tests. 

The graphite powder and metal oxide powder were mixed together with several 

drops of electrolyte (8 M NaOH at pH ~13). The high pH was selected to ensure many 

metal oxides (such as Mn oxides) to be in their solid state to enable solid-solid 

electrochemical transitions. A high buffering capacity is also required. The graphite 

powder was tested itself as a blank sample to know the contamination from the 
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environment and from impurities. Two filters were also tested in order to determine 

the contamination from filters. The one that had less contamination would then be 

selected for collection of the welding fume particles. After the paste was prepared, it 

was positioned into a smaller glass container (Ø  1.9 cm, height 7.0 cm) connected to 

a Pt wire to act as the working electrode. Then the whole working electrode was 

positioned into the glass cell from the bottom. A Pt wire (10 cm) as the counter 

electrode is trapped on the reference electrode. These two electrodes are set from 

the top of the cell and about 1 cm from the working electrode. Inside the cell there 

was the electrolyte. The cell is shown schematically in Figure 18. 

 

Table 14 CV tests with graphite paste 

Test Metal oxide powder Graphite powder 

Cr2O3 reduction    oxidation 9.964 mg 0.1071 g 

Cr2O3 oxidation    reduction 10.108 mg 0.1019 g 

Graphite powder  0 0.1015 g 

Cr6+  reduction    oxidation 0.096 mg 0.1012 g 

αFe2O3 reduction    oxidation 0.930 mg 0.1003 g 

Fe3O4 reduction    oxidation 0.942 mg 0.1076 g 

Fe3O4 oxidation    reduction     4.946 mg 0.1013 g 

Mn3O4 reduction    oxidation 1.076 mg 0.1000 g 

MnO2 reduction    oxidation  9.980 mg 0.1009 g 

Al filter 0 0.0998 g 

Polycarbonate filter 0 0.0994 g 

 

 
Figure 18 Illustration of graphite paste cell set up 

 

Cell Set Up for CV Measurements with a PIGE Electrode 

PIGE was used as the working electrode to test the samples, because it had a higher 

sensitivity found in pre-tests on subway particles. [36] Before fixing the particles of 
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the samples on the top of PIGE, it was polished with 500 SiC grit paper in order to 

avoid any contamination. Then, the surface of the PIGE was cleaned using paper 

tissues using ultrapure water to wipe off the graphite powders produced by the 

polishing procedure. After that, the PIGE was heated by a lighter to soften the 

paraffine to make it easier to stick to the powders. After short cooling, the heated 

paraffine was pressed onto the polycarbonate filters to pick up particles. Table 15 

shows the tests done with PIGE. The direction of CV tests with PIGE is from reduction 

to oxidation. The PIGE is set from the bottom of the glass cell. Similar to the graphite 

paste, the combined counter and reference electrode is set from the top of the cell 1 

cm to the PIGE. The cell is filled with electrolyte. The cell is shown in Figure 19. 

 

Table 15 CV tests with PIGE (welding fume particles) 

Test 

number 
1 2 3 4 5 6 7 8 9 10 

Filter 

number 
6, 8 8 

3, 5, 

6, 7, 

8, 9. 

8 2, 8 8 8 8 8, 13 8 

 

 
Figure 19 Illustration of PIGE cell set up 

 

CV Measurement Tests and Parameters 

The potential range from -1.4 V to 0.2 V (vs. Ag/AgCl sat. KCl) was selected where 

water is stable in the electrolyte at pH 13. When the water starts to be reduced or 

oxidized, the reduction (H2 evolution) and oxidation (O2 evolution) peaks are visible 

in the voltammogram. Since there is a large amount of water in the solution, the 

peaks are large. These peaks limit the possible potential range for interpretation of 

the results. The step potential was set to -0.00244 V and the scan rate to 0.0005V/s. 

Before the test started, the open circuit potential (OCP) was determined for 300 s or 
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until the change of OCP was less than 1 μV/s. During the measurement, the potential 

was reduced to -1.4 V from OCP, increased to 0.2 V, and then reduced again to OCP. 

The initial potential was set to the OCP to avoid artifacts and to ensure that the 

chemical speciation of the particles was not changed at the beginning of the test. For 

example, if Fe2O3 powders would be tested and the initial potential would be set too 

low, the powder would change to Fe3O4 and hence induce different results. After 

one circulation, the voltammogram was plotted and the test finished. 

Metal release tests by AAS 

Solution and Sample Preparation 

The welding fume particles can be inhaled into the lung and cannot be cleared 

rapidly. It is hence important to quantify the dispersion of potentially harmful metals 

to the lung and body. In this project, PBS solution (pH~7.3) was used to simulate the 

human blood in order to analyse the release of potentially toxic metal species from 

welding fume particles. PBS has a relevant pH for normal lung conditions [37] and 

enables conditions for the detection of Cr(VI) which would be reduced to Cr(III) at 

lower pH (see Figure 36 in the discussion part). Two size fractions, number 4 and 

number 10 filters were chosen in order to observe how different particle sizes affect 

the metal release. This was done for all 10 tests. Five blank samples were made from 

clean polycarbonate filters and plastic boxes in order, to determine the background 

contamination. 20 mL PBS solution was added in each plastic box. The 25 samples 

were placed in the incubator (37 °C, 12° inclination, 22 cycles/min) for 24 h. The 

solution was filtered using syringes with a 20 nm membrane (INORGANIC 

MEMBRANE FILTER, AnotopTM 25, 0.02 μm, diameter 25 nm, Lot No. A10020702, 

WhatmanTM) to ensure particle-free solutions in the 25 mL acid-cleaned storage 

flasks. This nanofiltration should remove all particles from solution and hence not 

result in overestimation of release metals. Pre-studies (by S. Pradhan, S. Isaksson, 

and Y. Hedberg, KTH) showed the membranes to adsorb about 20% of metals for 

μg/L concentrations and to introduce negligible errors for mg/L concentrations. 

These studies were done on several metals, including Mn, but not Cr, Fe and Ni. The 

process is shown in Figure 20. Next, the pH values for the samples were measured. 

Finally, the pH of the samples was adjusted to lower than 2 for the coming AAS 

analyzing by HNO3 (ultrapure 65% HNO3). In addition, other solution samples were 

not acidified, but frozen, for future studies of their Cr(VI) content. 
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Figure 20 Solution filtration set-up 

 

AAS Analysis 

The concentrations of Fe, Mn, Cr and Ni in solution were measured by atomic 

absorption spectroscopy (AAS) in the graphite furnace mode.  

For the Fe measurements, 10, 20, 50, 80 and 120 μg/L calibration standards were 

freshly prepared and used. Magnesium nitrate [Mg(NO3)2] was used as matrix 

modifier. Quality controls (5 μg/L Fe) were performed every 4th sample. 1% HNO3 

was used as the blank sample of calibration. 

For the Mn measurements, 10, 30 and 100 μg/L calibration standards were used. 

Palladium nitrate [Pd(NO3)2] and magnesium nitrate were used as matrix modifiers. 

Quality controls (10 μg/L Mn) were performed every 4th sample. 1% HNO3 was used 

as the blank sample of calibration. 

For the Cr measurements, 10, 30 and 100 μg/L calibration standards were used. 

Magnesium nitrate was used as matrix modifier. Quality controls (10 μg/L Cr) were 

performed every 4th sample. 1% HNO3 was used as the blank sample of the 

calibration. 

For the Ni measurements, 30, 60 and 100 μg/L calibration standards were used. 

Calcium nitrate [Ca(NO3)] and palladium nitrate were used as matrix modifiers. 

Quality controls (30 μg/L Ni) were performed every 4th sample. 1% HNO3 was used as 

the blank sample of calibration. 

  



 

25 
 

Result and discussion 

Particles Collection 

Figure 21 shows all 14 impactors and filters after one particle collection for one of 

the welding tests. 

 

 

Figure 21 Impactors and filters after one particle collection 

 

From Figure 21 it can be seen that the amount of the particles is different on 

different filters. There are few particles on both the low numbered filters (No. 1 and 

2) and the high numbered filters (No. 13 and 14). That is why CV measurements 

could not be performed on all the filter numbers for each test. It was difficult to 

confirm that any particles were fixed to the electrode in cases, when the particles 

were invisible on the filters. 

SEM-EDS 

Morphology of Welding Particles 

Overviews of particle morphologies are in the following shown at 1000X 

magnification. Take “Test 4 #13” as an example: as Figure 22 shows, the welding 

fume particles contain two parts. One part consists of shining white points; the other 

of grey flocculent parts.  
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Figure 22 1000X Test 4 #13 

 

Images were collected using a 10,000X magnification to show these two parts. For 

“Test 4 #13”, Figures 23 and 24, it seems that the white shining points correspond to 

the metal powder produced during the welding from the filler metal or the base 

metal, and the grey flocculent part may originate from the coating surrounding the 

filler metal. In order to observe the difference of the two parts, EDS analysis was 

used in the spot mode to determine the elemental compisition. The electron beam 

was selected to focus on each part, seen as the intersection point of the crossing line 

in Figures 23 and 24. There are many other results of SEM tests shown in the 

appendix. 

 

 

Figure 23 10000X Test 4 #13-focusing on one bright point 
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Figure 24 10000X Test 4 #13-focusing on the greyer part. 

 

Since SEM was run in the backscatter electron mode and the setting was that 

brighter color means elements of higher average atomic mass, “Shining” and “white” 

means hence particles with a higher average atomic mass is expected compared with 

“grey” parts. 

EDS Analysis 

The EDS measurements confirm that the main elements in the welding fume 

particles are Fe, Cr and Mn, Table 16. 

 

Table 16 Detected elements by means of SEM-EDS (wt. %) 

Test 1 #8 

Spot 

number 
Na Al Si S K Ca Ti Cr Mn Fe F 

Spot 1 15.4 12.0 6.8 7.6 23.7 8.9 2.9 7.3 5.4 10.1  

Spot 3 10.7 10.1 6.2 1.2 20.9 6.8 2.5 6.1 5.2 10.7 19.6 

Spot 4 11.8 10.5 6.0 1.7 21.9 6.8 2.7 5.7 5.9 9.2 17.7 

 

 

Test 4 #13 

Spot 

number 
Na Si S Cr Mn Fe Ni    

Spot 1 2.4 4.8 4.3 15.5 9.1 54.7 9.2    

Spot 3  1.0  18.7  71.3 9.0    

Spot 4 6.4 5.3 11.7 13.5 9.7 45.2 8.2    

Spot 5  6.5 2.3 16.3 11.9 52.4 10.7    
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Test 8 #13 

Spot 

number 
Na Al Si S P K Ti Cr Mn Fe Ni 

Spot 1 7.1 1.9 10  1.1 4.0 2.6 15.6 20.9 33.2 3.5 

Spot 3 15 2.6 3.4 3.4  5.9 2.8 15.2 19.7 27.4  

Spot 4 9.6 1.6 5.8   3.8 2.5 16.3 11.5 42.6 6.2 

Spot 5 9.8 2.1  2.9  3.5 3.2 15.4 9.7 43.3 4.2 

 

 

Test 9 #13 

Spot 

number 
Na Al Si S K Ti Cr Mn Fe Ni P 

Spot 1 20.6  8.8 5.1 3.1 3.8 16.0 15.3 27.3   

Spot 3 16.9  8.2  3.0 7.4 18.3 14.3 27.7 4.2  

Spot 4 16.3 0.8 7.9  2.9 6.9 19.8 12.5 29.6 3.3  

Spot 5 0.7 0.8 0.9   0.6 20.9  64.2 12.2  

Spot 6 18.2  10.0  3.2 4.6 17.6 12.8 28.6 3.5 1.2 

 

 

Test 6 #13 

Spot 1 

Na Al Si K Ti Cr Mn Fe Ni Tc  

13.7 0.5 7.8 3.8 9.1 19.7 15.9 22.9 1.5 5.1  

Spot 3 

Mg Al Si S Ca Cr Mn Fe Cu Zn Sn 

5.2 5.6 5.1 4.6 3.1 2.4 1.2 49.5 5.1 9.8 8.5 

Spot 4  

Na Si K Ti Mn Fe Ni    

3.1 1.7 0.4 2.8 2.4 70.2 4.0    

Spot 5  

Na Al Si K Ti Cr Mn Fe Ni Cu Bi 

14.1 0.6 7.0 3.6 5.9 18.4 14.6 25.4 2.5 2.0 5.9 

 

From table 16 it seems that the result for “Test 6 #13” (MAG welding of LDX2101 

by a flux-cored wire 2101 and CORGON 18 gas) was different from the others. Tc was 

determined in some of the particles, which is not expected. Due to instrument 

limitations (no possibility to change the voltage in this instrument), it could not be 

ruled out whether this element assignment (Tc) was correct or not. Even Zn, Cu and 

Mg were detected, findings that are different from the other tests. This may be 

because a result of an erroneous assignment of EDS peaks or due to some other 

contaminations or special materials in the flux-cored wire.  
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Among the measurements “Test 4 #13-spot 3”, “Test 6 #13-spot 4” and “Test 9 

#13-spot 5” the spot mode was used with the electron beam focusing on the white 

shining points. For “Test 4 #13-spot 5”, “Test 6 #13-spot 5” and “Test 9 #13-spot 6” 

the spot mode was used with a focus on the grey parts. The white shining points had 

a higher amount of Fe than the grey part. The grey part contained more different 

elements. It seems that the white shining particles are only metal particles, probably 

coming from the filler metal or the base metal. On the other hand, the grey parts 

seem to be a mixture of the electrode coating powders, the filler metal particles and 

the base metal particles.  

From the EDS measurement results it can be seen that nearly all the test samples 

contain Mn, Cr and Ni, elements that could potentially be harmful for the human 

body. Other measurements are needed to confirm the chemical speciation of the 

elements and whether they exist on the surface of the particles and/or if they are 

soluble. 

Cyclic Voltammetry Test 

Filter Selection 

Two filters are commonly used in the ELPI instrument: Al filters and polycarbonate 

filters. Both can in addition be greased with different products to increase particle 

fixation. A test using the paste graphite working electrode was conducted to 

determine the most suitable filter for this study. Figure 25 shows the voltammogram 

of the Al filter, the polycarbonate filter and the paste graphite electrode (blank 

reference). 

 

 
Figure 25 Voltammogram of the Al filter, the polycarbonate filter and pure graphite 

paste in 8 M NaOH 

 

From the figure a different reduction peak can be seen for the Al filter at around 

-0.58 V compared with the graphite paste only. The reduction peak of the graphite 
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paste electrode has shifted from -0.85 V to -0.76 V for the Al filter. The reduction 

peak position of the polycarbonate filter is similar to the graphite paste 

electrode.From the resukts it is clear that there is some contamination from the Al 

filter in the reduction part. All these filters were ungreased and the graphite paste 

was prepared on the filters. 

 

 
Figure 26 Voltammogram of Al filter, polycarbonate filter and graphite paste only at 

higher magnification 

 

From Figure 26 it can be seen that both the polycarbonate filter and the Al filter 

show oxidation peaks that are different from the graphite paste electrode only. The 

peaks at -0.98 V, -0.8 V, -0.51 V and -0.13 V belong to the Al filter. The peaks at 0.11 

V and 0.2 V belong to the polycarbonate filter. In other words, the Al filter showed 6 

different contamination peaks and the polycarbonate filter 2 contamination peaks. 

There are many other metals that have similar reduction and oxidation peaks as the 

Al filter. This means that the use of the Al filter can really make the interpretation of 

the CV measurement results difficult. In addition, the Al filter can react with the 

electrolyte (8 M NaOH) during the graphite paste set up, shown in Figure 27. The 

electrolyte is colorless and clear orignally, but changes to an oyster white 

appearance in contact with the Al filter (Al corrodes at pH 13). In conclusion, the 

ungreased polycarbonate filter was selected to collect the particles because of lower 

contamination. In addition, greased filters have in prestudies [36] been found to be 

worse both from a contamination and a sensitivity perspective. The PIGE electrode 

was also found to be advantageous due to lower contamination risk and lower 

background current (no reduction peak at -0.75 or -0.80 V). Therefore, PIGE was 

used for CV measurements for all samples. However, the reference particles were 

tested with the graphite paste, since the filter elaboration was done at a later stage 

of this master thesis work. 
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Figure 27 The electrolyte reacts with the Al filter. 

Reference Powder Tests 

The αFe2O3 was tested as a reference and the results are shown in Figure 28.  

 

  
Figure 28 Voltammogram of αFe2O3 (the measurement first reduced the particles and 

then oxidized the same particles) 

 

To understand the voltammogram it is better to correlate it to a Pourbaix diagram. 

Figure 29 shows the Pourbaix diagram of Fe at 25 °C and 1 μM ion concentration. 
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Figure 29 Pourbaix diagram of Fe at 25 °C and 1 μM ion concentration [38] 

 

The reference electrode used in this project was the “Ag/AgCl sat. KCl” electrode 

that is different from RHE/SHE used for Pourbaix diagram. This means that the 

potential needs to be converted between them. The difference in potential between 

the two electrodes is about 0.2 V. That means the range selected in the project 

(-1.4V-0.2 V) corresponds to -1.2 V-0.4 V in the Pourbaix diagram. This range is 

shown as the area between the brown lines in the diagram. At pH 13, a vertical line 

is drawn in the diagram. Three points of intersection can be seen in the diagram 

showing changes in the chemical speciation of Fe. These three points mean the 

transfer of Fe(III) to Fe(II,III), Fe(II,III) to Fe(II), Fe(II) to Fe(0) from top to bottom. 

According to the points, there can theoretically exist three peaks in the 

voltammogram at about -0.63 V, -0.82 V and -1.05 V (transferred to Ag/AgCl) .  

However, in the voltammorgram, there were three oxidation peaks in relatively 

close agreement with the theory (at about -0.96 V, -0.85 V and -0.72 V). Only one 

obvious reduction peak could be seen at around -1.2V. The literature describes the 

same observation. Actually in the voltammogram of Fe, the peak at around -1.2V 

was suggested to be a special reduction peak of Fe. It corresponds to Fe(III) 

transferring to Fe(0). [27]  

Fe3O4 was tested as a reference as well. The results are shown in Figure 30. 
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Figure 30 Voltammogram of Fe3O4 (the measurement first reduced the particles and then 

oxidized the same particles) 

 

The results were different from αFe2O3. The special reduction peak of Fe became 

smaller. This is because there are fewer electrons transferring when Fe(II,III) is 

reduced to Fe. The three oxidation peaks were shifted to the left and were smaller 

than for the αFe2O3 oxidation peaks. Theoretically, as Fe(II,III) is reduced to Fe(0) at 

the potential around -1.2 V, so the oxidation peaks should be the same as for αFe2O3. 

A slight shift was however expected for different peak heights due to kinetic effects. 

Another measurement was run first oxidizing and then reducing the particles. 5mg 

Fe3O4 was added since the peaks of 1 mg Fe3O4 were very small. An increased mass 

can increase the number of electrons transferred during the reactions. 

 

 
Figure 31 Voltammogram of Fe3O4 (the measurement first oxidized the particles and then 

reduced the same particles) 
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Figure 32 Voltammogram of Fe3O4 at higher magnification (the measurement first oxidized 

the particles and then reduced the same particles) 

  

From the result, the special reduction peak for Fe appeared at a similar position as 

observed αFe2O3, because Fe(II,III) is firstly oxidized to Fe(III). The three oxidation 

peaks seemed not shifted this time. However, the size of all the peaks was smaller 

since there is 5 mg Fe(II,III), but the peaks were smaller than observed for 1 mg 

αFe2O3. It is quite difficult to solve this distinction problem. The CV measurements 

are very speciation sensitive and the results reflect the surface of the particles. The 

particles size, powder stability, phase of the powder surface and many other factors 

can influence the results.  

Two measurements for Cr2O3 were conducted and shown in Figures 33 and 34.  

 

 
Figure 33 Voltammogram of Cr2O3 (the measurement first reduced the particles and then 

oxidized tha same particles) 
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From Figure 33 it is evident that there is no obvious special peak for Cr2O3 

compared with the background. However, at the potential higher than 0 V, there 

seems to be a higher current, which might be an oxidation peak from Cr(III) to Cr(VI). 

 

 
Figure 34 Voltammogram of Cr2O3 (the measurement first oxidized the particles and then 

reduced the same particles) 

 

There was some difference when the measurement started with the oxidation of 

Cr2O3. A reduction peak at around -0.75 V appeared which means that Cr(VI) is 

reduced to Cr(III). This is because Cr(III) is oxidized to Cr(VI) first when the potential 

is increased. 

A Cr(VI) powder was tested and the results are shown in Figure 35. 

 

 

Figure 35 Voltammogram of K2Cr2O7 (the measurement first reduced the particles and 

then oxidized the same particles) 
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A special peak was seen at around -0.75 V, which means that Cr(VI) transfers to 

Cr(III). At around 0.19 V, an oxidation peak appeared that probable corresponds to 

the oxidation of Cr(III) to Cr(VI). There is some literature data that report the same 

results that can verify those conclusions. [28, 29] 

Figure 36 shows the Pourbaix diagram of Cr, the brown lines show the range of 

the measurements (transferred to RHE). There is only one intersection point 

between the region and the vertical line (pH=13) at around 0.2 V (Ag/AgCl). The 

reduction peak in the measurement shifted to lower potential, but the oxidation 

peak stayed at the theoretical potential in the voltammogram. A similar 

phenomenon was seen for αFe2O3. This might be because the particles and their 

surface are not active for the reactions and need some time to be reduced, which 

causes the peaks to shift. When the particles are reduced, they become active. This 

enables the oxidation reaction to occur quickly. The oxidation reaction time 

decreases and the peaks do not shift. One reason for this could be adsorbed species. 

For example, there was always a first reduction peak of O2 gas that was adsorbed at 

the particle surface. Actually there are many factors influencing the CV 

measurement results; this is only one speculation. 

 

 
Figure 36 Pourbaix diagram of Cr at at 25 ℃ and 1 μM ion concentration [39] 

 

Mn3O4 and MnO2 were also tested and the results are shown in Figures 37 and 38. 
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Figure 37 Voltammorgram of Mn3O4 (the measurement first reduced the particles and 

then oxidized the same particles) 

 

 
Figure 38 Voltammogram of MnO2 (the measurement first reduced the particles and then 

oxidized the same particels) 

 

The results of the tests for different the Mn oxide powders are quite complex to 

interpret since there are many kind of Mn oxidation states in the potential range 

selected at pH 13. Figure 39 shows the Pourbaix diagram of Mn. In the potential 

range selected for the measurements, three intersection points appear at pH 13. 

Theoretically there will hence be three peaks at around 0 V, -0.3 V and -0.5 V 

(Ag/AgCl). 

From the Pourbaix diagram, Mn3O4 would generate one reduction peak firstly and 

then three oxidation peaks if the potential scanning starts from reduction to 

oxidation. However, in the voltammogram of Mn3O4 there was not an apparent 

reduction peak and only two oxidation peaks were observed. Actually the reduction 

peak is highly possibly hidden by the background peak of the graphite electrode. As 
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the red voltammogram shows, there was always a peak at around -0.85 V in all the 

results, which came from the working electrode (graphite powder). In the result of 

Mn3O4 (blue line) this peak became broader, which means that there more electrons 

were transferred than in the background. It might be explained by the reduction of 

Mn(II,III) to Mn(II) at -0.95 V. Two oxidation peaks located at about -0.5 V and -0.11 V 

are different from the Pourbaix diagram. Compared to some literature results, there 

should be reduction peaks at -0.98 V and -1.05V and oxidation peaks at -0.5V, -0.33 V 

and -0.11 V. [28, 29, 36] One of the oxidation peaks was not at the same potential. In 

this measurement, Mn has to change its speciation from Mn(II) to Mn(II,III), from 

Mn(II,III) to Mn(III), and from Mn(III) to Mn(IV). The missing peak at -0.3 V for 

Mn(II,III) to Mn(III) could be explained by assuming that the Mn(II) transfer to Mn(III) 

for some reason occurs directly in the measurement, or that one process is delayed 

(indicated by the relatively broad peak at -0.11 V).  

 

 
Figure 39 Pourbaix diagram of Mn at 25 °C and 1 μM ion concentration [40] 

 

For MnO2, two reduction peaks were observed, at -0.61 V and -1.03 V, respectively. 

Since there was some influence from the graphite electrode contamination, the peak 

potential might be slightly shifted. Three oxidation peaks were located at -0.5 V, 

-0.25 V and -0.12 V. Literature findings: report reduction peaks at -0.54 V and -0.98 V, 

and oxidation peaks at -0.5 V, -0.33 V and -0.11 V. [28, 29, 36] The positions of the 

reduction peaks are slightly different and might be caused by the background 

contamination. The observed potentials of the oxidation peaks were not exactly 

corresponding to the Pourbaix diagram. This might be related to that real 

measurements have more influencing factors compared with the theoretical data, or 

that the theoretical data should be calculated at a different ion concentration.   
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Since the oxidation peaks at -0.25 V and -0.12 V are close in the diagram (double 

peak), there is another explanation of the missing oxidation peak of Mn3O4. It might 

be overlapping with the peak transition for Mn(III) to Mn(IV) since the mass of 

Mn3O4 powder was only 1 mg. The peak may be too small to be observed separately. 

If its mass would be increased to 10 mg, the same as for the MnO2 measurement, it 

would probably show the peak for the transition from Mn(II,III) to Mn(III).  

Sample Tests 

The number 8 filters (0.4-0.64 μm particle size) of all tests were selected for CV 

measurements. Figure 40 shows the result. 

 

 
Figure 40 Voltammograms of all tests #8 (the measurement first reduced the particles 

and then oxidized the same particles) 

 

 
Figure 41 Voltammograms of all tests #8 magified for reduction peaks (the measurement 

first reduced the particles and then oxidized the same particles) 
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The reduction peak at around -0.25 V corresponds to the adsorbed oxygen. There 

was one obvious reduction peak for all the tests at around -1.04 V. These peaks were 

not in the exact same position, possibly because of different amounts of collected 

particles on the working electrode. Compared with the reference powders tested 

before, the position of the reduction peak is similar with the position of the 

reductions peak of Fe oxide or Mn(IV). If it corresponds to Mn(IV), there should be 

another reduction peak at around -0.6 V, which is missing in this result. If it 

corresponds to Fe oxide, the other peak should be at around -1.2 V. However, the 

reference powders were pure Fe oxides. The collected particles contain many 

elements and their compositions are very complex. It cannot hence be excluded that 

other elements influences the position of Fe oxidation peaks. Welding has been 

reported to produce Cr(VI) containing particles [16], but there was no reduction peak 

observed for the collected particles that correspond to the Cr(VI) to Cr(III) at -0.75 V. 

This means that it might be Cr(III) on the surface of the welding fume particles. The 

CV measurements are surface sensitive (in nm-range) [28][41], and reflect the surface 

condition of the particles. Cr(III) as the reference powder does not show any 

reduction peak. Another case could be a kind of spinel compound such as MnFe2O4 

or FeCr2O4 or something similar. In one study, some spinel oxides were found on the 

surface of water-atomized steel powders pre-alloyed with Mn. [30] The formation of 

the welding fume particles was quite similar such as high temperature and high 

cooling rate. Assuming the presence of a spinel compound, one reduction peak may 

be observed in the voltammogram. Actually, the area of the reduction peak was 

significantly larger than the Fe oxide reduction peak would be. The mass of the 

particles on the filter was much less than 1 mg. This means that this reduction peak 

cannot be from Fe alone. Different Cr(VI) species might also have different reduction 

peaks. A probable Cr(VI) species at high temperatures is CrO2(OH)2 in the presence of 

water vapor. Its reduction potential is unknown. If the reduction peak would be from 

Cr(VI), it would explain its large size, since Cr(VI) that is converted to Cr(III) transfers 

3 electrons. 

Five oxidation peaks were observed. The No.1 and No.2 peaks look like the 

oxidation peaks of Fe, specially Fe(II,III). The No.4 and No.5 peaks could be assigned 

as the oxidation peaks of Mn. But No.3 is a very special peak. Only “Test 2, 6, 7, 8, 9 

and 10”, i.e. six samples out of ten revealed this oxidation peak. It is strange that its 

peak area was smaller than observed for the other peaks. In the voltammogram it 

means there are either a low number of transferred electrons in this oxidation 

reaction, or a low amount of this compound at this potential. Compared to the 

reference results there were no similar peaks. The oxidation peak might hence be 

related to another element except Fe, Mn or Cr. Worth nothing is that it cannot be a 

general result for all welding fume particles since it appears in six samples only. The 

special peak did not appear in the results of “Test 4 and 5”, welding conditions that 

used a solid wire as the welding electrode. Solid wire means the welding electrode 

does not have the flux coating. This may imply that the special peak may orginate 

from an element of the flux coating of the electrode. A possible candidate could be 
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Bi, which has a theoretical electron transition at this potential. However, more 

reference measurements are needed to interpret the meaning of this peak. 

 

 

Figure 42 Voltammogram of all tests #8 magnified for oxidation peaks (the measurement 

first reduced the particles and then oxidized the same particels) 

 

 

When considering both the reduction peaks and the oxidation peaks, it could be 

thought that the single reduction peak stands for a spinel substance. Since there are 

both Fe and Mn oxidation peaks observed, the reduction peak cannot only mean a 

reduction reaction of one element. Since the area of the reduction peak was 

significantly larger compared with the sum of the areas of the oxidation peaks, it is 

probable that Cr(VI) reduction contributes to this reduction peak. There seems to be 

an oxidation peak of Cr(III) to Cr(VI) at the potential above 0 V. The spinel substance 

may hence contain Cr(VI). It is also possible that there is Cr2O3 on the surface of the 

particles. since, it did not have an obvious reduction peak in the reference test, and 

the part of voltammogram exceeding 0 V was quite similar to observations made for 

the Cr2O3 powder [transition from Cr(III) to Cr(VI)]. 

Collected particles from “Test 3 #3, 5, 6, 7, 8, 9” were tested and the results are 

shown in Figure 43.  
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Figure 43 Voltammograms of Tests #3, 5, 6, 7, 8, 9 (the measurement first reduced the 

particles and then oxidized the same particles) 

 

Test 3 did not reveal the special oxidation peak at -0.56 V for any of the particle 

sizes. Figure 44 shows that the reduction was similar to the other tests at -1.02 V. 

Only one reduction peak could be observed and all at approximately the same 

potential. This means that the particle size did not influence the position of the main 

reduction peak. Three oxidation peaks could be observed. The peaks at -0.5 V and 

-0.19 V are most probably assigned as Mn oxidation peaks. The peak at -0.98 V could 

be the Fe oxidation peak. The oxidation peak at -1.15 V, also observed in several of 

the other tests, was not distinct for these samples. This is because the amount of 

particles on the filters in Test 3 is low, seen to influence the size of the peaks. 

Although there seems to be no qualitative difference in the voltammogram with 

particles size, there seems to be a quantitative difference, as indicated by a different 

ratio of peaks for the different sizes. This should be investigated further. 

There are some other test results that are similar to the displayed ones. All sample 

results of CV measurements are inclided in the appendix. 
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Figure 44 Voltammogram of Test 3 #3, 5, 6, 7, 8, 9 magnified for reduction peaks (the 

measurement first reduced the particles and then oxidized the same particles) 

 

 
Figure 45 Voltammogram of Test 3 #3, 5, 6, 7, 8, 9 magnified for oxidation peaks (the 

measurement first reduced the particles and then oxidized the same particles) 

 

Metal Release Analysis 

From the SEM-EDS investigation, it was evident that almost all the samples contain 

Fe, Cr, Mn and Ni. Metal release tests were therefore performed on these elements, 

analysed by means of AAS. Figure 46-48 show released total concentrations of these 

elements in PBS (pH 7.4). The error bars in the figures show the standard deviation 

of triplicate readings of one sample. There were some analytical problems with the 

Ni analysis in this project. The method of the AAS test used was found not very 

suitable for Ni in PBS solution. As a result, triplicate readings were not reproducible. 
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For example, the mean concentration of Ni in “Test 10 #4” was measured three 

times, and the results were -0.599 μg/L, -2.540 μg/L and 3.074 μg/L. The value 

of %RSD was larger than 999.9%. There are some reasonable results such as “Test 3 

#4” (2.558 μg/L, 2.494 μg/L and 2.537 μg/L; mean concentration 2.537 μg/L), “Test 5 

#10” (3.044 μg/L, 2.659 μg/L and 2.540 μg/L; mean concentration 2.748 μg/L) and 

“Test 9 #10” (1.358 μg/L, 1.723 μg/L and 2.454 μg/L; mean concentration 1.845 μg/L). 

Ni analysis in PBS is tricky and requires careful method development. This will be 

done in continued studies on these particles and the samples will be reanalyzed. In 

this study, the limit of quantification (above which sample error becomes < 30%) was 

higher than all sample values (about 10 μg/L limit of quantification). Hence, it can be 

concluded that Ni release was relatively low, similar or lower as Fe, but there are no 

quantitative values available. These data are hence not added in the comparison 

with the other three elements. 

For all the AAS analysis, #4 and #10 for all the samples were selected. The particle 

diameter of #4 varied between 60 nm and 108 nm, and the particle diameter of #10 

between 1 μm and 1.6 μm. The amount of the particles cannot be controlled during 

the collection. Their weight was not possible to determine after collection, since the 

difference of weight among different polycarbonate filters is about 1 mg, which 

exceeds the mass of the collected particles. From this follows that the AAS 

measurements results of the different powders cannot be compared. For example, it 

is not correct to say that in “Test 9 #10” more Fe was released from the particles 

than in “Test 10 #10”, because maybe there were just more particles on the filter of 

“Test 9 #10”.  

 

 

Figure 46 Mean concentration of released Fe in solution (PBS) 
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Figure 47 Mean concentration of released Mn in solution (PBS) 

 

 

Figure 48 Mean concentration of released Cr in solution (PBS) 

 

However, a relative comparison of the results is valid. For instance, it is correct to 

say that more Cr than Fe was released in PBS from the particles of “Test 10 #10”. The 

ratio of released elements from the particles were hence calculated, normalized to 

100%, and shown in Figures 49, 50. 
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Figure 49 Relative release of Fe, Cr, and Mn in all Test #4 in PBS (24 h, 37℃) 

 

 

Figure 50 Relative release of Fe, Cr, and Mn in all Test #10 in PBS (24 h, 37℃) 

 

It is interesting to see that there is a very small amount of Fe released from the 

particles despite the fact that Fe is the predominating metal of the stainless steel 

bulk. During the preparation of the AAS samples, the filter was immersed in the PBS 

solution. However, when the solutions were extracted from the plastic box, there 

were still particles visible on the filter. This means that not all particles were 
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dissolved in the solution. This means that most probably that only the surface of the 

particles to different extent is dissolved or released in the solution. As previously 

shown, the surface seems to contain a lot of Cr and some Mn, whereas the bulk of 

the particles contains a lot of Fe, not dissolved/released in any significant amounts in 

PBS. Compounds of Fe(0, II, or III) and Cr(III) are expected to not dissolve and/or to 

precipitate in PBS (pH 7.4). Mn is slightly more soluble at this pH. The high amount of 

Cr suggests therefore Cr to be in the hexavalent state, which is soluble at this pH. 

Some literature describes that Cr2O3 can be vaporized if there is water vapor in the 

environment at high temperatures. [31, 32, 33] During the welding, it may hence be 

possible that Cr2O3 is vaporized and precipitates on the surface of the welding fume 

particles upon cooling. Some other studies suggest that always form oxidized Mn on 

the surface of the stainless steel upon rapid cooling. [34] Since the conditions during 

welding are quite similar to conditions during production of atomized stainless steel 

particles that also are cooled rapidly, they might have an outer Mn oxidation layer as 

well. 

There were some experimental problems with the “Test 2 and 3”. It is because in 

the first collection (Test 1), there were too many particles on the “Test 1” filter. The 

particle collection time was therefore reduced for “Test 2 and 3”. The air exhaust 

system flow was also increased from “Test 2” in the welding room. Due to these 

conditions, the collected particle mass on the filters of “Test 2 and 3” was lower than 

for the other tests. For “Test 4 #10 and Test 5 #10”, it seem that the number of the 

particles was few. Results of other samples show that the ratio of Mn released from 

the particles increased to some extent with increasing particle diameter. That is 

because the release of Mn was higher than that of Cr. However, since the amount of 

the particles collected on the filter cannot be controlled, the results of the 

measurements cannot be compared very accurately. It is though evident that both Cr 

and Mn are released from the welding fume particles into PBS. 

The use of shielding gas is likely to reduce the amount of Cr in the welding fume 

particles. “Tests 1, 2, 3 and 9” had no shielding gas and the amount of Cr released 

from the particles was relatively higher compared to the other samples. The use of 

shielding gas also reduces the amount of the welding fume. [26] In conclusion, using a 

shielding gas during welding is a method to reduce the hazard of the welding fume.  
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Some views about social and ethical aspects 

From all results generated within the framework of this master science thesis, it can 

be confirmed that the welding fume particles contain and release Cr and Mn. If the 

particles were to be inhaled by the welders and able to penetrate deep into the lung, 

which is possible due to their nanometer and micrometer sizes, Cr [probably as 

Cr(VI)] and Mn would release into the lung fluid from the particle surface. These 

interactions would cause health problems. The phenomenon should be well known 

both by the company and the welders in order to reduce the hazard. According to 

the results, some measures can be taken to reduce the danger of inhaling welding 

fume particles, e.g. suitable protection equipment including particle filters. This 

project provides an analytical method to be used as a guide for future studies when 

characterizing welding particles. Hopefully some new methods of welding or welding 

parameters that are able to reduce the hazards for human health could be found 

based on the knowledge of this thesis. 
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Conclusion and Suggestion for Future Studies 

Mn, Cr and Ni are all potentially harmful for humans if released into the human body 

from inhaled welding fume particles. The results of SEM-EDS show that the welding 

fume particles contain all these three elements. In the cyclic voltammetry (CV) test 

results, one large reduction peak was observed. It is assumed to be related to the 

reduction of a spinel compound present on the particle surface. Some oxidation 

peaks could be caused by the oxidation of Fe and Mn. The reduction peak of Cr(VI) to 

Cr(III), as for chromate, did not display in the results. The large reduction peak area 

suggests however that Cr(VI) is involved in that peak. The CV measurements are 

surface sensitive and can only show the peak if a redox reaction occurs within the 

potential range investigated. It cannot directly confirm elements or the chemical 

speciation. Therefore, complementary analytical tools are to be used. From the AAS 

measurements, Cr and Mn can be verified to be released from the welding fume 

particles. Fe and Ni were detected at a very low concentration in the PBS solution. Cr 

was the predominantly released metal in most cases, suggesting Cr(VI), at least to 

some extent. Most probably, the welding fume particles have a rich Cr and Mn 

oxidation layer.  

In summary, CV measurement and AAS analysis results confirm Fe, Mn and Cr in 

the results of SEM-EDS. However, there are some doubts about the Cr phase that 

need to be clarified in future studies. “Tests 9 and 10” that showed a high extent of 

Cr release could be measured by CV in future studies to investigate if there is a peak 

corresponding to chromate. 

Some other measurements, such as X-ray photoelectron spectroscopy (XPS), are 

needed to further analyse the chemical speciation of the outermost surface of the 

particles. UV-vis spectroscopy and polarography are suggested techniques to verify if 

Cr is released as Cr(VI) into PBS. Additional CV measurements could be conducted 

when first oxidizing the particles and then reducing the particles. This could possibly 

generated other valid information, e.g. whether the surface oxide is in its fully 

oxidized state or not. 

For the special oxidation peak in the results of the samples, more reference 

powders are needed to confirm its meaning. Reference particles can be selected 

from the elements detected by means of SEM-EDS tests or particles made from the 

flux material of the electrodes. 

For metal release analysis, the method to analyse low Ni concentrations in PBS 

solution should be elaborated. Acid solutions could be used to digest the particles 

and analyse their concentration of Fe, Cr, Mn and Ni on the filters, and compare 

generated results with the released fraction in PBS. 

An improved method to collect the welding particles is also needed. Since the 

mass of the particles on the filters cannot be controlled in this project, it makes it 

difficult to obtain quantitative conclusions from the metal release results.  
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Appendix A 

 

SEM results 

 

Test 1 #8 
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Spot 2 1000X 

 
Spot 3 10000X 
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Test 4 #13 

Spot 1 10000X 

 

Spot 2 1000X 

 



 

54 
 

Spot 3 10000X 

 

Spot 4 10000X 

 
Spot 5 10000X 

 

 

 

Test 6 #13 
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Test 8 #13 
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Test 9 #13 
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Appendix B 

 

CV results 
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