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1 Introduction
Welding fumes are extensively studied for decades and their main components are well known: gases and solid particles. Welding fumes are classified as possibly carcinogenic to humans (Group 2B) by International Agency for Research on Cancer (IARC).
O3, CO, CO2, NO, NO2 are generated during welding on clean and non-coated base materials. 
Additional organic gases are generated in presence of organic coating, any organic contaminant or cleaning solvent residue on the base metal. Their nature depends on initial organic compounds and welding conditions, leading to a very long list of possible generated molecules. 

It is obvious for everyone that qualitative and quantitative analyses of gases generated during welding have to be expressed as molecule contents and not element contents1-3. Hazards linked to such gases can be assessed only if these molecules are known, neither on the basis of elemental contents.

On the other hand, there’s a lot of confusion concerning solid particles. The nature of welding fume solid particles is very well documented but complex. On clean, non-coated base metals, particles are mainly formed from the welding droplet and are generated by vaporization of the molten liquid. The metal vapors oxidize and condense quickly to form welding fume particles with the following characteristics:

· Their size varies from app. 10nm to 10µm4-7. 

· Their chemical composition mainly depends on the filler material

· They are mainly composed of various oxides and fluorides, but only in case there is any fluorine in the welding consumable5,7-11.
However, this complexity is partially or totally removed from international standard12 and some of Health and Safety guides13-15 where solid components of welding fumes are characterized by elemental contents and/or described as simple compounds, especially simple oxides. The real components of welding fumes are completely forgotten, leading to wrong hazards assessments. 	Comment by Windows-Benutzer: This is not true! True is, that risk assessment takes into account, that these hazardous compounds  can be present besides less hazardous compounds. 














The 2 common misleadings are:
· Elemental contents sometimes interpreted as metallic contents
· Systematic simplification of complex oxides components to mono-elemental oxides 

A third confusion is made regarding welding fume risk assessment between what is used to weld (which filler metal) and what is welded (which base metal). Both organic and metallic coatings will strongly modify the nature and/or composition of welding fumes but the associated risks don’t come with the welding consumable.
Crystalline compounds of welding fumes can be identified by X-Ray Diffraction (XRD). The position and intensity of peaks of a phase in a diffraction pattern are determined by the crystal structure. By accurately measuring experimental peak positions over a long angular range, the unit cell lattice parameters of the phases in an unknown sample can be determined. Combining these information with the elemental composition of the fume, crystalline compounds of a welding fume can be identified.
3 parameters have to be considered:
· Usual detection limit of XRD devices is 1-5% w/w.
· Elements in substitution can create changes in lattice parameters.
· Bragg peak widths are inversely proportional to crystallite size. Since welding fumes are constituted by fine and ultrafine particles, peaks’ broadening are observed that might render phase identification more difficult.

Regarding the compounds which come from base metal’ coating degradation, attention and recommendations shall be focused on the base metal and its preparation prior welding, not the filler material.
During welding, part of the raw materials that compose the consumable and possibly the coating or residual on the base metal will be vaporized. The vaporized compounds condense to form welding fume particles. Two main fume formation mechanisms are proposed in literature16-18:
· Oxidation assisted vaporization, followed by condensation
· Vaporization followed by condensation then oxidation
These 2 mechanisms will be referred in the discussion as VOC mechanisms.
Risk evaluation shall not be based on the elemental content or on simple metallic oxides that are not present in welding fumes but on the nature and chemical composition of the products obtained by VOC mechanisms. Comment: this is in contradiction with the 3rd parameter (see above with yellow color)
Risk assessment has to take into account all the particles structure present in welding fume. As shown, spinel-type oxides and other complex compounds can be present and, in some cases, be dominant, but the presence of amorphous amounts with simple oxides shall be taken also into account, as long as it was not verified, that these are not present in welding fume. If possible and reliable proven the nature and the chemical composition of the welding fume components obtained by VOC mechanism should be also considered.
A serious risk assessment must consider always the worst case. That means here the presence of numerable, considerable amount of hazardous simple oxides.

Non exhaustive list of compounds encountered in welding fumes particles is detailed below. 
Small contents or very specific compounds are not discussed here.
The scope of the document :
· To review the main compounds formed in welding.
· Compounds of specific composition (e.g. with barium, lanthanides or any other element rarely encountered in welding fumes) or found in small amounts (less than few % w/w) or not well identified are not discussed here.
· This document aims to describe as accurately as possible the main compounds of welding fumes for scientific studies on welding fumes properties, origins and/or toxicity.
· The purpose of this document is to provide a reference guide of the main compounds encountered in welding fume and is intended to be helpful in the choice of experimental or bibliographic references when comparing welding fumes to standards materials.
· This document is not intended to challenge by any means, workplace measurements (i.e. Fume Emission Rate and Elemental Analysis collection) which depend on national regulations.

2 Welding Fume Fluorides
In rutile consumables, fluorine content is very low (0-2%). In basic consumables, which contain high fluoride contents, fluorine content in the corresponding welding fumes is between 10 and 20%.
The most common fluorides encountered in welding fumes are:
· NaF (CAS No. 7681-49-4) 
· CaF2 (7789-75-5) 
· KCaF3 (no CAS number) 
3 Welding Fume Oxides
In fumes produced by steel welding, the major component is iron (average content 15-50%). It will drive VOC mechanism to the formation of spinel structure compounds, AB2O4, .where A site is usually occupied by a divalent cation and B site usually by a trivalent one (see below titanium case for an exception).
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	Figure 1 : AB2O4 Spinel structure



Fe2+, Fe3+ and other elements which can adopt stable divalent and/or trivalent state (Mg2+, Al3+, Cr3+, Ni2+, Mn2+, Mn3+ Co2+, Cu2+…) are hosted in spinel structure leading to particles of various chemical compositions.
Since several cations may occupy the same crystallographic site, it’s not possible to give an accurate chemical composition of the spinel-type compounds found in welding fumes but an average chemical formula can be proposed based on the major elements they’re composed of.
Iron-based spinels compounds have a specific “signature” in XRD that allow to distinguish them from simple oxides. 

3.1 Case of Iron
Iron is one of the main components of steel welding fumes. Its content varies between 10 to 50%. It will be found in spinel-type compounds with various compositions. In solid wires fume, where iron is the major element of the fume, an oxide with a chemical composition close to Fe3O4 (CAS No 1317-61-9) is detected.
Iron-based spinel oxides are the main compounds formed in most of steel welding fumes (welding fumes generated from basic stick electrodes might be a possible exception). The average composition of these spinels depends on the other metallic elements present in the fumes, leading to complex and various average composition Fe3-xMxO4, where M = +, Cr3+, Ni2+, Mn2+, Mn3+ Co2+, Cu2+, Ti4+, etc…
Those iron-based spinel oxides exhibit a XRD signature slightly different from Fe3O4 one: a slight shift of the average lattice parameter can be measured that indicates the presence of other element than iron in the spinel structure.
3.2 Case of Nickel
Nickel content in welding fume generated by mild steel welding is very low (below 1% or even 0.1%) and the nature of the compounds containing nickel hasn’t been studied. However, it is reasonable to state that nickel is found in spinel oxides in such fumes. 
In stainless steel welding fumes (average Ni content 2-6%), nickel is mainly found in spinel oxides and possibly in small amounts as NiO19.
In nickel based alloys fumes, spinel compounds are no longer the major phase since iron content is lower than nickel one. Therefore, NiO content will increase significantly.
NiO has the following CAS No : 7440-02-0. 4 spinel oxides containing nickel have a CAS number :
- Di-iron nickel tetraoxide, Fe2NiO4, (CAS No 12168-54-6)
- Nickel ferrite brown spinel, (CAS No.: 68187-10-0)
- Chrome iron nickel black spinel, (Ni, Cr, Fe)3O4 (CAS No.: 71631-15-7)
- Di-chromium nickel tetraoxide, Cr2NiO4 (CAS No 12018-18-7)

3.3 Case of Chromium
The most 2 stable oxidation states of chromium are Cr3+ and Cr6+. 
Oxidation state and solubility are particularly important factors in considering the toxicity of chromium. 
In low alloyed steels, Cr content is usually less than 1% and no significant content of hexavalent is detected.
In stainless steels total Cr content is usually between 1 to 10%, up to 15% for specific products.
Cr3+ will be found in spinel oxides. Additionally to chromium iron nickel black spinel (see Ni Case), another referenced spinel oxide containing chromium is chromite:
FeCr2O4 has the following CAS No.: 12068-77-8.
Chromium isn’t found at valence VI in spinels. Cr6+ is stabilized by some alkaline cations (Na, K) as chromates. Therefore, when welding consumables that do not contain Na or K (e. g. solid wires), no such chromates are formed. Moreover, formation of chromates is in competition with chromium III spinel formation.

For stick electrodes or flux cored wires that contain Na and/or K, different chromates or dichromates can be observed such as Na2CrO4, K2CrO4, K2Cr2O7, K2CrO4, K3Na(CrO4)2, K3Na(Cr2O7)2. In these welding fumes, hexavalent chromium is usually between 1 to 5%, possibly up to 10% for some specific products.
In welding fumes produced by stainless steel solid wires, Cr VI content is reported in the range 0,1-1%. However, since no alkaline cation is significantly present in stainless steel alloys, no alkaline chromate can obviously forms in the fume. 
No experimental evidence have explained yet the presence of Cr VI in such fumes. However, possible relevant candidates that could explain Cr VI presence might be nickel or manganese chromates (respectively NiCrO4 and MnCrO4).
It shall be underlined that CrO3 is a dark red deliquescent solid which decomposes at 197°C into Cr2O3 and O2, so it can hardly be formed during welding.

3.4 Case of Manganese
Manganese content in welding fumes is usually between 3 and 15%.
MnO, Mn2O3, MnO2 or Mn3O4 (which, despite its formula, exhibits a distorted spinel structure distinct from cubic spinel one) are not present in welding fumes as major compounds, even in high manganese content consumables20-22. 
It should be highlight that XRD patterns with a poor resolution/high background noise23 can lead to bad interpretation and shall be challenged and/or dismissed. Crystalline structure of pure manganese oxides are significantly different from iron-based spinel oxide one and  a clear distinction can be done by XRD studies, when correctly conducted.
Mn has an extensive solubility in Fe3O4, leading to a general formula Fe3-xMnxO4 for 0 < x < 1.6524, that explain that no pure manganese oxide is found as major phase in fumes that contains iron, even if it is not present in a higher content than manganese.
All observations reported show that manganese is found in oxide spinel compounds mixed with iron and possibly other elements. In such compounds, oxidation states of Mn can be II and/or III. 

The closest referenced spinel oxide is Fe2MnO4 (CAS No : 68186-94-7) .
Another spinel compound, found in literature is FeMn2O4, but this compound has no CAS number. 

3.5 Case of Titanium
Titanium can form spinel compounds with iron based on the general formula Fe2+xTi1-xO4 (0 x 1). These titanomagnetites are important minerals in basalts and a commonly occur on the earth. 
Titanium content in welding fume is usually in 1-5% range.
For Fe2TiO4, no toxicity study is reported. This compound has no CAS number. 

3.6 Case of Silicon
Silicon doesn’t behave as other elements presented above and don’t form any spinel compound. Silicon content in welding fume is between 1-20%. The highest contents are observed for stick electrodes. 
Silicon oxidizes to form SiO2 and other silicates mainly in combination with alkaline and alkaline-earth elements. Silica and silicates formed in welding fumes are amorphous.
Generally speaking, amorphous materials are obtained by a fast cooling from liquid state. Silicates are materials with very high glass forming tendencies: melts can be cooled down extremely slowly (10-4 to10-1 °K/sec) without crystallizing.
Formation and cooling rate of welding fume particles are very high, therefore amorphous silicates are obtained.
3.7 Case of Aluminium
Alumina (Al2O3 CAS No. 1344-28-1) is formed as the major compound during aluminium welding.
Welding Al-Mg alloys will also lead to MgAl2O4 (CAS No. 12068-51-8), which exhibits a spinel structure.

4 Conclusion
Welding fumes exhibit a large diversity of constituents and chemical elements. 
The most common or significant compounds encountered in welding fumes have been reviewed. 
A summary of the principal compounds of welding fumes depending on the type of process and the type of consumable are given in the summary table 2.
· Fluorine is encountered in NaF (soluble fluoride), CaF2,or  KCaF3 (both insoluble).
· K or Na chromates, found in noticeable content only in stainless steel stick electrodes and some flux cored wires fumes.
· NiO is only present in significant content in some nickel-based products fumes.
· Silicon is found as amorphous silica/silicates.
· Iron based spinels oxides with the general formula Fe3-x(Cr,Ni,Mn,Ti)xO4.
· Al2O3 and possibly MgAl2O4 in aluminium WF.

It should also be underlined that, besides NiO Al2O3 and Fe3O4, no simple oxides are found, as major compounds, in welding fumes generated during welding on non-coated base metal. Therefore it’s irrelevant to compare the complex oxides found in welding fumes to simple oxides. As principal products in welding fumes, investigations shall be focused on spinel-type oxides.	Comment by Windows-Benutzer: All the text here shall be deleted and instead of this, please insert:
In all cases, where in specific welding processes the formation of characteristic, as hazardous classified chemicals (e.g. simple oxides) in the WF can be excluded and instead of that spinel-type compounds are found, risk analysis should take in account the chemical properties of all these components. 
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Table 2 :Typical Principal Compounds of commonly encountered welding fumes
	Type of process
	Type of consumable
	Typical principal compound
	Other possible principal compound

	Manual metal arc welding
	Unalloyed and low-alloy steel
	Fe3O4, Fe3-xMnxO4, (Ni, Cr, Fe)3O4
	NaF, CaF2, KCaF3, amorphous silica/silicates

	
	High-alloy steel
	FeCr2O4, Fe2NiO4, (Ni, Cr, Fe)3O4, Na2CrO4, K2CrO4, K2Cr2O7, K2CrO4, K3Na(CrO4)2, K3Na(Cr2O7)2
	NaF, CaF2, KCaF3
amorphous silica/silicates

	
	Nickel-based
	NiO
	Fe2NiO4, Cr2NiO4, NaF, CaF2, KCaF3, amorphous silica/silicates

	Gas-shielded metal arc welding with solid wires
	Unalloyed and low-alloy steel
	Fe3O4, Fe3-xMnxO4, 
(Ni, Cr, Fe)3O4
	-

	
	High-alloy steel
	FeCr2O4, Fe2NiO4, 
(Ni, Cr, Fe)3O4
	-

	
	Nickel-based
	NiO
	Fe2NiO4, Cr2NiO4

	
	Aluminium- based
	Al2O3
	MgAl2O4

	Gas-shielded and self-shielded metal arc welding with metal-cored wires
	Unalloyed and low-alloy steel
	FeCr2O4, Fe3-xMnxO4, (Ni, Cr, Fe)3O4
	-

	
	High-alloy steel
	FeCr2O4, Fe2NiO4, 
Fe3-xMnxO4, 
(Ni, Cr, Fe)3O4
	Cr VI compound(s)

	
	Nickel-based
	NiO
	Fe2NiO4, Cr2NiO4


	Gas-shielded and self-shielded metal arc welding with flux-cored wires
	Unalloyed and low-alloy steel
	FeCr2O4, Fe3-xMnxO4, (Ni, Cr, Fe)3O4
	NaF, CaF2, KCaF3, amorphous silica/silicates

	
	High-alloy steel
	FeCr2O4, Fe2NiO4, 
Fe3-xMnxO4, 
(Ni, Cr, Fe)3O4
	NaF, CaF2, KCaF3, Na2CrO4, K2CrO4, K2Cr2O7, K2CrO4, K3Na(CrO4)2, K3Na(Cr2O7)2
 amorphous silica/silicates

	
	Nickel-based
	NiO
	amorphous silica/silicates
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