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Abstract

Classified as an Occupational Hazard, welding fumes pose a threat due to the presence of
Cr(VI), a known carcinogen. To effectively address this issue, it's crucial to comprehend the
elemental form and mechanism of Cr(VI) formation in welding fumes. In this research, the
formation of Cr(V1) in welding fumes was studied to understand the potential health hazards it
poses to welders. FTIR was utilized to identify Cr(\V1) species by analysing the vibrational
peaks of various bonds in the compounds. FTIR proved useful in identifying Cr(VI)
compounds by detecting the anti-symmetric vibrations of Cr-O-Cr, the symmetric stretching of
CrO4 tetrahedra, and the stretching vibrations of the planar CrOs structure of chromium
trioxide. However, the study in quantifying the amount of Cr(V1) in welding fumes using FTIR

and electrochemistry required further refinement and will be part of ongoing research.

As part of another study, in order to understand the mechanism of Cr(V1) formation in welding
fumes using shielding gases, the composition of Cr(V1) in welding fumes was found to depend
on the type of shielding gas used. The oxidation index of the shielding gas played a crucial
role, with the lowest levels of Cr(\VI1) observed when using argon. Other important factors
included the arc stability and ionization potential of the shielding gas. The combination of CO>
and Oz was found to provide the most stable arc and the lowest levels of Cr(V1), despite having
the highest oxygen index. It was also observed that fluxes containing Alkali metals (Na, K, in
particular) had the highest propensity for forming Cr(VI) fumes; in cases where Cr(VI)
concentrations were very less, the K, Na levels were very less in the fumes, but were detected
in the welding slag.

The main scope of this study is to enhance the knowledge of Chromium (V1) in welding fumes
by addressing the problems in Chromium (V1) analysis, investigating the chemical forms of
Chromium (VI) in different welding fumes, identifying factors affecting Chromium (VI)
formation in welding fumes, and discussing the mitigation methods of Chromium (VI) in

welding fumes.
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Chapter I : Introduction

Arc welding is a widely used method among all welding processes for metal fabrication. Many
welders still prefer arc welding for certain mass production applications because it is more
versatile and requires simpler equipment. While, arc welding has also witnessed the recent
introduction of robots, most of the arc-welding is performed manually, which, in turn, poses
significant health and safety risks to a large number of workers in various industries. Hazards
associated with welding include intense heat, light, ultraviolet radiation, risk of fire and
electrocution, and exposure to toxic or asphyxiating gases and particulate fumes and
electromagnetic fields. The use of Personal Protective Equipment (PPE) such as gauntlets,
appropriate clothing, and face shields can minimize the effects of heat, light, and ultraviolet
radiation and reduce the risk of fires and electrocution. However, protecting welders from

exposure to gases and respirable fumes is more challenging.

Occupational safety and health are crucial issue in the modern world, and exposure to
hazardous chemicals, asbestos, painting solvents, gases, fumes, or other risks in confined
spaces is a significant concern. Industrial processes such as welding, thermal spraying, casting,
chemical manufacturing, and fossil fuel combustion generate a significant number of fumes
and dust particles, which can contain contributions from multiple sources such as:

(a) vaporization of the wire, rod, or metallic/ alloying coatings. This can occur when the heat
from the welding arc causes the metal to vaporize and release fumes into the air.

(b) decomposition and vaporization of the flux materials. The flux materials used in some
welding processes can also release fumes when heated and decomposed.

(c) spatter from the arc region and weld pool. During the welding process, small droplets of
molten metal can be expelled from the weld pool, creating spatter that can release fumes.

(d) evaporation from the molten weld metal. As the weld metal cools, it can release fumes

through evaporation.

The impact of welding fumes on human health is extremely dangerous. Welding fumes are
classified as carcinogens and pose significant hazards to workers who are exposed to them.
Exposure to these welding fumes can lead to various health hazards, including the development
of occupational asthma, cancer, respiratory tract irritation, metal fume fever, and pneumonia.

According to the Health and Safety Executive (HSE), the national regulator for workplace
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health and safety in Britain, new scientific evidence has emerged showing that exposure to all
types of welding fumes, including mild steel welding fumes, can cause lung cancer.

Additionally, there is limited evidence linking welding fumes to kidney cancer.

The legal limits for exposure to welding fumes and their constituents are clearly defined by
Workplace Exposure Limits (WELSs) and Short-Term Exposure Limits (STELS) and should not
be exceeded. Due to the classification of all welding fumes as carcinogenic, exposure to them
should be reduced as much as is reasonably possible. It's worth noting that there is no single
WEL for welding fumes, as welding fumes can contain various different metal oxide
compounds and gases. The Health and Safety Executive (HSE) document EH40 outlines the
WELSs for the various metal, metalloid compounds and gases that can be found in welding
fumes. Employers are responsible for ensuring that the exposure of their employees to welding
fumes does not exceed these limits and that the appropriate control measures are in place to
protect their health. Exposure limits of different gases and elements generated during welding

is shown in table no 1.1.

Substance WEL Notes
Aluminium fume particles 10 mg/m?® Aluminium metal and oxides have
both inhalable and respirable WEL of
10 mg/m3inhalable and 4 respirable
(most applicable to welding fumes).
Chromium fume particles 0.5 mg/m?®
Iron (as oxides of Iron) 4 mg/m?3 10 inhalable and 4 respirable
10 mg/m® STEL
Manganese
- Inhalable Fraction 0.2 mg/m3
- Respirable Fraction 0.05 mg/m?®
Titanium (as TiO) 10 mg/m?®
Nitrogen Oxide 2.5 mg/m3
Nitrogen Dioxide 0.955 mg/m3, 1.91 mg/m3
STEL
Copper fumes particles 0.2 mg/m3
Nickel fume particles 0.1 mg/m?3 soluble Ni In welding fumes, it is assumed most
compounds of them are insoluble.
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0.5mg/m3 insoluble Ni

Compounds
Ozone 0.4 mg/m3 STEL
Chromium VI 0.025 mg/m?®

(process generated e.g.:

During welding)

Table 1.1 : Exposure limits of different gases and elements generated during welding.
(HSE document EH40)
The WELSs are based on an average 8-hour Time Weighted Average (TWA) of exposure. This
means that for workers who are carrying out welding, it is possible that they may be exposed
to a short-term, moderately high concentration of fumes, but when averaged over an 8-hour
shift, the exposure is considered low. However, some substances have Short-Term Exposure
Limits (STELs) that must not be exceeded over a 15-minute period, regardless of the 8-hour
TWA. This is to ensure that workers are not exposed to dangerous, immediately harmful
concentrations of certain substances. It is important to note that The STEL values shall not be
exceeded any time during the working day. Exposure above Threshold limit value (TLV ) up
to the STEL should be less than 15 minutes and should occur no more than 4 times a day and
there should be at least 60 minutes between successive exposures in this range. Employers
should monitor the workers’ exposure to welding fumes to ensure that the 8-hour TWA and
STELSs are not exceeded and take appropriate control measures if required. Welding fumes are
a complex mixture of airborne gases and fine particles, including Nitrous Oxide, Ozone, metals
(such as Chromium, Iron, Zinc, Aluminium, Sodium, and Potassium). Among these,
Chromium (V1) is a known carcinogen commonly found in welding fumes generated from the
welding of stainless steels. The amount of exposure to Chromium (VI) is related to the
generation of fumes, which in turn, depends on the type of welding and the process conditions.
Therefore, it is crucial to accurately analyse the composition of welding fumes and closely

monitor the exposure of welders to the fumes and its component Chromium (V1).

Due to health concerns, the exposure limit for Chromium (V1) is regularly revised and regulated
by governing bodies. The EU, USA, and UK have stringent exposure limits in place, but some
countries still do not have strict reduced limits in force, or none at all. Currently, in the UK, the

exposure limit for process generated hexavalent chromium is 0.025 mg/m? for the 8-hour time-
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weighted average (TWA) exposure and it is proposed to further reduce it to 0.005 mg/m3 after
2025. As a result of these regulations, there is a need to understand the Chromium (VI)
chemistry and the different forms that exist in welding fumes in order to facilitate mitigation

and compliance.

The main scope of this thesis is to enhance the knowledge of Chromium (V1) in welding fumes
by addressing the problems in Chromium (V1) analysis, investigating the chemical forms of
Chromium (V1) in different welding fumes, identifying factors affecting Chromium (V1)
formation in welding fumes, and discussing the mitigation methods of Chromium (VI) in

welding fumes. The thesis is organized and divided into the following 8 chapters.

Chapter I : an introduction to the thesis.

Chapter Il : an introduction to arc welding, welding fumes, the process of welding fume
generation during welding, health effects of welding fumes and Cr(VI) generation in welding
fumes along with literature review.

Chapter 111 : the methodology of welding fumes collection and sampling.

Chapter 1V : an in-depth look at the problems in analytical methods of Cr(VI) measurements
and discussing the role of FTIR to address these problems and developing FTIR for a
convenient tool for detecting and identifying airborne Cr(VI) compounds arising from arc
welding.

Chapter V : exploring possibilities of developing FTIR and Electrochemical analysis for
quantification of Cr(V1) in welding fumes.

Chapter VI : an in-depth study and discussion of the role of shielding gases in Cr(VI)
generation in MIG/MAG and FCAW welding.

Chapter VII : mathematical approaches to describing fume formation during welding.

Chapter V111 : the main conclusions from the thesis.
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Chapter Il : Literature Review

2.1  Introduction to Welding

Welding is a technique that combines materials by applying heat, pressure, or a combination
of both, to create a connection. It is commonly used to join metal and thermoplastics but can
also be used to join wood. There are over 80 different types of welding processes, including
Manual Metal Arc welding (MMA or SMAW), Metal Inert/Active Gas welding (MIG/MAG),
Tungsten Inert Gas arc welding (T1G), and Flux-Cored Arc Welding (FCAW)[1]. Different
type of welding processes is shown in detail in fig 2.1.

atomic hydrogen welding......._. AHW gas metal arc welding
bare metal arc welding............ BMAW —pulsed arc............... .
carbon arc welding......_.___._._ CAW A =short circuiting arc. .
—gas......... _CANG wlélt’ng gas tungsten arc welding........ GTAW
Wi “cAwT () pla;?':ljlasgfc?;;ding PAW
electrogas welding.... .EGW shielded metal arc welding.... SMAW
flux cored arc webkding..._._____ FCAW stud arc welding...............
submerged arc welding.
coextrusion welding............ CEW TEBMES
cold welding.............ccecc....CW
diffusion welding.....__.____. DFW arc brazing....................
explosion welding............... EXW block brazing
forge welding................... FOW Soldering Welding carbon arc brazi
friction welding.................. FRW (&) processes diffusion brazing...
hot pressure welding. dip brazing.......
roll welding_._.__._._..__ flow brazing.....
ultrasonic welding furnace brazing....
induction brazing..
dip soldering.._...________0OS Resistance D”’:"' infrared b'abz"'ﬁ--"
furnace soldering.. .F8 welding wag]:ir-g ES;E;I::;" o
induction soldefing.............IS (RW) (OFW) e

infrared soldering..

iron soldering INS electron beam welding..... EBW
resistance soldering...........RS _pnigezluvar::;cmuumEBWHv
torch soldering..... TS _non\-'acuum eae s
wave soldering___________WS = s
2 Thermal Adhesive electrostag welding...

flash welding...................FW spraying banding flow welding..........
projection welding... | PW (THSP) (ABD) induction welding..
resistance seam welding..RSEW laser beam welding...

~high frequency............ RSEW_HF percussion welding

=induction thermit welding.................. TW

resistance spot welding.... _RSW

upset welding................... air acetylene welding..... &AW
~high frequency. Thermal oxyacetylene welding.....OAW
—induction......................| cutting oxyhydrogen welding_... OHW
- - (TC) pressure gas welding.... PGW
electric arc spraying
flame spraying.........
plasma spraying.............. air carbon arc cutting.......... AT
carbon arc cutting...... -G
chemical flux cutting......... FOC gas metal arc cutting.
metal powder cutting.......... POC gas tungsten arc cutting....GTAC
oxyluel gas cutting_.._....... OFC metal arc cutting. ... MAC
—oxyacetylene cutting... OFC.A plasma arc cutting..............PAC
—axyhydrogen cutting.....OFC.H shielded metal arc cutting..SMAC
—oynatural gas cutting. OFC.N
—oypropane cutting..._. OFC.P electron beam cutting....___EBC
oxygen arc cutting.............. AQC laser beam cutting... -.LBC
oxygen lance cutting.........LOC =l LBC.A

—gvaporative....

=inert gas....
Bt 470 [ | F—— N - e

Figure 2.1 : Welding and Allied processes (From: Welding science and technology by M
Ibrahim Khan) [1]
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2.1.1 Arc Welding Processes

Electric arc welding is a process in which an electric arc is used to join metals together. The
arc generates high heat to melt the metal at the point of welding, and a filler metal is added to
the molten area to create the weld. This area is known as the weld pool. Electric arc welding
can be divided into two categories: those that use consumable electrodes and those that use
non-consumable electrodes. Tungsten Inert Gas (TIG) welding is an example of arc welding
that uses a non-consumable electrode. In this process, the tungsten is the cathode and the base
plate or metal piece to be welded is the anode of the arc. To prevent oxidation, which can
weaken the weld strength, the arc column and weld pool are bathed in an inert gas such as

argon, which is passed through a welding gun and flows down the tungsten rod.

Consumable electrode processes can be divided into two main categories: Manual Metal Arc
(MMA) and Metal Inert Gas/ Metal Active Gas (MIG/MAG). MMA welding is a process in
which a flux-coated metal stick is used as one electrode and the base plate is the other electrode.
The polarity of the electrodes in this case typically depends on the type of metal to be welded.
In this case, the metal stick acts as a consumable as it melts and serves as the filler metal. The
flux, which is coated around the metal stick, becomes molten and floats over the weld, forming
a bead that protects the weld from contamination and oxidation. These fluxes, in flux-coated
wires and flux-cored wires, also contain compounds that melt to provide a shield between the
molten metal and the atmosphere by releasing gases such as CO,. Fluxes also offer other
advantages such as improving the electrical properties of the wire, improving the mechanical
properties of the weld, and increasing deposition rates [2]. Figure (2.2) shows the typical
schematic of a Manual Metal Arc (MMA) welding process.
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Figure 2.2 : Schematic of a Manual Metal Arc (MMA) welding process

The Metal Inert Gas/Metal Active Gas (MIG/MAG) process is an automated process that uses
a continuously fed wire as one electrode and the base plate as the other electrode. The wire is
fed from the reel into the welding torch and is shielded by either an inert gas, such as argon, or
an active gas, such as CO2 or O.. The wire is fed continuously, and the arc is struck between
the base plate and the wire. The wire and base plate melt and form a weld pool that is protected
by the shielding gases coming from the welding torch along with the wire. The consumable
wire can be either solid metal or hollow metal filled with fluxes. The wires filled with fluxes

can sometimes be used without the shielding gases.

2.2  Electric Arc Physics

An arc is defined by Milner et al. as the result of passage of electricity through a gas between
two electrodes [3]. When an electric current is passed through a gas between two electrodes
the arc is formed. When the arc is formed the electrons are generated at cathode and they move
towards the anode by the applied electric field to gain energy. Part of their energy is lost during
this phenomenon by the collision with the atoms or molecules of the gas in the arc column.
Due to this collision and energy loss the temperature of the gas raises between 5,000-50,000
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K, at which the thermal ionisation of atoms, and or dissociation and ionisation of the molecules

occurs.

In 1954 Busz conducted some experiments to measure the temperature in front of the cathode
of the argon arc and it was to be around 30,000°C [4]. At this temperature they estimated the
collision frequency to be 4x10%/sec, and the electron mean free path length to be 3x10*cm.
Milner in 1960 concluded from his research that the temperature of the welding arcs is
considerably higher than the required temperature for welding. [3].

Due to the cooling effects of the electrodes, the gas does not exist at high temperatures in the
immediate vicinity of the electrodes. In order to maintain a high current, a high potential drop
is required between the anode and cathode regions. The electrons in the column flow from the
cathode to the anode, but as they approach the anode, the temperature decreases and therefore
the density of the positive ions (which are produced by thermal ionization) also decreases. This
creates an anode potential drop due to the negatively charged space. Under these conditions of
the potential drop between the anode and cathode, the electrons accelerate, resulting in gaining
kinetic energy which is later lost by collision with the anode. The ions travel towards the
cathode similarly by gaining kinetic energy, until they collide with the cathode surface where

they become neutralized and give up their energy of recombination.

2.2.1 Electric Arc Physics in welding and Arc Temperature

In an electric arc, the currents are several hundred amperes and the potential difference between
the electrodes is just a few tens of volts. At this small voltage, it's difficult to strike an arc
spontaneously if there is a gap between the electrodes. To overcome this, the electrodes are
brought into contact with each other to cause local electrical resistance heating. Then, upon
separation of the electrodes, a spark is generated which is a self-sufficient arc if the power input
is sufficient to cause thermal ionization of the gas in the arc column. After this, the arc physics
is similar: the electrons are generated and then they accelerate and collide, resulting in a high

arc temperature.

The arc conditions and the electrode material govern the mechanism of electron emission. For
non-consumable electrodes such as tungsten electrode, the electron emissions are thermionic

which is provided by the counter-flowing positive electrons upon neutralisation[5]. For
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consumable electrodes such as stainless steel electrodes, the electrons are emitted as a result of

the intense electric field which is in result of the cathode drop at the electrode surface [5].

The temperature of the unconstructed arc depends highly on the nature of the gases in the arc
column. In free burning, unconstructed arcs of pure argon, the column temperatures reaches
between approximate value of 8000-22000K [6]. In welding arc which contains large quantities
of evaporated metal, the temperatures are found to be considerably low [5]. The core arc
temperatures of the pure alkali metal vapour is reported to be around 4000K and for transition
metal vapour arc to be around 6000K [5]. However, research conducted by Acinger et al. shows
the temperature for MIG welding arc with Iron electrodes and argon shielding gas to be around
8000 K. They also found that the arc column consists of only 10% metal vapours [7]. It was
also reported that the arc temperatures near the electrodes were lowered due to conductive heat

loss to the metal [7].

Alloys of iron such as stainless steels contain relatively volatile elements such as manganese
and chromium. Due to this, the arc of stainless steel MIG welding will contains more metal
vapours at lower temperatures. Howden estimated the anode temperature of the TIG arc to be
approximately at 2500K [8]. However, his research concluded that the rate of metal evaporation
from the anode surface was consistent with the surface temperature close to metal melting

point, which in case of iron is 3,135K [9].

2.2.2 Components of the electric arc

Heat Transfer: Heat transfer during welding occurs in and electric arc. Electric arc is used to
provide heat to both the workpiece and the electrode in order to form a weld pool. This heat is
supplied in two ways: Firstly, by conduction and convection from the arc column and secondly,

by condensation of the stream of electrons entering from the anode.
Mass Transfer: The arc is also an area for mass transfer as in welding arc chemical reactions

between the high temperature gases of the arc atmosphere, the molten metal droplets and weld

pool occurs. These reactions form the main components of the welding fumes.

25



Metal Transfer: The molten metal droplet travels through the arc column and forms the weld

pool, this occurs in electric arc and contributes to fume formation.

Arc stability: The maintenance of a continuous arc of constant size and characteristics is
required to get a good weld. The stability of the arc has a significant effect on the formation of

fumes.

2.2.3 Electromagnetic forces in electric arc

When the electric current is passed along the arc column during welding, it generates an electric
field, which causes the phenomenon of force generation upon the moving charge carriers
(electrons and ions) towards the axis of the column. As a result of this ‘magnetic pinch’
(magnetic force), the gas pressure at the centre of arc column increases by an amount inversely
proportional to the cross-sectional area of the arc. Milner et al, calculated that the pressure
increase of 900 pascal for 200amps current flowing through an arc of 2.4mm diameter[3].
These electromagnetic forces determine the shape of the arc. With a small diameter electrode,
of either polarity forms a conical shape arc, unless the electrode spot on the workpiece is very
small. These electromagnetic forces directed along the arc axis in the direction of increasing

cross-sectional area are called as Lorentz forces.

These electromagnetic forces may introduce a very high jet flow resulting in arc plasma, which
are responsible for majority of the heat transfer to the workpiece [10] and also the important
force in the metal transfer from consumable electrode to the work piece [11].

2.4 Metal transfer in consumable electrode welding

The way of transferring the molten metal from the consumable to the work piece is called as
the metal transfer mode and this can determine the suitability of the process for metal
fabrication. The transfer of the molten metal is determined by various factors, such as the
surface tension, gravity, electromagnetic and hydrodynamic forces[8, 12, 13]. When a droplet
is formed at the tip of the consumable, it is held in position by the surface tension. In case of
vertically positioned electrode over the weld pool, and if the hydrodynamic forces and the

electromagnetic forces at the tip of electrode are very week(as in case of low currents), then
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the droplet continues to grow until the gravity overcomes the surface tension ,causing the
droplet to detach from the consumable tip and deposit at the weld pool[14]. At this point, a
short circuit occurs, extinguishes the arc. The electromagnetic forces come into effect after the
droplet is detached, drawing it into the weld pool. This detachment causes the arc to restrike,
and the cycle is repeated again. A Plasma jet may also exert force on the droplet, whether it is
attached or in free flight in the arc column[5]. There are mainly three modes of metal transfer.
Dip transfer

Globular transfer

Spray transfer

2.4.1 Dip transfer

Dip transfer is observed at lower voltage ranges, typically around 12-16 volts, depending on
the electrode wire type and size[15]. Dip transfer is characterized by alternating periods of
arcing and short-circuiting, which is explained in the above paragraph[13]. When the droplet
appears to dip into the weld pool, the arc extinguishes, which results in the evaporation of the
heated wires and weld pool[15]. The vapours generated during this time are rich in volatile
elements of the weld. When the short circuit breaks and the arc strikes, it leads to an increase
in temperature and thus resulting in increased vaporization from the electrodes and from the
droplet in the arc column. The process of alternating short-circuiting and arcing is observed
many times per second. At high voltages, dip transfer tends to slow down and eventually,
globular transfer is observed[15].

2.4.2 Globular transfer

Globular transfer is typically observed at higher voltage than dip transfer. It is characterized by
an increase in spatter rate and arc time[15]. During globular transfer, the melting of wire is
observed in the welding arc, forming a droplet, which grows in size as the wire is fed in. When
the size of the droplet becomes very large, the force of gravity becomes sufficient to detach the
droplet, and the droplet falls into the weld pool due to its size and gravitational force. Fractioned
vapours are formed by the evaporation of elements from the wire tip, weld pool, and the
droplets in the arc[16]. Unfractionated vapours are generated from the vaporization at the base
of the arc and from explosive vaporization at the neck of the droplet as it detaches[15]. This

explosion accounts for a large amount of spatter formation when the droplet detaches itself.
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Spatter can contribute to a large amount of fumes, which can be even more if oxidizing

shielding gases such as CO; are used [17].

2.4.3 Spray Transfer

Spray transfer is observed at much higher voltages than both globular and dip transfer. It is
usually observed at 30-32 volts[15]. In spray transfer, there is little or no short-circuiting of the
arc. The size of the droplets in spray is very tiny and they are accelerated axially from the tip
of the welding wire to the weld pool[18]. Spray transfer observes very small amounts of spatter,
as a result, most of the fumes are produced within the arc region[15]. In spray transfer, the
fumes may contain large amounts of more volatile components such as chromium and
manganese relative to less volatile components such as iron, nickel, and molybdenum due to
the fact that in spray transfer, the detachment of the metal droplet is less volatile, and a reduced

level of spatter formation occurs compared to other transfer modes[16].

2.5  The Hazards of Welding [19]

o Electrical burns and electrocution due to high electric currents during welding.

o Risk of fire due to high temperatures and electrical faults.

o Risk of burns due to exposure to high temperatures of the weld and the spatter particles.
o Exposure to ultraviolet, infrared, and visible radiations

o Heat stress problems due to heavy PPEs to protect from high temperatures.

o Exposure of toxic gases such as ozone and nitrous oxides produced during welding.

o Exposure to welding fumes.

o Exposure to electromagnetic fields (EMF) due to the high currents generated by a power

source flowing through a power cable into your torch and electrode.

During welding, Personal Protective Equipment (PPEs) such as masks, eye shields, and
protective clothing are very effective in protecting against radiation, burns, and hot metals.
Hazards from electrocution are minimized by the safe design of welding equipment and
training. However, protecting welders from exposure to fumes and gases remains challenging,
even with the use of local exhaust ventilation (LEVSs) and masks. There are several ways to

reduce this risk, such as.
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o Automation or robots: The best way to protect welders from exposure to fumes is by
using automation and robotic arms. However, this process cannot be widely implemented due
to higher production costs and the fact that complicated structures cannot be welded using this
method.

o Welding enclosures: In some cases, welders can carry out welding inside a glove box
or other enclosure device to protect themselves from exposure to fumes and gases. This process
has some drawbacks, such as reduced ease of working and slower speed, and is generally

limited to small welding tasks.

o Respiratory protective equipment: The most widely accepted and used method in
industry to protect welders from fumes and gases is the use of respiratory protective equipment
(RPE). RPE filters out contaminants from the air before it is breathed in by welders or by
supplying fresh air from outside the contaminated area. However, these types of equipment can

be uncomfortable to wear and restrictive in movement.

o General ventilation : General ventilation of welding workshops to control the overall
concentrations of fume. This method does very little to none to control the concentrations of

fume around welders breathing zone.

o Local exhaust ventilation (LEVs) : LEVs installed in the welding bays can be used to
control fume at source. However, protection from the use of LEVs highly depends on the
positioning of the welding operations. This can restrict the work and in some cases is

impractical, particularly when welding in confined spaces.

o Process modification: the best way of controlling exposure of welding fumes is by
process modification, this requires understanding of the mechanism of fume formation and
requires knowledge of the factors that governs the rate of fume formation and the composition

of fumes.

2.5.1 Emissions from the Arc welding process and their effects
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During arc welding we observe lot of different types of emissions[19]. They are the results of

high arc temperature and the arc column. Major emissions from arc welding processes are

shown in Table 2.1

Emissions Type Origin
Radiation uv Arc column
Visible
Infrared
Gases NOx Reaction between heat and atmosphere
O3 Reaction of O2 with UV
Cox Reaction of shielding gases because of
high temperatures
Fumes Metal oxides including: Approximately 90% welding wires and
Cr, Cr(V1), Ni, Fe, 10% base plate( depends on weld
conditions electrode materials
Chromates, Dichromates, Fluxes of the electrodes
Carbonates, Fluorides

Table 2.1 : The health hazards associated with welding radiations, gases, and fumes.

2.5.2 Effects of radiations

The non-ionising electromagnetic radiations emitted during the welding process can damage

the eyes and skin of the welders. These are produced in the ultra-violet, visible and infrared

regions of the spectra. To protect welders from this harmful radiation welders should use

protective face shields and protective clothing during welding[19].

UV rays radiation exposure is known for causing ‘arc welders flash’ disease which is

characterised by conjunctivitis and keratitis [20]. Short and intensive exposure to visible and

near infrared radiation (400-1400 nm) can cause thermal retinal damage, and the blue light

between 400-500 nm wavelength can cause photochemical retinal injury referred to as a ‘blue
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light hazard’ [21]. The long term exposure to infrared radiations below wavenumber 1400 nm

can cause lenticular cataracts which may take up to 10-15 years to develop [22].

Exposure of skin to UV radiations from arc welding can also cause reddening of the skin due
to the dilation and inflammation of minute blood vessels in the dermis layer of the skin. In
some cases, continuing exposure to UV (between 270 and 320nm spectra) has been shown to

be the cause of skin cancer [23].

2.5.3 Effects of gases associated with the arc welding process.

Ozone, nitrogen oxides, carbon monoxide and carbon dioxide are the major gases formed
during welding. Carbon dioxide and carbon monoxide can be dangerous to welders if the
welding is taking place in a closed workshop without proper ventilation[24]. However, they

are required to be present in relatively high concentrations to cause adverse health effects.

Ozone exposure can result in cough, substernal pain, shortness of breath, chest tightness, dry
throat, wheezing, dyspnoea, and changes in lung function[24]. Studies on several animals have
shown that chronic exposure to 0zone can cause chronic bronchiolitis with bronchiolar fibrosis,
pneumonitis, emphysema and epithelial lesion in the trachea and major bronchi[25]. Ozone can
also cause dryness and irritation to the eyes.

Oxides of nitrogen can cause irritation of the eyes and mucous membranes and can also cause
irritation in the lungs if inhaled[26]. High-concentration exposures to NO. can cause
pulmonary irritation and exposure to NO can cause methemoglobinemia[26]. The most severe

and dangerous effect of NOx inhalation is pulmonary oedema which can be fatal.

2.5.4 Effects of welding fumes

Welding fumes have very adverse effects on the welder’s health, the effects from welding
fumes may either be acute and/or chronic[27]. The effects of welding fumes depend on the
nature of the substance in welding fumes, exposure time to the welding fumes and quantity of
the welding fumes[27, 28]. The exposure to the welding fumes is mainly through inhalation

but in some cases, it can also be through ingestion. As the majority of welding fumes are less
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than 1 pum, they can easily enter the respiratory track and can be Hazardous to welders. When
the welding fumes enter the body, they can follow different ways through/out of the body.
e They can be exhaled.
e They can be absorbed by the respiratory tract or the lungs and then can be transferred
to the rest part of the body by the blood.
e They can be transferred to the gastrointestinal tract after being absorbed by the mucus
in the respiratory tract.
e |t can later be transferred to the other body parts by blood when absorbed from the
gastrointestinal tract.
e The way fumes affect the body highly depends on the individual components of the
welding fumes.
As described earlier, welding fume aerosol refers to a mixture of gases and fine metal and flux
dust originating from both the base metal and consumables used in arc welding. The term "dust"
here considers the aerodynamic diameter of small solid particles, which can vary in size and
shape and have the potential to enter different parts of the respiratory tract depending on these
characteristics[29]. The welding fume contains metal oxide nanoparticulate vapours derived
from the consumables and weld pool, which subsequently condense and aggregate into
compounds[16]. These nanoparticle agglomerates can range from 0.005 to 20 um in size, and
their deposition in the respiratory tract varies accordingly[30]. Larger particles tend to deposit
between the entry points (mouth and nose) and the larynx, while the smallest particles can
penetrate as far as the alveolar region.
Regarding airborne dust sampling, researchers have categorized three groups of particulate
fractions to represent the aerodynamic diameter of particles and their likely deposition regions
within the respiratory tract. The particulate fraction of PM (Particulate Matter) is classified
based on its size range, and each fraction has different implications for the respiratory tract
involvement [EN481 and 1SO 7708]:
Note: The size range for the particulate fractions are taken from the EN481 standard document
which is currently under revision while writing the thesis. It would be revised and published

soon.

Inhalable fraction: Particle size range is 0.5 ym < aerodynamic diameter (dae) < 100 um.

This fraction is capable of reaching and depositing in the upper respiratory tract, including the
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mouth, nose, and throat. These larger particles are generally filtered out by the upper respiratory

system and do not penetrate deep into the lungs.

Thoracic fraction: Particle size range is 0.5 um < dae < 40 ym. This fraction consists of
smaller particles that can penetrate into the lower respiratory tract. These particles can reach

the bronchi and bronchioles, posing potential health risks to the lungs and respiratory system.

Respirable fraction: Particle size is 0.5 um < dae < 15 pym. This fraction contains the smallest
particles, often referred to as nanoparticles. Due to their extremely small size, these particles
can penetrate deep into the distal respiratory tract, reaching the alveolar region of the lungs.
Inhalation of these ultrafine particles poses the greatest risk to respiratory health, as they can
cause severe health effects and may have systemic implications.

MMA welding is known to produce a higher amount of fume compared to MIG/MAG welding,
and FCAW (Flux-Cored Arc Welding) generates the highest level of UPF (Ultrafine Particle)
mass concentration[31]. In enclosed spaces, fumes tend to accumulate unless proper measures
are taken, such as employing local exhaust ventilation systems to remove them or using air-fed
helmets to supply the welder with clean and fume-free air. The fume generated during mild- or
carbon-steel welding primarily contains iron (80-95%) and manganese (1-15%), but other
metals, inorganic compounds, organic carbon, and elemental carbon may also be present. Gases
like CO (Carbon Monoxide), Oz (Ozone), and NOx (Nitrogen Oxides) are produced during
welding and can locally reach high concentrations, but their potential health hazards have not
been widely studied in this context. The particles found in welding fume are predominantly in
the Ultrafine Particle (UFP) size range, and there is a strong correlation between ultrafine and
total particle concentrations[32-38]. Turbulence resulting from heat generation at the arc
encourages the aggregation of primary particles into longer chains, though it remains uncertain
whether these longer chains dissociate into primary ultrafine particles upon inhalation and
interaction with pulmonary cells and lung lining fluid[39].

2.5.5 Acute Effects of welding fumes

e Toxic damage: Welding fumes consist of components that can affect the respiratory

system directly, while others may travel through the lymphatic and circulatory system,
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2.5.6

reaching various parts of the body, and can have toxic effects when combined with the
blood. For instance, ozone and NO> can cause irritation in the respiratory tract and lead
to pulmonary oedema following acute exposure. On the other hand, carbon monoxide,
when inhaled, binds with haemoglobin, resulting in anoxia during high exposures.[27,
28].

Irritation: It is the most common and obvious effect of welding fumes[28]. Due to
welding fumes, irritation in the upper and lower respiratory tracts, mild or severe can
be felt. Restrictions to sinus drainage or mucous membrane can also be seen as the

response to irritants in the welding fumes.

Metal Fume Fever: Metal fume fever is considered one of the common industrial
diseases caused by the inhalation of the oxides of metals such as magnesium, iron,
copper etc[40]. Welding fumes also contain a large number of metal oxides hence
welders also experience metal fume fever. The symptoms of metal fume fever include
a sweet or metallic taste, nausea, muscle and joint pains, fever, and chills. It takes 4 to
12 hours for symptoms to appear after exposure to high levels of fume (around
5mg/m?3)[41]. The symptoms may last for 24-48 hours and are more common with zinc
oxide metal particles[41].

Chronic Health Effects of welding fumes

Asthma: Asthma is characterised as the obstruction in the airways and causes chest
tightness, wheezing and shortness of breath in response to some external stimuli.
Occupational asthma (which has an occupational origin) has been reported as the
highest incidence of any other single respiratory disease of occupational origin[42-
44]. There are many chemicals which are associated with occupational asthma and
welding fumes are one of them. Health and safety executive UK (HSE) have listed
chromium and nickel in stainless steel welding fume as capable of causing

occupational asthma and categorise them as asthmagens.

Bronchitis: Bronchitis is also a respiratory disease caused by the infection of the
main airways of the lungs (bronchi). The main symptom is a cough, which may
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bring up yellow-grey mucus (phlegm). Bronchitis may also cause a sore throat and
wheezing Study conducted by Growth et.al has shown that welders display higher
occurrences of chronic bronchitis[45].

Pneumoconiosis: Pneumoconiosis is the deposition of a significant amount of
particulate matter in the lungs. It has been observed in the welders since world war
. Iron oxide in welding fumes is considered the cause of pneumoconiosis in welders
lungs [46].

Lung Cancer: For a long time, there was a debate regarding the linking of welding
fumes to cancer, but recently in Feb 2019, Health and Safety Executive in the UK
endorsed and reclassified all welding fumes(including mild steel welding fume) as
a human carcinogen. This decision came into enforce after considering the past
research and recommendations by the International Agency for Research on
Cancer(IARC). The old epidemiological studies have suggested that welders when
compared to the normal population have a slightly higher risk of developing lung
cancer [47-49]. These studies were questioned because of the problems associated
with the variability and quantity of exposure to welding fumes, low occurrence, and
incidence of lung cancer in general, and the slow development of the disease. Many
factors such as the smoking history of welders were not accounted for in these
studies. In 1990 IARC classified welding fumes as Possibly carcinogenic(Group
2B) to humans[50].

Numerous case reports dating back to the late 19th and early-to-mid-20th centuries raised

concerns about the potential cancer risks faced by workers exposed to Cr(VI) compounds in

various industries, including chromate production, chromate pigment production, and

chromium plating[50-53]. To investigate these concerns, cohort mortality studies were

conducted from the mid-20th century onwards, involving industries like ferrochromium or

stainless-steel production, welding, leather tanning, among others, where potential exposure to

chromium compounds existed. By the 1980s, substantial evidence had accumulated regarding

the cancer risks posed to Cr(VI1)-exposed workers, leading to the classification of Cr(VI)

compounds as human carcinogens by IARC (1990)[50]. The informative cohort studies pointed

to an excess risk of lung cancer among workers exposed to Cr(V1), particularly in chromate

production, chromate pigment production[54-56], and chromium electroplating industries[57,
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58]. Studies of chromate production workers consistently demonstrated elevated lung cancer
risks, while those of chromate pigment production workers tended to show similar patterns,
though not always statistically significant. Chromium electroplating workers also showed
excess risks of lung cancer. In other industries, such as stainless-steel welding, ferrochromium
production, and leather tanning, where Cr(VI) exposure levels might have been lower, the
evidence was less conclusive[59, 60]. In some studies, high-quality smoking histories were
collected and considered in the analysis, revealing elevated risks independent of smoking.
However, for most studies with partial or representative smoking data, confounding effects
from smoking patterns were unlikely to significantly impact the main results[59, 60].

A review of cohort studies estimated a mean standardized mortality ratio (SMR) for lung cancer
of 278 among chromate production workers, chromate pigment production workers, and
chromium platers. A recent meta-analysis reported an overall SMR of 141 for lung cancer
among 47 studies of workers with possible Cr(V1) exposure[59, 60]. Regarding specific Cr(VI)
compounds, workers in chromate production were likely exposed to mixtures of sodium,
potassium, calcium, and ammonium chromates and dichromates, showing the highest and most
consistent excess risks. Similarly, workers in chromate pigment production and spray painting
were likely exposed to zinc and/or lead chromates, also resulting in high risks. On the other
hand, workers in steel smelting and welding, possibly exposed to alkaline chromates, presented

less distinct risks compared to the chromate and chromate pigment producers[59, 60].

IARC's conclusion in 2012 reaffirmed the association between Cr(VI) exposure and an
increased risk of lung cancer, particularly in certain industrial settings with high exposure

levels to specific Cr(VI) compounds.

However, in 1992 after scientific reviews and scientific commentary undertaken by the
International Institute of Welding(11W) Commission VIII (international welding community
concerned with health and safety issues in welding and allied processes) published a statement
stating that welders show a higher risk of getting lungs cancer from welding fumes compared

to the general population.
In 2018, IARC published a new Monograph 118, in which they evaluated and reclassified

welding fumes as Group 1 (carcinogenic to humans). This reclassification was based on

epidemiological excess risk for lung cancer and the suppressive effect on the immune system
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caused by welding fumes. The main reason for classifying welding fumes as lung cancer

causing substances, is due to the presence of Hexavalent Chromium [Cr(V1)].

2.6 Fume Formation Mechanism

Welding fumes are ultrafine particles with varied shapes, sizes, structures, and compositions;
hence all the particles cannot be formed by a single mechanism. Welding fumes can originate
from several mechanisms. The major contributor to welding fumes is the filler electrode( more
than 90% particles)[61] . Welding fumes particles are formed when the vapour condenses.
Haidar et al. have reported that about 1% of the electrodes condenses into metal oxide
nanoparticles and they aggregate together to form particle agglomerates[62]. Welding fume
particle size highly depends on the mechanism by which they are formed. Particles less than
20nm are usually the result of vapour condensation, aggregates are formed by the collision of

primary particles.

The fume particles are divided into three groups ultrafine (0.01<d<0.1um), fine(0.1<d<2.5um)
and coarse (d > 2.5 um)[30]. The main phases or steps in fume formation are.

e Metal droplet Expulsion

e Vaporisation

e Condensation

e Oxidation (fractionated and unfractionated)

e Agglomeration

The mechanism of welding fumes is categorised and explained as follows:

e Evaporation followed by condensation, with or without oxidation:
Large molten metal droplets partially evaporate. Volatile components such as
Manganese become more concentrated in the fume resulting in what is called
fractionated fume[16]. This process also occurs from the surface of the weld pool. Small
metal droplets may evaporate completely resulting in a fume of the same composition
as the droplet. This is called unfractionated fume. If the evaporation rate is extremely
high this could result in the depletion of more volatile components at the surface and

lead to a fume similar in composition to the droplet[16].
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Oxidation enhanced evaporation followed by condensation of an oxide fume:
Here the oxidation of metal vapour near the surface of the molten metal results in the
removal of metal vapour and enhancement of the evaporation rate. It is debatable
whether this operates in the welding arc as the oxides of the metals may well be
dissociated at the temperature of the interface[63]. Droplet temperature lies somewhere
between the melting point and boiling point of the alloy which for mild steel is
somewhere between about 1800 K and 3100 K. The interface temperature between the
droplet and the arc will be higher than this since the arc is at 6000K to 20000 K or
higher. FeO has a boiling point of 2700 K and decomposes at 3400 K. In support of
oxidation enhanced evaporation occurring in welding is the work of Corderoy et al
(1980). They examined the composition of forming droplets in GMAW with shield
gases of different oxygen contents. With oxygen contents, up to 10%, no surface
depletion of Mn and Si was measured. For 20%, oxygen, there was surface depletion
for Si and Mn. Si and Mn loss rates increased as the C>2 content of shield increased as
did the overall loss of Si and Mn from the droplets[64].

Chemically enhanced evaporation:

One example of this is the formation of SiO at the metal surface. SiO is more volatile
than Si hence Si is lost more rapidly in an oxidising atmosphere than might be
expected[65].

Heterogeneous combustion:

If the rate of diffusion of oxygen to the metal surface is sufficiently high the hot metal,
as opposed to the metal vapour, will be oxidised. This is an exothermic process and is
effectively combustion[66]. It is often accompanied by copious fume formation by both

evaporative and physical mechanisms[66].

Physical mechanisms:

These involve the ejection of particles in the aerosol size range, typically, 1 um to
20um, giving rise to unfractionated fume. One such mechanism is a gas eruption from
molten droplets[67]. Gas or vapour production can result from the decomposition of a

component of the material, for example, a carbonate, the presence of a volatile
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component such as water or the formation of a volatile substance or gas[67-69]. This
last source includes the oxidation of carbon contained in the molten metal. This is an
exothermic reaction resulting in the production of CO, which erupts as bubbles from
the surface forming minute particles of metal at the same time. Another mechanism is
the explosive detachment of particles from the tip of the electrode. Droplets about to
detach from the electrode tip are connected by a thin neck of molten metal. The current
density can be extremely high in the neck and can result in an explosive rupture. In
globular and spray transfer the current density is not likely to result in explosive
detachment as there is an established arc carrying current. The arc can be displaced
from the droplet to the tip of the wire being fed in so largely bypassing the narrow neck.
The process of explosive rupture is particularly prevalent in MIG/MAG dip transfer
where the arc has been extinguished and the neck formed as the wire melts must carry
the full current[2, 67, 69].

Flux components also give rise to fume through some of the physical and evaporative
mechanisms described above. Spatter is molten metal droplets ejected from the arc.
Large spatter can be 2mm or more in diameter and produces fume in similar ways to
those described above. As spatter is ejected from the shielded area around the arc it
meets the much higher oxygen concentration in the external atmosphere. Figure 2.3
shows the graphical representation of the fume formation mechanism.
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Figure 2.3 : Graphical representation of the fume formation mechanism

2.6.1 Mechanism of Cr (VI) formation in welding fumes

Welding fumes are generated during welding processes at high temperatures by the processes
of vaporisation, oxidation, and condensation. In welding fumes, the main form of chromium is
chromium spinel, chromic oxides, metallic chromium.

The consumables with fluxes used for welding stainless steel are rich in chromium and alkali
earth metals and when the welding arc strikes, chromium and the alkali elements present in
the consumable react with each other to form the alkaline chromates and dichromates via the
reaction (2.1) and (2.2) pathways[28, 70].

2Na* + Cr + 202 + 2e— Na;CrOs  (2.1)
2K* + Cr+ 202+ 2e— KoCrOs  (2.2)

This mechanism of Cr(VI) formation is true for flux electrodes but does not justify the
formation of Cr(V1) in solid stainless-steel electrodes. Understanding the formation of Cr(VI)
in solid stainless steel wire electrodes is one of the objectives of this thesis and is discussed
later in detail in Chapter V of this thesis.

A study by Dennis et al. shows that ozone plays some role in oxidising Cr (l1I) to Cr (VI)
compounds [71]. In his work, he concludes, that due to high temperatures in arc welding, UV
emissions occur which photo chemically converts O, to Oz which react with Cr(lll) and
oxidises it to Cr(\VI) compounds. While his work talks about Metal Inert Gas(MIG) welding,
it does not show the relation of UV and Cr (V1) generation in other welding wires and is,
therefore, an interesting area for investigation.

Table 2.2 shows the possible Cr(V1) species with their thermal stabilities, which may be formed
in the MIG/MAG welding fumes.

Cr(VI) species Formula Thermal stability

Ferric dichromate Fe2(Cr207)3 Decomposes at 410 K
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Chromic dichromate Cr2(Cr207)3
Nickel dichromate NiCr207
Manganese dichromate MnCr207
Molybdenum dichromate Mo(Cr207)3
Chromium trioxide CrOs Decomposes at 600 K
Nickel chromate NiCrO4
Manganese chromate MnCrO4

Table 2.2 : Cr(V1) species which may occur in stainless steel MIG/ MAG welding fumes
[72].
2.6.2 Welding parameters and their effect on Cr (VI) generation

A large amount of work has been carried out on the effect of changing welding parameters on
welding fumes, but there is a limited amount of literature existing on how the welding
parameters affect the Cr(VI) formation during welding. Work by many researchers shows that

there is a direct connection between welding parameters and Cr(V1) generation[12, 73, 74].

e Welding Voltage: The arc welding voltage affects many other parameters of the arc
welding such as energy input into the arc, mode of metal transfer, the evaporation
system, heat transfer, etc[12]. The fume formation changes with the mode of metal
transfer, e.g., when the voltage is low there is less fume formation during dip metal
transfer, but it increases with the increase in voltage in globular mode and is highest in
the spray mode this may be explained by the factors such as the heat input increases
with the voltage and the change in the mode of metal transfer also changes the formation
of spatter. There is more spatter in spray mode than in dip transfer mode. Although

there is no direct effect of voltage on Cr (V1) generation explained in the literature, but
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it can be linked to the formation of more fumes and spatter and as result, there is high

Cr (VI) formation with the increase in welding voltage[2, 75].

e Welding Current: In a general aspect, if there is an increase in current then the
increase in Fume Formation Rate (FFR), since an increase in current increases the
voltage as there is a direct relation between voltage and current, but after a certain point
when the current has increased the reduction in FFR is being observed[75]. . Some
researchers have reported the decrease in FFR at the transition point between globular
and spray transfer, but others have not found a direct impact of current and FFE so it’s

hard to predict the relationship between Cr (V1) generation with the welding current.

e Shielding gas: Shielding gases play an important role in protecting the weld pool and
metal droplets from getting oxidized due to atmospheric oxygen[14, 76]. There is no
doubt about the role of shielding gases in reducing fume formation in welding. But
there is a research gap in understanding the role of shielding gases in Cr(VI) formation
in welding. Exploring this research gap is one of the main objectives of my thesis which

is later discussed in detail in chapter VI.

e Shielding gas flow rate: With the increase in the flow rate of shielding gases the
decrease in fume formation is being observed as it helps in reducing the possibility of
oxygen entrainment into the region of the gas shield and thereby reduces the rate of

both evaporation and spatter ejection from this region[69].

2.6.3 Methods of Cr (VI) reduction in welding fumes:

The research in the field of Cr (V1) mitigation is yet not being accepted in the industry with the
open arms either because they have some cost issues, issues with the quality of weld attached
with them or other health and safety related issues. The methods of Cr (V) mitigation can be

categorised as follows:

e Composition of welding wires: A large group of researchers blame sodium and
potassium for Cr (VI) generation in welding fumes so their focus was to reduce the

content of these elements as if these elements are not present then they will not react
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with Cr from the stainless-steel wire electrode and hence the amount of Cr (VI)
generation can be easily reduced. The addition of lithium and zinc in place of potassium
has shown positive results as it reduces the possibility of alkaline chromates and
dichromate formation [77]. There is one more advantage of using lithium and zinc in
welding wire as they also help in reducing the Oz formation during welding[77]. Some
researchers have used nanotechnology to find a way of reducing Cr (VI). Vishnu et al.
used nano TiO and nano Al,O3 coatings on the welding wire to reduce the Cr (V1) [78].
These Nano particles help stabilising the welding arc by providing high oxidising
potential hence resulting in less FFR due to less spattering and stable arc which results
in less Cr (VI) than the standard electrode wire [78].

Composition of shielding gases: Shielding gases are used to protect the weld pool from
oxidation hence different compositions and mixtures are studied by researchers to
reduce the Cr (VI) content in welding fumes. The addition of reducing agents in the
shielding gases has a positive impact in reducing Cr (V1) content hence use of NO and
C2H4 along with conventional shielding gases are studied by Dennis et al. and their
results show a reduction in Cr (V1) content in the fumes [71]. Double shroud delivery
of silica precursor is also studied, and it also shows the positive impact on Cr (VI)
reduction. In this method, the silica precursor reacts with the oxygen present in the arc
and hence Cr does not react in large amounts with the oxygen and hence Cr (VI)

generation is impacted [79].

Arc Stabilising: Arc stabilising helps in the reduction of spatter formation which
eventually helps in fewer fume generation hence helping in reducing Cr (VI)
concentration in welding fumes. Schwemmer et al. added FeO and CaO in the flux to
improve arc stability, as FeO and CaO can be easily ionized and thus help in arc
stabilising[80].

Controlling Ozone formation: The UV emissions from the welding arc are
responsible for the formation of Ozone in the welding Arc. Ozone is formed by the
photochemical process of converting O2. Ozone contributes to Cr (V1) formation by
oxidising metal fumes and reducing the formation of Ozone can eventually help in the

reduction of Cr (V1) formation in welding fumes.
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e Replacing Cr with other elements in the welding electrode: Cr is added to the
stainless steel to protect steel from getting easily oxidised, but it has led to the Cr (VI)
in welding fumes. Sowards et al. have produced a welding electrode that is based on
the Ni-Cu-Ru system and generated less Cr (V1) in welding fume[81]

2.7 Motivation and objectives of the research

The main scope of this study is to enhance the knowledge of Chromium (V1) in welding fumes
by addressing the problems in Chromium (V1) analysis, investigating the chemical forms of
Chromium (V1) in different welding fumes, identifying factors affecting Chromium (VI)
formation in welding fumes, and discussing the mitigation methods of Chromium (VI) in
welding fumes. . Welding is a common practice in multiple industries, and a large group of
workers are exposed to the fumes on a daily basis. Despite the known impact of Cr(VI) on
welders' life expectancy and quality of life, there is still a significant research gap in
understanding the mechanisms of Cr(V1) formation in welding fumes.

Based upon this, the objectives of this research are therefore to:

Understand the mechanism of Cr(VI) formation in solid stainless-steel wires.

e Developing fast and reliable technique to identify/quantify the Cr(\VI) compounds in

welding fumes.

e Developing a mathematical model to understand the effect of different parameters on
weld droplet temperature and its effect on different chromium compounds known to be

found in welding fumes.

e Study the influence of shielding gases on Cr(V1) formation on arc welding fumes.
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Chapter I11: Materials and Methods

In this chapter, a comprehensive overview of the experimental methods and apparatus
employed in this research will be presented. It is crucial to note that prior to conducting the
primary experiments, a thorough development process had to be undertaken in order to
establish standardized procedures and calibrate the equipment to ensure accurate and precise
results. This included determining the most appropriate methodology and selecting the
necessary apparatus, as well as fine-tuning and testing the equipment to ensure that it met the
necessary specifications and standards. Additionally, the procedures were optimized to
minimize any sources of error and to maximize the accuracy and precision of the data collected.
This process is essential in order to ensure that the results obtained are reliable and can be used
to draw meaningful conclusions. In this chapter the following will be explained:
e Welding equipment and Consumables.
e Fume collection apparatus.
e Extraction of fume samples for analysis.
e Methods of analysis fume composition and hexavalent Chromium.

o lon Chromatography (1C)

o Inductively Coupled Plasma -Mass Spectroscopy (ICP-MS)

o Fourier Transform Infrared Spectroscopy (FTIR)

e Other Characterisation techniques for welding fumes

o X-Ray Diffraction (XRD)

o Scanning Electron Microscopy (SEM)

o Energy- Dispersive X-ray Spectroscopy(EDX)

3.1  Welding Equipment and Consumables

Before beginning the process of collecting and analysing the fumes produced during welding,
a series of welding trials were conducted in order to establish the optimal welding parameters
for achieving ideal weld conditions. These trials were performed using an inverter MIG/MAG
power source that operated in the open arc transfer mode, which is commonly used for
MIG/MAG welding. The welding conditions were manually set on the power source, and a
standard swan neck welding torch was connected and securely held in place above a moving

traverse. The torch nozzle was positioned at a 90-degree angle to the vertical, and the welding
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progressed in a "push™ direction. To collect the welding fumes, a fume hood, as specified in
ISO 15011-1:2009 [82] , was suspended above the welding torch to capture the fumes produced
during the process. This hood was designed to meet industry standards and ensure the fumes
were effectively collected for analysis. Setup for fume collection is shown in figure 3.1.
The welding parameters which were set during trails were:

e Shielding gas flow rate: Gas flow rate was set up at 20 ml/min.

e Voltage: It varied by the process and the type of shielding gas used

e Welding torch nozzle angle: It was kept 90 degrees to the work piece.

e Welding speed : It was different for different welding processes.

e Welding wire feed rate: It was different for different welding processes.

e CTWND( contact tip to work distance): It was kept 20mm.
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Figure 3.1 : Welding setup for collecting fume samples via MIG/MAG welding.
Details regarding the specific welding parameters used in this research are discussed in later
chapters as they were highly dependent on the type of welding process and the type of shielding
gas used. The welding trials were conducted on 304SS plates that measured 500 X 50 X 10
mm, which were securely clamped in a fixture on the traverse. The welding progressed by
moving the plate under a stationary welding torch, and the traverse travel speed was set at
300mm/min. For MMA welding trials, they were carried out by an experienced welder who
kept the fume hood above the welding table instead of traverse. The welding fumes were
effectively captured by the fume hood and collected on cellulose filter paper that was placed
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on the top of the hood. Particle retention sizes for the filter paper was > 8 um. After the welding
process was completed, the fumes were brushed off from the filter paper, and further analysis
of the fumes was carried out to gain insights on the chemical composition and other properties
of the fumes produced. In our study, special care was taken to ensure accurate analysis by using
a paint brush to gently brush off the top layer of fumes from the filter papers before further
examination. There is a possibility that the fumes which form the lower layer on the filter paper

may be reduced, but the subsequent layers above do not experience the reduction.

Welding consumables which were used in for this work are :
e Manual Metal Arc (Rutile Electrode)
e Manual Metal Arc (Basic Electrode)
e Flux cored Wire electrode
e Solid stainless steel wire electrode
e Carbon/Mild steel wire electrode

The composition of the electrodes used in this research is discussed in detail in later chapters.

3.2  Fume hood and collection of welding samples

The fume hood used in this research was designed in accordance with the specifications
outlined in the 1SO 15011-1-2009 standard [82]. The fume collection process was carried out
by placing filter paper on the top of the fume hood, which was attached to an extraction unit.
The welding process was conducted under the fume hood, where the fumes produced during
welding were effectively drawn to the filter paper and settled on it. After 2-3 welding passes,
the filter paper was removed from the fume hood, and the fume samples were carefully brushed
off and stored in airtight glass vials. These fume samples were subsequently analysed using a
variety of analytical methods, which are discussed in later chapters. These methods include
various chemical, physical, and analytical techniques to determine the composition, properties,
and safety hazards of the fumes produced during the welding process.

3.3  Characterisation of Welding fume particles

3.3.1 Inductively Coupled Plasma - Mass Spectroscopy (ICP-MS) and lon
Chromatography (IC)
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The elemental composition of the welding fumes was determined using Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS) technique. This technique is particularly useful for
measuring the total Cr content in the welding fumes. To determine the Cr(VI) composition
specifically in the welding fumes, lon Chromatography (IC) was used. Both these analyses

were carried out in accordance with 1SO 16740:2005 standard.

lon Chromatography is a technique used to separate ions based on their interactions with the
stationary phase (resin) and the mobile phase (eluent). Depending on the ion, the column could
be an anion column (attracting anions) or a cation column (attracting cations). The speed at
which ions move through the columns is determined by their affinity for the resin, and their
separation is based on differences in charge and size. The eluted ions are then detected by an
electrical conductivity detector, which produces a graph, called a chromatogram, that plots
conductivity over time. Each ion produces a peak, the height of which depends on the ion's
concentration in the sample. To avoid interference from ions in the mobile phase, a suppressor

may be used to remove unwanted electrolytes before the conductivity measurement.

For the IC analysis, the fume samples were first isolated from other chemical species present
in the welding fumes. This was achieved by adding 2% NaOH/ 3% Na2CO3 solution, followed
by hot plate extraction in which the sample was heated on a hotplate at 135°C with occasional
swirling between 45 min to 60 min to avoid the solution boiling or evaporating. The sample
was then cooled to room temperature and post-column derivatization was carried out by using
2 mM 1, 5-diphenyl carbazide (DPC) / 10% methanol/ 1M H2SOa.
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3.3.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy
(EDX)

Particle size and elemental composition of the welding fumes were investigated by Scanning
Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDX). SEM images
were taken by Zeiss Y igma FEGSEM attached with EDX spectroscopy. EDX was performed
on the particles by Oxford Instruments X-Max2 silicon drift detector.

3.3.3 X-ray diffraction analysis (XRD)

The phase analysis and crystal structure of the welding fume particles were analysed by X-ray
diffraction analysis (XRD) using Siemens D501 Diffractometer.

XRD, or X-ray diffraction, is a technique used to determine the crystal structure of a material
by analysing the way in which X-rays are scattered by the atoms in the material. It is commonly
used in fields such as materials science, chemistry, and mineralogy. The principle of XRD is
based on the fact that X-rays interact with the electrons in the atoms of a crystal lattice, causing
them to scatter in different directions. The scattered X-rays will have different wavelengths
and phases, and when they are detected and recorded, they form a diffraction pattern. By
analysing the diffraction pattern, it is possible to determine the crystal symmetry, lattice
parameters, and the positions of the atoms in the crystal lattice. In XRD, the sample is placed
in a beam of X-rays, and the diffraction pattern is recorded using a detector such as a film or a
detector array. The diffraction pattern can be analysed using software to determine the crystal
structure of the sample.

3.3.4 Fourier Transform Infra-red Spectroscopy (FTIR)

Fourier Transform Infra-red Spectroscopy (FTIR) is a well-established analytical technique for
qualitative analysis, with the mid-infra-red (IR) region (4000 cm—1 to 400 cm—1) being rich in
information about the presence of the functional groups. FTIR can also be used guantitatively,
as the energy absorbed at a particular wavelength is in proportion to the number of bonds
absorbing the associated quanta of energy, so with larger concentrations of analyte more of the

energy will be absorbed.
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The attenuated total reflectance (ATR) attachment for FTIR, allows direct measurement of the
sample with minimal preparation, and the potential for re-usability, if required. ATR-FTIR is
a reflectance method with the incident infra-red radiation, undergoing total internal reflection
in the ATR crystal, resulting in an evanescent wave at the crystal surface which penetrates the

sample.

FTIR was performed using a Thermo Fisher iS5 attached with an Attenuated Total Reflectance
(ATR) accessory (ID7). The FTIR spectra were obtained after 128 scans with 2cm-1 resolution
in the transmission mode. The background was measured for each sample and subtracted from

the final spectra.
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Chapter 1V: FTIR Spectroscopy as a convenient tool for
detection and identification of airborne Cr(VI) compounds

arising from arc welding fumes.

4.1 Introduction

As already discussed in previous chapters that, welding is the backbone of the modern
industrial world as it is performed in large number of industries such as shipbuilding,
aerospace, automobile, construction, power generation etc. [1, 83, 84]. Welders and all
personnel employed in these industries are exposed to welding fumes and risk contracting lung
cancer significantly more than other people [85-87]. This is primarily due to the presence of
hexavalent chromium [Cr(VI)], a known carcinogen found in arc welding fumes generated
from the welding of stainless steels [27, 54, 70, 85, 88]. Amongst all the other type of welding
processes, arc welding is the most common and widely used method of all welding processes
because it is versatile, and uses simple equipment [1] — due to its widespread usage, it impacts
the health and safety of a very large number of workers who involved regularly in these
industries. Exposure to Cr(V1) is due to fume generation which in turn, depends on the type of
welding and process conditions [89, 90]. Therefore, it becomes more important to analyse
accurately the composition of welding fumes and keep a close eye on the exposure of welders

to the welding fumes and its component Cr(V1).

Due to health concerns, the exposure limit for Cr(\VI) is revised on a regular basis and
regulated by governing bodies. The EU, USA and UK have stringent exposure limits in place,
but some countries still don’t have such reduced limits in force, or none at all. Currently, in
UK for welding fumes the exposure limit is 0.025 mg/m? for the 8-hour time-weighted average
(TWA) exposure and it is proposed to further reduce it to 0.005 mg/m? after 2025. As a result
of these regulations, there is need to understand the Cr(\VI) chemistry and the different forms

that exist in welding fumes in order to facilitate mitigation and compliance.

As mentioned before, airborne hexavalent chromium compounds, generated during arc welding
are known human carcinogens [highly toxic due to its ability to oxidize biomolecules, notably

DNA] whilst Cr(111) is not harmful, because it is usually in the condensed phase [27, 28, 70,
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86, 87, 91]. Sodium (Na) and Potassium (K) ions present in welding electrodes are known for

forming Cr(V1) compounds during welding via the reaction (4.1) and (4.2) pathways [28, 70].

2Na* + Cr + 202 + 2e— Na2CrOg4 4.1)
2K* + Cr + 202 + 2e— KoCrOs4 4.2)

The presence of both *3 and "6 oxidation states of chromium in welding fumes makes it difficult
to analyse the correct amount of Cr(VI) [70]. The current analytical methods for determining
Cr(VI) percentage in welding fumes are being challenged for inaccuracies, as these methods
involve wet chemistry, thus introducing errors in analysis due to Cr-redox chemistry, which is
strongly pH dependant[70]. The most common existing procedure for Cr(\V1) analysis is via
extraction of air filtered particulate samples using sulfuric or nitric acid. Extraction is followed
by spectrophotometric analysis of the magenta chromogen (at Amax = 540 nm) which is formed
by the reaction of Cr(VI) with 1, 5-diphenyl carbazide (DPC) in a strongly acidic solution[22,
70, 92]. Another widely accepted way of detecting and measuring hexavalent chromium in
welding fumes is, by lon Chromatography (IC). To extract Cr(VI1) and isolate it from other
chemical species present in welding fume samples, the sample is extracted by adding 2%
NaOH/ 3% Na>COs solution followed by hot plate extraction in which sample is heated on
hotplate at 135°C with occasional swirling between 45 min to 60 min to avoid the solution
boiling or evaporating and then cooling to room temperature and then post column
derivatization is carried out by 2 mM 1, 5-diphenyl carbazide (DPC) / 10% methanol/ 1M
H2S04[22].

During the analysis, there are chances of redox pathways between Cr(1ll) to Cr(VI), as
follows:[70]

Cr¥*+30H 2 Cr(OH)s (4.3)
Cr (OH)s + OH" 2 [Cr (OH)d] (4.4)
4[Cr (OH)4]" + 302 + 40H" — 4Cr04 +10H20 (4.5)

Additionally, the divalent iron [Fe(l1)], which is most likely present in the welding fumes,
works as a reducing agent for Cr(V1). Also, the manganese dioxide which is likely to be present
in welding fumes may react with Cr(111) and oxidise it to Cr(V1) during hot alkaline extraction
of insoluble Cr(VI1) compounds in welding fumes[93]. The effect of pH on the distribution of
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chromium between trivalent and hexavalent oxidation states in presence of iron is described by

the equation below[70].

Cr (OH)3 (Trivalent Cr) + 50H" + 3Fe3* 2 Cr0O4> (Hexavalent Cr) + 4H20 + 3Fe?* (4.6)

To avoid these redox reactions during the analysis of Cr(V1) new methods to analyse Cr(VI) in

welding fumes are being sought after and continually explored.

An interesting possibility is the direct usage of Fourier Transform Infrared Spectroscopy (FT-
IR) to analyse the welding fume samples. FT-IR does not involve any wet chemistry so there
are no chances of redox reactions due to pH variations, and the analysis reflects ‘as-received’

samples (directly from the filter paper).

Fourier Transform Infrared Spectroscopy (FTIR) is a well-established analytical technique for
qualitative analysis, with the mid-infrared red (IR) region (4000 cm™' to 400 cm™!) being rich
in information about the presence of the functional groups. FTIR can also be used
quantitatively, as the energy absorbed at a particular wavelength is in proportion to the number
of bonds absorbing the associated quanta of energy, so with larger concentrations of analyte

more of the energy will be absorbed.

The attenuated total reflectance (ATR) attachment for FTIR, allows direct measurement of the
sample with minimal preparation, and the potential for re-usability, if required. ATR-FTIR is
a reflectance method with the incident infrared radiation, undergoing total internal reflection
in the ATR crystal, resulting in an evanescent wave at the crystal surface which penetrates the

sample.

Currently FTIR technique has not been widely used in the analysis of welding fumes, due to
the complexity in assigning characteristic peaks for the different elements, given the presence
of several compounds being all together in one sample. However, there are instances in related
areas, where FTIR is being used to quantify the components present in mixtures, such as a
study by Reigh et al., in which they used a constant ratio method to quantify calcium carbonate
and silica (quartz) in geological samples using FTIR [94]. Researchers have also used
sophisticated methodologies such as principal component analysis (PCA) or partial least

squares (PLS) for quantification of mixtures using FTIR [95]. Therefore, there is a huge
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opportunity to develop FTIR (with ATR) for — firstly, qualitative detection and establishment
of the various compounds in the welding fumes, including Cr(VI), which is presented in this
work, and secondly, quantification of these species, which will be a subject of another paper to
be submitted very soon. Also, in this work, the fumes generated from Manual Metal Arc
welding (MMA), Flux Cored Arc welding (FCAW), and Single Wire or Metal Inert Gas
welding/ Metal Active Gas Welding (MIG/ MAG) are the primary subjects of investigation, as
they have been known to release Cr(V1) at levels that are above the threshold of occupational

hazard.

4.2 Materials and Methods

4.2.1 Materials and welding methods

Three types of arc welding processes were investigated in this work. For MMA and FCAW,
the base plate used was stainless steel (SS) 304 (500 X 50 X 10 mm) along with SS electrodes
(with flux material). For Metal Inert Gas/ Metal Active Gas (MIG/ MAG) welding, carbon steel
base plates were used with Carbon Steel electrodes, and for a SS304 base plate, SS electrodes
(no flux materials) were used. Composition of welding consumables and base plates are shown
in table 4.1 MMA welding was carried out manually (as the name suggests) and FCAW and
MIG/ MAG welding was carried out on an automated welding table by welding technicians.
All the welding was carried out inside a fume hood in accordance with International
Organization for Standardization (ISO) 15011-1:2009 specifications which states that the
welding fumes should be collected inside fume box using cellulose filter paper, as it is an inert
medium, and would not contaminate the fume sample. Samples can also be easily brushed off
from these filter paper. All electrodes for MMA have a diameter of 4 mm, and welding was
carried out at a current of 145 A - 150 A (90% of max current). Fumes during these experiments
were collected on cellulose filters and then brushed off and stored in glass vials. For manual
metal arc (MMA) welding, rutile and basic electrodes were both used. While the details of the
commercial electrodes and their flux materials are not revealed, it is known that rutile
electrodes are rich in titania (titanium dioxide) whereas basic electrodes are rich in calcium
carbonate and calcium fluoride. Welding fumes from basic electrodes are designated as M1
and M2. M1 and M2 are two samples of the same electrodes, and as such welding conditions
were identical. Welding fumes from rutile electrode are designated as M3 and M4 and there

are no differences in welding conditions for M3 and M4, either. Welding fumes generated
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during flux cored arc welding (FCAW) were designated as FC1, FC2, FC3 and FC4 — these
were 4 different samples of the same material, and the welding conditions were the same for
each of them samples. Shielding gases used for all FCAW samples were mixtures of CO; and
O2. MIG/ MAG welding was carried out using combinations of CO2, Oz, He and Ar as shielding

gases, and stainless-steel and carbon steel wires were the consumables.

C Mn Si Cr Ni Cu S
(%W/ | (%oW/ | (%W/ (Y%W/ (Y%W/ (%W/ | (%W/
W) W) W) W) W) W) W)
Base Plate (SS 0.08 2.0 0.75 18.0 - 8.0- - -
304) 20.0 10.5
Base Plate 0.18 - 1.50 - - - 0.55 0.030
(Carbon Steel) | 0.20
Manual Metal 0.03 0.9 1 19 10 - 0.01
Arc Electrode
(Basic)
Manual Metal | 0.03 0.8 0.8 19.8 10.2 - 0.025
Arc Electrode
(Rutile)
Flux cored 0.06 1.3 0.50 19.3 9.5 - -
wire
consumable
Solid stainless 0.02 1.7 0.90 20 10 - -
steel wire
consumable
Carbon Steel 0.1 1.3 0.8 - - - -
Electrode

Table 4.1: Elemental composition of welding consumables and base plates.
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4.2.2 Characterisation of welding fume particles

Particle size and elemental composition of the welding fumes were investigated by Scanning
Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDX). SEM images
were taken by Zeiss Y igma FEGSEM attached with EDX spectroscopy. EDX was performed
on the particles by Oxford Instruments X-Max? silicon drift detector. The phase analysis and
crystal structure of the welding fume particles were analysed by X-ray diffraction analysis
(XRD) using Siemens D501 Diffractometer.

FTIR was performed using a Thermo Fisher iS5 attached with an Attenuated Total Reflectance
(ATR) accessory (ID7). The FTIR spectra were obtained after 128 scans with 2cm™ resolution
in the transmission mode. The background was measured for each sample and subtracted from
the final spectra. Typically, 3-4 samples of the same fume/ compound were examined — the
technique is such that the absolute intensities are not reproducible. The reason why the peak
intensities are not reproducible is, due to use small differences in sample thickness, in spatial
arrangement, and lack of precisely the same alignment with the ATR (Reflectance signal).
However, the relative peak intensities of the various vibrational modes were constant, for
different samples of the same compound. Hence, in future, all quantification of FTIR spectra
iS to be done on the basis of ratios of various components in the welding fume. The
development of this method will be discussed in another paper which will be submitted shortly.
In addition to FTIR, elemental analysis of the welding fumes using Inductively Coupled Plasma
— Mass Spectrometry (ICP-MS), and Cr(VI) estimation, by lon Chromatography (IC) data were
done at HSE Science and Research Centre at Buxton.

4.3  Results and Discussions

4.3.1 ICP-MS, IC, and Fourier Transform Infrared Spectroscopy (FTIR) Data

4.3.1.1 Manual Metal Arc (MMA) welding fumes

Welding fumes from MMA (described earlier) were sent to HSE for ICP-MS for the elemental

composition of these fumes. Simultaneously using another batch of the sample, ion

chromatography (IC) was carried with the purpose of measurement of Cr(VI) in the welding
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fume (also at HSE). Table 4.2 shows the elemental composition of welding fumes (ICP-MS,
and IC, for Cr(V1)) from these samples.

Elements M1 (Yom/m) | M2 (Y%em/m) | M3 (%em/m) | M4 (Yom/m)
Al 0.5 0.1 1.6 1.5
Bi <0.1 <0.1 6.3 6.1
Ca 9.0 10.3 0.7 0.7

Total Cr 0.5 0.5 5.1 5.3

Cr(VvI) 0.4 0.4 4.8 4.7
Fe 18.1 19.7 5.7 6.0
K 18.6 13.3 21.7 21.7
Mn 3.9 4.9 3.2 3.2
Na 2.7 5.3 4.8 4.7
Ni 0.1 0.1 0.7 0.7
Si 24 2.8 8.5 9.1
Ti 0.5 11 2.2 2.1
F 23.7 19.0 18.6 17.7

Table 4.2: Elemental composition of welding fumes from MMA welding electrode

There is evidence of considerable Cr(V1) in the rutile electrodes, relative to the basic ones, as
shown in Table 4.2. However, there is uncertainty in the Cr(\V1) due to the numerous digestion

processes which are part of the sample preparation procedure (discussed earlier in the
introduction section).

Finally, the remaining quantities of the above samples was sent for FTIR, as discussed in the
following sections.
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Figure 4.1: FTIR data of welding fumes from MMA welding

FTIR spectra using the ATR - Figure 4.1 shows the FTIR analysis of welding fumes generated
and collected during the MMA welding process, which at first glance shows higher intensities
of Cr(VI) absorption, for the rutile sample compared to the basic — this corroborates the general
trend obtained by IC (Table 4.2). Further analysis of all the absorbance peaks shows the various
vibrational modes due to the chemical bonding in the compounds. All welding samples show

vibrations for Mn-O-Mn, Cr-O-Cr, Cr-O, O-H and Si-O.

The peak at wavenumber 570 cm? is due to stretching vibration of Mn-O and can be assigned
to Mn20Oz and has been reported in many research articles [96-100]. The presence of Mn2Osin
welding fumes has also been confirmed in research articles, and it exists likely, as a Fez.xMnxOa
spinel in welding fumes [101]. Mn can also exist as MnO in welding fumes [101], but those
characteristic vibrations are not seen in these samples; MnO has a characteristic peak at
wavenumbers 630 cm™ and 525 cm™ which is due to the Mn-O bond [102]. Mn-O vibrations
at 630 cm™ are not observed because, Mn in welding fumes exists in multiple forms, as MnO,
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Mn203, MnO; , or Mn30s. Mn is extensively soluble in FesOa, due to which it mainly exists as
FesxMnxOs (0 < x < 1.65).

Most importantly, FTIR provides considerable information of the various vibrational
frequencies associated with Cr-O bonding characteristic of a range of Cr compounds. FTIR
peaks at 729, 735, 895, 903 cm™ is usually seen in dichromates and the peak at 853 cm™
observed in chromates [103-106]. Peak at 729 and 735 cm™ are due to Cr-O-Cr anti-symmetric
stretching vibrations. Peaks at 895 and 903 cm™ are due to the symmetric stretching vibration
of Cr-Os group that form a part of the CrO4 tetrahedra [104] . Dichromate ions are known to
have the bridged structure OsCr-O-CrOs due to which they show vibrations for Cr-O-Cr and
internal vibrations for the tetrahedral CrO4 groups [107]. MMA welding electrodes contain
sodium and potassium compounds (shown in fumes from ICP-MS data, in Table 2), which are
usually present in the flux materials. The Na* and K* ions present in welding electrodes are

known for forming Cr(VI) compounds during welding.

Hence, formation of chromates and dichromates in our welding fume samples from MMA
welding fumes due to the alkali metals is a strong possibility. Absorption intensities of
chromates and dichromates are lower for basic electrodes than from rutile electrodes, and this
is also reflected in the IC data, i.e. Cr(V1) formation in M1 and M2 is less compared to Cr(VI)
formation in M3 and M4. It is not very clear what the role played by titania is, due of lack of
compositional data of the commercial electrodes. Earlier study by Rajeshwari et al. [30]
actually showed the reduction in Cr(VI1) percentage in welding fumes by adding TiO:
nanoparticles to the welding electrodes [108]. They also suggest that adding TiO2 nanoparticles
resulted in the increased mass transfer efficiency, hence promoting better deposition/ alloying
of the major elements such as Fe, Cr, Ni and Mn in the weld metal rather than oxidizing/
vaporizing to fumes [108]. However, none of these studies explain the differences in Cr(VI)
levels between the rutile and the basic electrodes. The only rationale for this extraordinarily
high Cr(VI1) levels in the rutile electrodes as seen in FTIR and in IC, is the presence of very
high levels of Potassium (from the flux material), which probably leads to the dichromate

formation.

While FTIR and IC data are consistent with each other, the former is able to identify signature

peaks due to dichromates and a marginal presence of chromate, as well. These compounds are
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not crystalline as they form via rapid condensation from vapor phase and are thus not visible

from powder XRD.

An additional FTIR peak at 964 cm™ occurs likely due to Cr=0 vibrations, which is indication
of formation of the metastable CrO3[109, 110]. There is an ongoing debate regarding formation
of CrOs in welding fumes since they are formed at high temperature and CrOs is not a stable
compound after 197° C as it decomposes into Cr.0z and Oa.

2CrO3 — Cr203+3/1202  (4.7)

Literature shows that this happens in the stages and is mentioned in the equation below[111,
112].
CrOs — CrsO21 — Crs015 (Cr205) — (Crs012) —»Cr203 (4.8)

Below equation shows the oxidation stages of Cr in this dissociation reaction.
Cr(V1)Os —CrdII)2Cr(V1)sO21 —Cr(11I)2Cr(V1)2s015 -»Cr(I11)2Cr(VI1)3012
—Cr(I1I)203 (4.9)

The IR absorption peaks normally visible for Cr.Os, or any other Cr(l1l) compounds are not
observed in the welding fume samples, as their relative amount is very low (between 0.1 to 0.4
wt. %).

For comparison, FTIR analysis of chemical grade Cr.Os and CrOz was carried out and result is
shown in Figure 4.2 and Figure 4.3 respectively. These result for chemical grade Cr.03 shows
the vibration peak for Cr—O bond stretching vibration at wavenumbers 608 and 504 cm™ and
chemical grade CrOs; shows the vibrations peaks at 880, 957 and 976 cm™ wavenumbers.
Vibration peak at 880 cm™ is also seen in dichromates as they are assumed to have the bridged
structure O3Cr-O-CrOz due to which they show vibrations for Cr-O-Cr and internal vibrations
for the tetrahedral CrOa groups. In pure CrOs the peak at wavenumber 880 cm™ appears as
well, and this is entirely due the Cr=0 vibration. The structure of the planar CrOs has three
oxygen molecules therefore we also observe three vibrations for Cr=0 at 880, 957 and 976 cm”

1 i.e., symmetric stretching, anti-symmetric stretching, and a bending vibration[104].

Vibrational modes of chromates show two vibrational frequencies around 850 and 870 cm™.
The CrO4? ion, although nearly tetrahedral, is distorted in such a way that there are two long(L)
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Cr-O bonds and two short(S) ones. The anion can be written CrO(S).O(L)2 and has molecular
symmetry. It has generally been observed that force constants vary inversely with bond length,
and thus the vibrations involving the Cr-O (L) bonds are likely to occur at lower frequencies
than those involving the Cr-O (S) bonds. Using this model, the stretching region of 800 - 950
cm™ should contain 4 bands, a symmetric and an anti-symmetric stretch each for the Cr-O(S)
and Cr-O(L) pairs [107].

Chromium Trioxide, CrOs is different from the structure of dichromates, as it is planar. This is

therefore reflected in differences in the vibrational frequencies in the data.
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Figure 4.2: FTIR data of Cr203
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Figure 4.3: FTIR data of CrOs

To further confirm the presence of CrOz at high temperature, nanoparticles which resemble the
welding fumes particles were prepared in lab conditions using combustion synthesis[113].
research grade Cr(NOs)s was used as the oxidant which has Cr in oxidation state +3 and Urea
as fuel. The stoichiometric ratio of both compounds is mixed with each other using 5 ml of
deionised water and then then they were kept in furnace for 20 minutes at a pre-set temperature
of 600°C. After the combustion synthesis the nanoparticles were taken out from the furnace
and then sent for ICP and ion chromatography analysis. FTIR of the sample was also taken and
is shown in Figure 4.4. The peak at 976 cm™ shows the presence of CrO3 and other peaks at
826, 890 and 942 cm show the presence of Cr(V1) with the bond vibration of Cr-O-Cr. The
peak characteristic of Cr(111) which occurs around 600 cm™* was not recorded in this experiment
due to constraints in the equipment, but the ICP and lon chromatography data confirms the
results obtained from FTIR. Moreover, the goal of this experiment was to primarily measure
the Cr(VI) from laboratory synthesized samples, and there is no interference from Cr(l1l) in

this measurement.
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ICP results show that total chromium content of the model sample was 11.4 wt. % while I1C
data shows that there is presence of 0.87 wt.% of Cr(VI). Hence majority of the Cr present the
sample prepared by combustion synthesis is Cr(I11), but they only have a small percentage of
Cr(V1) present in the form of CrOz. Hence, Cr(VI1) as CrOs may exist under fume formation

conditions and is not inconsistent with the thermodynamically favoured Cr(ll1l) oxide

formation.
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Figure 4.4 : FTIR data of CrOs prepared by combustion synthesis.
43.1.1.1 Observation of Si peaks in welding electrodes

In rutile electrodes (M3 and M4), also observed, is an absorption band at 990 cm™ which is
attributed to Si-O-Si [114]. SiO2 shows its major peak between 1000-1100 [114-116] which is
due to Si-O-Si stretching. In welding fume samples from basic electrodes (M1 and M2), the
Si-O-Si peak is observed at 1116 cm™, which is characteristic peak observed for SiO2 [116].
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The shift in the Si—-O-Si bands to lower wave numbers is well explained by Lin et al. [65] in
their research article which indicates that when there is increase of silica content in the
compound then we see the shift for Si-O-Si to lower wavenumber. This is also observed in the
ICP data which indicated the Si content in M1 and M2 to be in the range of 2.4-2.8 %m/m and
for M3 and M4 to be in range of 8.5 - 9.1% m/m [65].

Analytical grade Mn203, SiO2, K2Cr.O7 and K>CrO4 and Fe.O3 were analysed in lab using
FTIR to match the existing peaks of welding fumes from them, and they are shown in Figure
4.5. with their characteristic peaks with the vibrations are shown in Table 4.3. The

characteristic peaks in the figure 4.5 were also observed in the welding fume samples.
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Figure 4.5 : FTIR data of analytical grade compounds founds in welding fumes.
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Compounds IR Absorption Functional groups References
frequency (cm)
Potassium 555 Cr-O-Cr anti symmetric [103, 104, 106, 107,
Dichromate 117]
566 Cr-O-Cr anti symmetric [104, 107]
738 Cr-O-Cr symmetric stretching [104, 107]
882 Cr-O4 symmetric [104, 105, 107]
901 Cr-O4 symmetric [104, 105, 107]
921 Cr-O4 anti symmetric [104, 107]
930 Cr-O4 anti symmetric [104, 107]
Potassium 851 Cr-O-Cr [104]
Chromate 868 Cr-O-Cr [104]
Silicon Dioxide 695 Si-O-Si bending [114, 118]
776 Si-O-Si Symmetric [114, 118]
795 Si-O bending [114, 118]
1049 Si-O-Si symmetric stretching [114, 118]
1162 Si-O-Si anti symmetric [114, 118]
stretching
Manganese (I1) 588 Mn-O stretching vibration [119]
Oxide 1085 O-H bending vibrations [119]
joined with Mn
1120 O-H bending vibrations [119]
joined with Mn
1152 O-H bending vibrations [119]
joined with Mn
Iron (111) Oxide 532 Fe-O bending [120-122]
624 Fe-O symmetric stretching [120-122]
689 Fe-O antisymmetric [120-122]
stretching
Chromium (111) 504 Cr-O stretching [123, 124]
Oxide 608 Cr-O stretching [123, 124]
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Table 4.3 : Vibration peaks of analytical grade compounds found in welding fumes and
their vibration mode.

In summary, FTIR data for the two types of MMA electrodes, was scrutinized in detail, to

provide clarity on the spectra. Based on FTIR data for as-procured Chromate (Cr(VI)),

Dichromate (Cr(V1)), Chromium Trioxide (Cr(V1), CrOz), Chromic Oxide (Cr(l11), Cr.03) Mn-

compounds, Silica, and Iron Oxide, all the major compounds were identified. In future studies,

this knowledge will be essential in phase equilibria modelling for fume formation, and in the

quantification of specific non-crystalline phases which is also discussed in later chapters.

4.3.1.2 Flux Cored Arc welding (FCAW) fumes

The consumables used for this experiment were stainless steel wires with the core filled with a
‘flux’. Samples were designated as FC1, FC2, FC3, FC4 — these samples were generated from
4 different experiments, under similar conditions, with the same flux — therefore, any variations
in data obtained between FC1 through FC4, may be purely a statistical variation. A mixture of
0O, and CO2 was used as shielding gas for all these experiments. Welding was carried out to
collect fumes in accordance 1SO 15011. All electrodes have a diameter of 1.2 mm and welding
was carried out at 90% max current. Fumes during these experiments were collected on
cellulose filters and then brushed off and stored in glass vials and then ICP-MS was carried out
to detect the elemental composition of these fumes along with ion chromatography for Cr(V1)
percentage in welding fume composition. Table 4.4 shows the elemental composition of

welding fumes from these results.
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Elements FC1 (%om/m) | FC2 (%om/m) FC3 (%om/m) FC4 (%om/m)
Al 1.0 1.1 1 0.9
Bi 5 53 3.8 3.8
Ca <0.1 <0.1 <0.1 <0.1
Cr 4.7 5 5.5 5.4
Cr(V1), lon 2.42 1.65 1.10 1.12
Chromatography
Fe 7.3 8.5 94 9.2
K 13.6 12.2 10.3 10.8
Mn 8.9 8.3 8.3 8.3
Na 8.6 7.3 6.3 6.4
Ni 0.6 0.9 1.1 11
Si 4.4 3.7 4.2 4.0
Ti 6.4 3.5 4.2 4.0

Table 4.4 : Elemental composition of welding fumes from FCAW electrodes
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Figure 4.6 : FTIR data of the welding fumes from FCAW (Inset shows the data up to

4000 wavenumber).

Figure 4.6 shows the FTIR data of welding fumes generated by flux cored wires. Major peaks
in welding fumes sample FC1 are at wavenumbers 586, 894, 983, 1042, 1361, 1537, 1653 cm"
! The peak at wavenumber 894 cm is due to the O-Cr-Os tetrahedra indicating formation of
dichromates in welding fumes. The peak at 983 cm™ is due to presence of CrOs in welding
fumes, 1042 cm™ is due to SiO, the peaks at 1361 and 1653 cm™ are due to O-H molecular
vibrations and can be assigned to in welding fumes. Since the shielding gas used was COx,
there is possibility of formation of carbon organic compounds in welding fumes and this is
what is likely visible in the region of 1535-1540 cm™. The peak at 586 cm™ is due to stretching

vibration of Mn-O and it indicates the presence of Mn.O:s.
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There are smaller peaks in these samples at wavenumber 511, 713, 742, 779, 846 and 854 cm’
! The peak at 742 cm™ is due to vibrations by Cr-O-Cr anti symmetric stretching and consistent
with dichromate formation. The peaks at 846 and 854 cm™ are due to formation of chromate
compounds as discussed earlier. The peak at 511 cm™ is due to Cr(111) compounds which
appears significantly in FCAW fumes. Only a small percentage of Cr(l11) generated during
welding converts to Cr(VI) compounds. The peak at 713 cm™ is due Fe-O vibration and is due

to Fe2O3 compounds in welding fumes.

All the welding samples from FCAW has a similar chemical structure as the MMA welds, as
they have all the major peaks for vibrations due to iron oxide, chromates, dichromates,
chromium trioxide, silicon dioxide and manganese oxide. Small differences lie in the peak
around 520 cm™ which appears at 511 cm™ in FC1 and disappears in FC2 but there is an
additional peak at 540 cm™ in FC2; this may be due to the interference of Fe2Oz with Cr(lll)

compounds.

Absorbance Intensities of Cr(VI) vibrations in FCAW samples are generally less than that of
MMA welding fume samples. Lower absorbance Intensities in FCAW indicates lesser relative
amounts of Cr(VI) compounds with respect to MMA (rutile) — this has also been detected in
the prior work that flux cored wires produce less amount of Cr(VI) than MMA wires (using
IC/ICP) [125, 126]. Partly, this could be explained due to the usage of shielding gases, which
were not used in MMA. FTIR once again, shows the presence of Chromates and Dichromates,

that come from the alkali metals, which are also visible, in the ICP-MS data, Table 4.4.
4.3.1.3 Solid Wire welding fumes (MIG/MAG)
The consumables used for this experiment were solid stainless-steel wires (SW1-SW3) and

solid carbon steel wires (SW4-SW6). Fume samples from these wires were collected and
designated as SW1, SW2, SW3, SW4, SW5, SW6.
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Figure 4.7 : FTIR data of welding fumes from solid wire arc welding (Inset shows the

data up to 4000 wavenumber).

Figure 4.7 shows the FTIR data of welding fumes from solid wire arc welding. Compared to
FCAW welding fumes and MMA, these welding fumes have lower amounts of Cr(VI) in them
(IC data), and this is also borne out in FTIR results, as the absorption intensity of Cr-species at
wavenumbers 900-1000 cm™ is much lesser, in comparison to the absorption intensities of
MMA fumes and FCAW fumes. Through all the samples analysed from the MIG/ MAG (Solid
Wire data), the region for Cr(VI1) is only seen as a broad bump between wavenumber 900 to
1000 cm™ — this appears most likely include peaks for Cr(VI) and Si-OH peaks, and since the
amount of these compounds formed was very low, they had very low intensity and could not

be clearly identified.

Other peaks at 725, 625 and 540 cm™ are due to formation of Fe,Oz and can be seen in SW2
and SW1 too. Since these welding fumes contain a majority of Fe in them it is expected they
have the highest absorption intensities for these peaks. Due to the presence of large amounts
of Fe,O3 and Mn,Os, peaks which are usually observed in other welding fumes at 575 cm™,
which were not seen in the solid wire fume samples since there is interference by large Fe.Os

peaks which are very close to each other. The peak around 1035 cm™ is due to formation of
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SiO, and are seen in all SW1, SW2, SW3. The peaks at 1328 and 1632 cm™* are due to OH
groups in welding fumes. The peak at 1436 and 1204 cm™ is due to the C-O-C bond, which is

likely, due to organic vibrations, due to CO2 presence in the shielding gas.

The FTIR spectra of SW2 and SW3 welding fumes show major peaks at wave numbers 544,
625, 720, 891, 1036, 1331 and 1634 cm™* which are also seen in SW1 fumes samples. However,
there is an absence of C-O-C’s vibrational peak, and this is likely, due to the shielding gas used.
In SW1 the shielding gas was a mixture of 5% CO: and 4% O with Ar whereas it was 8%CO>
with Ar for SW2 and SW3 fume sample.

In SW3, peaks at 538, 627 and 727 cm™ are due to oxides of iron. However, there is a peak at
wavenumber 891 cm™* which is indicative of certain other dichromates (since there is no source
of alkali metals.). The peak at wavenumber 1054 cm™ is due to SiOzand 1630 cm™ is -OH.

The SW4 samples are from the carbon steel solid electrode and the shielding gas used was 18%
He and 1% CO; and due to this there was no contact with the atmospheric oxygen and the
major compound vibrations which are seen in FTIR results is Fe2Oz and moisture at 1334 and

1433 cm™ wavenumber.

Samples SW5 and SW6 show the FTIR peaks at wavenumber 571 and 569 cm™ due to spinel
compounds of Mn-O-Mn’s vibration. The peak at 738 cm™ wavenumbers is due to Fe;Os.
There is a small peak of CrOs in sample SW5 between wavenumbers of 900-1000 cm™ and at
935 cm™ in SW6 fume sample. The peaks at 1624 and 1334 cm™ are due to moisture and the
peak at wavenumber 1075 is due to SiO>. The FTIR data of welding fumes from welding carbon
steel electrodes do not show the sharp peaks for Cr(V1) seen in the other welding fume samples.
Ergo from the FTIR spectra, there is very less Cr(V1) in these fumes. Stainless steel wires have
20% Cr in them whereas mild carbon steel wires have 0.15% (Composition given by wire
manufacturer). ICP/IC data for MIG/MAG welding was not available due to the small sample
size since the fumes generated during MIG/MAG welding were not sufficient for ICP/IC

analysis; hence EDX was used for an approximate elemental composition of the fume samples.
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4.3.2 Scanning Electron Microscopy (SEM) and EDX

Scanning Electron Microscopy (SEM) images reveal the welding fume particles size
distribution (Figure 4.8). Welding fume particles range from nano particles (particle diameters
up to 50~300 nm) to micron sized aggregates and are spherical in shape. The majority of the
particles are agglomerates, and this has also been reported in literature findings [12, 30, 89,
105, 127-129]

vaporisation[30]. Particle size may vary, depending upon welding conditions, such as welding

. This occurs due to the solidification and oxidation after the metal

voltage[12], shielding gases used for welding[75] and type of weld transfer (such as globular
or spray transfer). Welding fume particles from MIG/ MAG welding were notably smaller
than the welding fume particles from MMA and FCAW.

Nanoparticles from MMA and FCAW welding were rich in Na, K and Fe due to the likely
composition of the flux in the welding wires and this is also demonstrated in the EDX data of
these nanoparticles (Table 4.5), which expectedly corroborates with the ICP-MS data for the
MMA and the FCAW. The EDX data for the MIG/MAG (Single Wire) shows a high proportion

of Fe, and Mn, which is clearly visible in the FTIR data.

Solid wire stainless | Solid wire carbon MMA rutile MMA basic FCAW
steel steel Composition Composition Composition
Composition Composition (Normalised (Normalised (Normalised
(Normalised wt.%) | (Normalised wt.%0) wt.%0) wt.%%0) wt.%0)
Si (2.20) Si (4.3-5.3) Si (6.5-6.9) Si (8.9-11.4) Si (4.1-5.6)
Ni (3.4-4.0) Ni (0.6-1) Ni (0.8-1) Ni (0.7-1) Ni (0.8-1)
Mn (9.2-11.3) Mn (11.9-12.5) | Mn (10.9-11.4) | Mn (4.2-6.9) | Mn (10.9-11.4)
Fe (34.9-28.2) Fe (87.4-98.3) Fe (10.9-42.2) | Fe(28.3-49.7) | Fe (7.6-11.4)
Na (7.5-7.9) Na (7.3-8) Na (7.5-7.9)
Al (0.8-0.9) Al (0.2-0.5) Al (0.8-0.9)
K (12.8-14.3) K (20.3-28.9) K (14.2-21.2)
Ti (1.8-2.0) Ti (1.8-4.2)

Table 4.5: EDX of welding fume particles
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Figure 4.8 : SEM images of welding fume particles (MMA - 54 nm, FCAW- 93 nm, and
SW3 32.6 nm, Courtesy: ImageJ software)
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434 XRD

Since the purpose of this work is to understand the speciation of the welding fumes, XRD is
also expected to complement the FTIR data, as a way of confirming the various species seen

in the fumes.

Solid wire stainless steel

S <
Lo
@ ™

—
~
<
I~

Solid wire carbon steel

355

MMA Rutile

30.3
311

MMA Basic

35.4

2 theta
Figure 4.9 : XRD data of welding fumes.
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Figure 4.9 shows the XRD data for different types of fumes. In agreement with previous
studies, from XRD data it is clear that the solid wire welding fume particles are rich in
magnetite (X304 with X = Fe, with a mixture of Mn and/ or Cr and/or Mn and/or Ni), which is
a spinel of iron with manganese oxide[30]. XRD spectra of fumes from FCAW and MMA
electrodes shows the alkali-alkaline earth fluoride phases, alongside other phases of mixed
spinel iron oxides and Manganese oxides [30, 105]. As discussed by Floros et al. [26], it is
likely that Cr** is stabilized as spinel phases (Cr, Fe, Ni-spinels), while Cr®* finds its way into
alkali chromate/ dichromate formations (which is strongly observed in FTIR spectra). Key
reflections in the XRD (Figure 10) spectra, at 20 values of 30.5, 35, 43.1, 56.5, 62.7° are most
likely MnFe2O4 spinels [53], AB204, where the A site is Fe, and B could be a combination of
Mn, Cr and/or Ni. However, due to the very small particle sizes (very broad peaks), the A and
B sites could also include dopants such as Mn, Cr, and/or Ni in different proportions. The peak
at 37.4° in MMA rutile electrode welding fume particles is identified as titanium oxide,

ascertained simply by comparison with standard rutile TiO2 compounds[130].

4.4 Conclusions

FTIR has been shown to be an alternative method for direct measurement of Cr(V1) in welding
fumes, compared to traditional wet chemistry approaches such as lon Chromatography and
Spectrophotometry (with DPC complexation). It is also complementary to elemental analysis
like ICP-MS, and analysis of crystalline phases by powder XRD. Welding fumes collected
from Arc Welding processes such as Manual Metal Arc (MMA) welding, using basic and rutile
electrodes show significant differences in Cr(V1) speciation and intensity, in the FTIR spectra.
The primary peaks observed for MMA are at wavenumbers of 729, 735, 895 and 903 cm™
(verified to be from Dichromates), and at 853 cm™ due to chromates. There is considerable
clarity in distinguishing the characteristic Cr-O-Cr anti-symmetric vibrations from the
symmetric stretching vibrations associated with the CrO4 tetrahedra, both of which are found
only in the dichromates). The intensities of the absorption due to various Cr(V1) vibrations, are
much lower for the basic electrodes compared to rutile electrodes (corroborated by IC data),
which is can only be rationalized by the presence of Potassium that is known to stabilize the
Cr(VI) as dichromates.

Similarly, fumes from Flux Cored Arc Welding (FCAW) were also analysed by FTIR and
showed the characteristic absorption wavenumbers for Cr(VI), viz., 742 cm™ (Cr-O-Cr anti-
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symmetric stretching), 894 cm™ (symmetric stretching of the CrO4 tetrahedra), distinctive of
Dichromates. A prominent absorption peak, at around 846, 854 cm™ is attributed to Chromate
compounds. Comparison of the relative levels of Cr(VI) (from IC) with total Cr (ICP) shows
that the Cr(l11) does not convert strongly to Cr(V1), under these conditions, compared to MMA.
This is most likely due to the ‘flux cored’ architecture of the electrode and due to the usage of
a shielding gas that limits oxygen supply.

For the Solid Wire Welding fumes (MIG/ MAG welding) where no flux material was used in
the electrode, shielding gases were used, instead (5% CO2 and 4% CO2/Ar; 8% CO/Ar; 18%
He, 1% COy). In all these cases, contact with atmospheric oxygen was minimal, and the overall
levels of Cr(VI) seen from both FTIR and from IC, were considerably lesser than MMA and
FCAW. The primary peaks reflecting absorption intensities were those on Fe-oxides, and
likely, some iron-based spinels. Powder XRD data show crystalline phases in the welding
fumes, which are primarily spinel oxides (Fe, Mn, Cr spinels). SEM study reveals the welding
fume particles range in size, from about 50-300 nm, and are therefore represent a huge airborne

hazard, despite being agglomerated during the collection stage.

In summary, while XRD, ICP, and IC, are useful in terms of identifying spinel phases,
elemental analysis, and an overall Cr(\V1) content respectively, FTIR can go one step further
and identify characteristic vibrational frequencies of the various Cr(VI) bonds, and there with,
the individual compounds themselves. Further work on quantification of the absorbances is

part of a next chapter.
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Chapter V: Quantification of Cr (VI) using FTIR and

Electrochemical analysis.

5.1  Quantification using FTIR.
5.1.1 Introduction:

In Chapter IV of this thesis, | have discussed the topic of using Fourier Transform Infrared
Spectroscopy (FTIR) for qualitative analysis of welding fumes. From that, it was determined
that the majority of particles found in welding fumes are spinal oxides. Additionally, it was
noted that there is a wide variety of phases and elements present within these particles. Given
the complexity of the composition of welding fumes, quantifying the concentration of

Chromium (V1) within these particles is a challenging task.

To address this issue, in this chapter I have tried to explore a method called the "Intensity Ratio
Method" which utilizes FTIR to quantify the concentration of Chromium (V1) in welding
fumes. This method is explained in detail in this chapter. The Intensity Ratio Method is a way
to use the Infrared spectra of the compound of interest and a reference compound to determine
the concentration of the compound of interest in a sample. This is done by comparing the

intensity of the absorption bands of the compound of interest to the reference compound.
5.1.2 Methodology

The method proposed for quantifying Chromium (V1) in welding fumes is based on Beer's
Law, A = a.b.c, which states that the absorbance of a substance (A) is proportional to its
concentration (c) and the molar absorptivity of the substance (a), as well as the optical path
length (b) of the instrument used. In order to use this approach, the molar absorptivity of

Chromium (V1) must be known. To determine this value, we use the ratio method.

To determine the molar absorptivity of Chromium (VI) we used the ratio method, where a
known amount of Cr (V1) is mixed with a known amount of silica. Silica is used as a reference
compound as it is present in all welding fume samples. The absorbance intensity ratio of Cr
(V1) to silica is plotted against the weight percentage ratio of Cr (V1) to silica. The slope of the
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line generated by this plot gives the A value, which is the concentration constant. This constant
is then used to quantify the concentration of Chromium (V1) in welding fumes. Essentially, by
mixing a known amount of Cr (VI) with a known amount of silica and measuring the
absorbance of the mixture, they can plot the absorbance ratio against the weight ratio of Cr (V1)
and silica, which gives a linear relationship. The slope of this line is the molar absorptivity of

Cr(VI) and that is used to determine the concentration of Cr(V1) in the welding fumes.

5.1.3 Calibration samples preparation

As welding fumes contains Cr (V1) in the form of chromates and dichromates we tried to find
Achromate aNd Adichromate. 10 find the A we made calibration mixtures of potassium chromate and
potassium dichromate with known quantities, and we added known quantities of silica and
10ml of distilled water to the mixture. The mixture was sonicated and stirred until a clear
mixture was formed and then the mixture was dried in furnace for 10hrs at 110°C. The
composition of these sample calibration compounds is shown in table 5.1.After drying the
mixture was ground to fine power and FTIR analysis was performed on the samples to see if

there are any impurities.

Compound name Composition
F1 200mg K2Cr207 + 800mg SiO2
F2 400mg K>Cr,O7 + 600mg SiO>
F3 600mg K2Cr207 + 400mg SiO;
F4 800mg K2Cr207 + 200mg SiO2
El 200mg K2CrO4 + 800mg SiO-
E2 400mg K2CrO4 + 600mg SiO2
E3 600mg K2CrO4 + 400mg SiO-
E4 800mg K2CrO4 + 200mg SiO2

Table 5.1 : calibration samples for quantification
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5.1.4 Results and discussions:

FTIR analysis of the calibration samples were done using the same equipment and following
the same procedure as explained in previous chapter. The FTIR spectra of these calibration
samples is shown in Figures 5.1 and 5.2. These results demonstrate that there were no vibration
peaks of any other compounds present in the samples apart from silicon oxide, chromates and
dichromates, which confirms that there were no chemical reactions occurring between these
compounds during preparation and that these compounds were simply homogeneous mixtures
of chromates and dichromates with silica. This proves that the calibration samples are pure and

can be used to accurately determine the concentration of Chromium (V1) in the welding fumes.
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Figure 5. 1 : FTIR data of calibrated samples containing potassium dichromate.
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Figure 5.2 : FTIR data calibrated samples containing potassium chromates.

After assuring that there were no new compounds formed beers law was used to calculate

Achromate and Adichromate.

We assumed Acrto be the absorbance intensity of Cr (V1) and As;jto be the absorbance intensity

of silica.

Hence, using Beer’s law, it can be stated:

A ac,.bcrCc
L= ol (5.1)
Agi aibgiCgj

The instrument is same for all the experiments, hence ber = bsiand as a result equation (5.1) can
be written as

for _ 26 cr (5.2)
Agi asiCsi '

Equation (ii) can again be written as:
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To calculate A, graphs were produced by plotting ratios of calibration samples F, absorbance
intensities of Cr(VI) and absorbance intensities of Si were plotted on y-axis (from FTIR ) and
weight percentage of potassium chromate/potassium dichromate with weight percentage of
silica in the sample were plotted on the x-axis. Plots of these intensities are shown in fig 5.3
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Figure 5.3 : Graph for A dichromates
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Figure 5.4 : Graph for A chromates

After getting the values of A for chromates and dichromates from these plots, the concentration
ratio of Cr (V1)/Si in welding fumes were calculated. Equation 5.4 was used to calculated total
Cr (V1) concentration in welding fumes. The amount of Si present in welding fumes was

known via ICP data.

N
Total Cr(VI) = z Aerevn,ilerovn,i
i—1

(5.4)
Since there were multiple peaks for chromates and dichromates present in the welding fumes

samples we needed to add all the concentrations from all the peaks.
Thus, FTIR can be used to calculate the Cr (V1) concentration in welding fumes which is shown

in table 5.2. The ICP data and the welding fumes samples are same which were discussed in

chapter IV.
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Sample Cr (V1) Si Cr (VI)ic/ Siicp
FT-IR
M1 4.9 0.16
M3 3.28 0.31
M4 0.74 0.56
M5 0.55 0.51
F3 0.84 0.26
F4 0.77 0.28

Table 5.2 : Results of Cr (VI)/Si via intensity ratio method and ICP/lcon

chromatography method.

The results of the study indicate that the ratio method is not highly precise when applied to

welding fumes. This is because the selection of peaks is crucial for this method, and there were

multiple peaks for Cr(VI) vibrations present in the welding fumes, making it challenging to

calibrate all the vibrational peaks accurately. Additionally, the ratio method has limitations as

it requires the calibration samples to be prepared with great care. In this specific case, the

method did not yield the desired results as the Si peak used in the calibration samples was

distinct from the Si peak found in the welding fume samples. Hence additional samples were

prepared using different form of SiO». to understand their calibration curve and analyze if they

can be used to detect the Cr(VI) percentage in welding fumes.

The samples prepared are listed in the table below along with their compositions:

Sample Name

Sample composition

Silica used

Sil(a)

800mg K2Cr207 + 200mg SiO>

Amorphous Silica anhydride

Si1(b)

600mg K2Cr207 + 400mg SiO>

Amorphous Silica anhydride

Sil(c)

400mg K2Cr207 + 600mg SiO;

Amorphous Silica anhydride

Si1(d)

200mg K2Cr207 + 800mg SiO>

Amorphous Silica anhydride

Si2(a)

800mg K2Cr207 + 200mg SiO>

Silica sand/White Quartz

Si2(b)

600mg KCr,07 + 400mg SiO»

Silica sand/White Quartz

Si2(c)

400mg K2Cr207 + 600mg SiO2

Silica sand/White Quartz

Si2(d)

200mg K2Cr207 + 800mg SiO;

Silica sand/White Quartz
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Si3(a) 800mg K2Cr207 + 200mg SiO2 Silicon dioxide nanoparticles 10-20nm
Si3(b) 600mg K2Cr207 + 400mg SiO2 Silicon dioxide nanoparticles 10-20nm
Si3(c) 400mg K2Cr207 + 600mg SiO2 Silicon dioxide nanoparticles 10-20nm
Si3(d) 200mg K2Cr207 + 800mg SiO: Silicon dioxide nanoparticles 10-20nm
Si4(a) 800mg K2Cr207 + 200mg SiO2 Silica fumed
Si4(b) 600mg K2Cr207 + 400mg SiO2 Silica fumed
Si4(c) 400mg K2Cr207 + 600mg SiO2 Silica fumed
Si4(d) 200mg K2Cr207 + 800mg SiO2 Silica fumed

Absorbace
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o o o
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o
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Table 5.3 : Additional Calibration samples for quantification
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Figures 5.5, 5.7, 5.8, and 5.10 exhibit the FTIR spectra of various calibration samples, each
comprising different types of silica. However, Figure 5.7 lacks any discernible silica peak,
which is typically observed in welding fumes and other silicates. This absence of a peak
suggests the possible absence of crystalline silica in welding fumes. Consequently, samples
Si2(a)-Si2(d) were excluded from the parameter () determination. The calculated values of A
obtained from samples Sil, Si2, and Si4 were 0.263, 0.169, and 0.369, respectively. These A
values were later employed to ascertain the Cr(V1) ratio in welding fumes. The results revealed
inconsistencies between the Cr(V1) values determined using the intensity ratio method and the

ICP method. Several factors could be contributing to this discrepancy:

Complex Formation: Silica in welding fumes might form complexes with other elements,
hindering accurate identification using FTIR. The Si-O vibrations from these minute complex
compounds are not easily detectable by FTIR, leading to potential underestimation or

misidentification of certain species.
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Formation of Other Compounds: Besides Silica, Chromium (Cr) could form various
compounds in welding fumes. These compounds might be challenging to identify using FTIR,

resulting in incomplete analysis and potentially excluding important species from the results.

Limitations of FTIR: Despite its potency, FTIR has limitations. It may not capture certain
chemical species or accurately detect trace amounts, which could impact the overall

determination of Cr(V1) in the samples.

Overlapping Peaks: In complex samples, multiple analytes may have overlapping peaks in the
infrared spectrum, making it difficult to precisely quantify individual components.
Deconvolution techniques and multivariate analysis could be used to address this limitation,

but it remains a significant challenge.

Sensitivity: FTIR might lack the sensitivity of other analytical techniques like chromatography
or mass spectrometry. It may not detect analytes present at low concentrations, particularly in

complex matrices.

Despite these limitations, with further research to address these shortcomings, the intensity

ratio method can be enhanced.
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5.2  Electrochemical analysis

5.2.1 Introduction

In this part, | have explored the possibility of using electrochemistry for detection of Cr(V1) in
welding fumes, which can be possibly used in developing electrochemical sensors. These
sensors can directly be used in industries for constant monitoring of the Cr(V1) exposure to the

welders.

Electrochemical sensors are basically the devices that use electrochemical processes to measure
various physical and chemical parameters. Presently these sensors are being used widely in
many applications such as medical diagnostics, environmental monitoring, and industrial
process control. These sensors are very advantageous as they have high sensitivity, and they
can be selective too. These sensors are very accurate and can detect very low concentrations of
analytes and can also differentiate between similar compounds[131]. Additionally, many
electrochemical sensors are relatively inexpensive and easy to use.

These sensors are mainly divided into two types:

= Amperometry sensors

= Potentiometric sensors

Amperometry sensors uses current, while potentiometric sensors use a voltage. In medical
fields amperometry sensors are widely used to detect the amount of lactose, glucose and other
biomolecules in blood and other body fluids. Most of glucose meters works on these sensors

for measuring blood sugar levels in diabetic patients.

Potentiometric sensors are used mainly in the environmental monitoring such as to measure
the pH, ion concentration in water and soil samples. Potentiometric analysis is also used
commonly in industries to measure the concentration of dissolved oxygen, chlorine, and other
chemicals in water and other liquids. Electrochemical analysis has proved very powerful for

metal analysis because of the rapid response and easy operation[131-133].

In order to facilitate the development of these sensors, a comprehensive comprehension of the
electrochemical behaviour of Cr(111) and Cr(V1) is imperative. The optimal approach to attain
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a profound understanding of their electrochemical behaviour lies in the application of cyclic
voltammetry. Cyclic voltammetry (CV) represents a potent and widely utilized electrochemical
technique, employed primarily for investigating the reduction and oxidation processes of
molecular species[134-136]. Furthermore, this method proves invaluable in the examination of
chemical reactions initiated by electron transfer events[136]. Cyclic voltammetry consists of
several distinct stages: (1) the initial potential is set, (2) the potential is swept in either a forward
or reverse direction, (3) the potential is scanned back to its original value, and (4) the scan is
reversed to complete a cycle. This process can be repeated multiple times to obtain steady-state
voltammograms and average out experimental noise. The CV technique can be performed
under different experimental conditions, including variations in the scan rate, potential range,
and electrolyte composition. These variables enable researchers to study the kinetics of
electrochemical reactions, adsorption phenomena, and diffusion processes, among others.

The occurrence of oxidation or reduction at the electrode surface is intrinsically associated with
the electrode potential. The potential applied to the electrode induces ions in the solution to
either gain or lose electrons. A more negative potential signifies a strongly reducing electrode,
while a more positive potential indicates a highly oxidizing electrode. As a result, by
controlling the electrode potential within an electrochemical cell, the redox reaction taking

place at the electrode-electrolyte interface can be manipulated and regulated[134, 136].

Thus, it becomes essential to investigate the electrochemical reactions transpiring at the
electrode-electrolyte interface. Cyclic voltammetry emerges as a potent tool for
comprehensively studying the electrochemical behaviour of a system through systematic
analysis of current-voltage measurements obtained from the electrochemical cell under

investigation.
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5.2.2 Materials and method

5.2.2.1 Selection of electrolyte

The reduction of dichromate to chromic ions using various cathodes, such as carbon, lead,
stainless steel, titanium, and copper, have been studied in acid solutions containing Cr(V1) from
the electroplating industry and their rinsing waters[137]. However, hydrogen evolution can
occur as a secondary reaction, leading to low current efficiency and passivation of the electrode

surface shown in equation (5.6).

HCrO4 + 7TH* + 3" & Cr¥* +4H,0  (5.5)
H3O+ +2e >H, + OH-  (5.6)

Owlad et al. have reported the precipitation of chromium compounds when carbon cathodes
are used without pH control[138]. Some research also showed the low current efficiency for
reduction reaction of dichromats ions and passivation of electrode surface in acid
electrolyte[139]. At low pH and concentrations of Cr(VI) in water, the main species present is
HCrO4. As the pH becomes more neutral to basic, the predominant species shifts to CrO4 %
equation (5.7).

H2CrO4 + H20 <> HCrO4 + H3O* (5.7)

Polarographic studies of Cr(\V1) reduction by Lingane et al. using Hg electrodes shows that
when NaOH is used as an electrolyte shows that in highly basic conditions, the peak for
reduction of Cr(VI) is observed at 0.85 V vs. SCE(standard calomel electrode) [140]. This peak
was observed to be independent of concentration (in the 0.47 to 2.1 mM range) and it also
attributed to the reduction of CrO4 to Cr(I11) in the form of CrOz . In unbuffered solutions with
KClI as the electrolyte, the more complex behaviour of Cr(VI1) is observed, four distinct peaks
were observed. One of these peaks was due to the formation of a film on the electrode (chromic
hydroxide or basic chromic chromate). The highly acidic and reactive nature of H.CrO4 and
formation of film on the bare electrodes renders measurement challenging. There is also
possibility of formation of many complexes by chromates and dichromates at low PH. Thus,

for our experiments we have used NaOH solution.
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5.2.2.2 Sample preparation

0.5M NaOH and 0.5M NH4OH solution was used as an electrolyte for all our experiments. For
fume sampling the sample was mixed and then heated at 80°C for 40 minutes to dissolve the

insoluble Cr(VI) compounds.

5.2.2.3 Electrode selection

Three electrode system was used for the analysis, where working electrode was glassy carbon,
the reaction of Cr(VI) reduction happens at the working electrode. Platinum wire was used as

counter electrode and Ag/AgCl electrode was used as reference electrode.

5.2.3 Results and Discussions

The main objective of these electrochemical experiments was to explore the possibility of
analysing and quantifying Cr(VI) in welding fumes. Hence first approach was to identify
Cr(VI) and find the most suitable scan rate for our electrochemical reaction. For this, cyclic
voltammetry experiment was conducted using potassium dichromate and NH4+OH solution as
electrolyte at varying scans rate which is shown in Fig 5.5. In cyclic voltammetry different
voltage is applied to the electrode and the current is recorded for the applied voltage. Cyclic
voltammetry is an important experiment to find the voltage at which the reduction of Cr(VI)

happens which in our experiment occurs at 0.6V.
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Figure 5.12 : Cyclic voltammetry of potassium dichromate at various scan rates

The results of the experiment indicate that the peak for the reduction of Cr(V1) occurs at 0.6V,
and this peak is independent of the scan rate used. However, the clearest peak for Cr(VI) was
observed at a scan rate of 0.2V/sec. As a result, all subsequent experiments were conducted at

this scan rate.
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Figure 5.13: Cyclic voltammetry of different concentration of potassium dichromate at
0.2V/sec scan rate

The study's second approach involved exploring the potential to quantify Cr(\V1) using cyclic
voltammetry (CV). To achieve this, | prepared several solutions by mixing varying
concentrations of potassium dichromate in a 0.5M NH4OH solution. Then CV was carried out
on these samples, as depicted in Figure 5.6. The outcomes of these experiments provided clear
evidence that, as the concentration of potassium dichromate increased, the current intensity for
Cr(V1) reduction also increased. For instance, the sample with a 10mg concentration displayed
the lowest current of 0.13mA, while the sample with a 50mg concentration exhibited the
highest current of 0.21mA. These results strongly suggest that an increase in the amount of
Cr(V1) in the solution leads to a corresponding increase in the current, thereby providing a basis

for quantifying Cr(V1) in welding fumes through the creation of calibration curves.

A graph plotting concentrations against current based on these results was drawn, as shown in

Figure 5.7. This graph clearly indicates a linear relationship, reinforcing the correlation
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between the concentration of Cr(V1) and the observed current intensity. This linear relationship
serves as a foundation for developing calibration curves, which can be employed later to

accurately quantify the amount of Cr(V1) present in welding fumes.

Equation y=a+b*
Plot J
0.20 - Weight No Weighting
Intercept 0.11024 +0.00112
Slope 29.24025 + 0.49551
J |Residual Sum of Squares 3.44311E-6
Pearson's r 0.99957
R-Square (COD) 0.99914
—_ Adj. R-Square 0.99885
& 0.18 -
h
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Figure 5.14 : Current vs concentration of potassium dichromats.

In subsequent experiments, the same approach was used to quantify Cr(VI) in welding fumes
by dissolving them in a 0.5M NH4OH solution, as shown in Fig 5.8. However, this approach
was not successful for welding fumes because the welding fumes showed a single peak for the
combined reduction of Cr(V1), FeO, and MnO at 0.6V, making it challenging to isolate and

focus solely on the reduction of Cr(VI).

99



0.6

0.4 +

o
N
1

Current (mA cm)
o
o
|

o
N
|

O+ T T T T T T 1
-1.0 -0.8 -06 -04 -02 00 02 04 06 08 10 1.2

Potential(V)

Figure 5.15 : CV of welding fumes in 0.5M NH4OH solution at 0.2V/sec scan rate

5.2.4 Conclusions

In this study, the aim was to find the most sensitive solution and suitable pH for detecting
Cr(VI) reduction to Cr(I1l) in welding fumes without interference from other elements. The
experiments were conducted using an Ammonium hydroxide buffer solution with ammonium
chloride. Different types of welding fumes were analysed using this solution, and the reduction
peak of Cr(VI) was observed at 0.6V. To quantify the amount of Cr(VI), different
concentrations of potassium dichromate were dissolved in a 0.5M ammonium hydroxide
solution, and the peak was fitted, and the current was measured. However, one limitation of
this method is that all chromates, dichromates, and CrO3 along with FeO and MnO show a
peak together at 0.6V, making it difficult to identify the peak due to any specific compound
and quantify the peak.
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Chapter VI : Effect of shielding gas oxidation potential on
Cr (V1) generation during MIG/MAG and Flux Cored arc

Welding processes

6.1 Introduction

When the consumables melt at high temperatures, they form molten droplets which are exposed
to the environment before they cool down. These droplets are at high temperature and have
high potential to oxidise that may affect the structural integrity of the weld. To protect the weld
and the molten metal from contamination, different shielding gases are used which cover the
weld during welding and provide protection from atmospheric gases. Although the shielding
gases are used to protect the weld from getting oxidised, in literature it has been found that the
oxygen content of the shielding gas, especially the proportion of CO, and O- directly affects
the FFR (fume formation rate) this is due to the oxidising nature of O, and CO> gases[68, 71,
126].

From past work it is known that FFR increases with a rise in shielding gas oxidising
potential[68]. Hence oxygen is an important element with respect to welding fume formation.
Due to the oxidising nature of oxygen, there is a chance that it oxidises Cr (111) to Cr (VI)
during welding processes. Hence, it is important to study the effects of oxygen on Cr (VI)

formation during welding.

Shielding gases are not just added to protect the metal droplet during welding but also for many
other important reasons, such as to stabilise the arc to ensure smooth transmission of material,
providing cooling for welding torch and weld pool[141]. CO: is also one of the shielding gases
which is mixed with argon during welding of stainless steel for improving arc stability and
decreasing the spatter formation[142]. At lower CO: levels it has been reported that there is
more fume formation due to more spattering which eventually decreases with the percentage
increase of CO- in argon but after 5% addition of CO it has been seen that there is more fume
formation due to the oxidising nature of CO [68].
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Shielding gases also have effects on the thermal conductivity and temperature of arc. Pure
argon and oxygen both have low thermal conductivity which means that the temperature of the
arc will be higher than in the case of carbon dioxide[143]. Hence, we may see the maximum
amount of oxidation of Cr (I11) to Cr (V1) in the Ar and O2 gas mixture. But in the case of CO,
when mixed with argon, it’s more complicated to predict Cr(III) oxidation as CO2 is known for
increasing the thermal conductivity of the arc, but at the same time CO- dissociates to carbon
monoxide and oxygen, and this dissociation creates the difference in the temperatures as this
dissociation is endothermic near the arc and exothermic further from the arc which makes it
hard to predict the change in the temperature of the arc by changing the composition of CO>.
Therefore, making predictions about the oxidation of Cr (l1l) during the welding is very

complicated.

The other important factor which needs to be kept in mind during these experiments is the
effect of droplet size as in the case of increased droplet size an increase in droplet surface area

would be seen, which would also influence the rate of oxidation of Cr (l1).

It would be interesting to investigate the shielding gases mixtures from the perspective of Cr
(V1) formation as the results cannot be predicted. With the different gas mixtures, we might
see the effects on Cr (VI) formation and be able to study which factor has a greater impact on
the results.

6.2 Materials and methods

6.2.1 Collection of welding fumes

The welding trials were carried out with an inverter MIG/MAG power source operating in the
open arc transfer mode(globular transfer mode with nonpulse current).Welding conditions
were set manually on the power source and recorded, welding conditions (average voltage and
current) during these welding runs are mentioned in table 6.2.Wire feed rate for the welding
was set to 10.2m/min. CTWD (Contact Tip to Work Distance) was set to 20mm. A standard
swan neck welding torch was connected to the power source and clamped by the handle above
a moving traverse. The torch nozzle was angled at 90 degrees to the vertical and welding
progressed in the ‘push’ direction. A fume hood as specified in EN 1SO 15011-1 [82] was
suspended above the welding torch to collect the welding fume.
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Welding was carried out on 304SS plates (500 X 50 X 10 mm), clamped in a fixture on the
traverse and the weld progressed by moving the plate under a stationary welding torch. The
travel speed of traverse was set up to 300mm/min. The welding fumes were sucked through
the fume hood and collected by the cellulose filter paper inserted on the top of hood. Cellulose
filter paper was used , as it is an inert medium, and would not contaminate the fume sample.
Samples can also be easily brushed off from these filter paper easily. The fumes were brushed
off from the filter paper after the welding and further analysis on the fumes was carried out.
The filler material used for welding was 1.2mm diameter flux cored wires (EN ISO 17633-A-
T 199 L P C/M 1) and solid stainless steel Imm diameter (EN 1SO 14343-A: G 19 9 L Si)

wires. Typical composition of the materials as provided by the supplier is listed in table 6.1.

C Mn Si Cr Ni
(Y%W/IW) | (WIW) | (W/W) | (WIW) | (Y%eW/W)

Base Plate 0.08 2.0 0.75 18.0-20.0 | 8.0-10.5
Solid stainless steel wire 0.02 1.7 0.90 20 10
consumable
Flux cored wire 0.06 1.3 0.50 19.3 9.5
consumable

Table 6.1 : Composition of consumables

6.2.2 Welding fume Samples

When investigating the effect of shielding gases on welding fumes, oxygen index is the key
parameter for investigation. Oxygen index is defined by IIW (International Institute of
Welding) by an empirical formula, (%0 + 0.5%CO3), and this is used in our experiments to
estimate the oxidising effect of the shielding gases. In welding literature, the oxidising effect
is also referred as the oxygen potential. Solid molten metal interacts with shielding gases and
then the fume condensation happens so the shielding gases makes one of the important factors
for Cr (V1) conversion from Cr (111). The different welding fumes samples generated by varying

shielding gases) are as listed in table 6.2. Not all these shielding gases mixtures are
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recommended for welding stainless

oxygen index.

steels, but they were used to provide a wide range of

Sample Consumable Shielding Oz index Welding | Welding
name gases Current | Voltage
(Amps) (Volts)
SS1 Solid Stainless- 100% Ar 0% 185 29.1
Steel Wire
SS2 Solid Stainless- 98% Ar+ 2% 2% 180 28.3
Steel Wire 02
SS3 Solid Stainless- 98% Ar+ 2% 1% 190 27.1
Steel Wire CO2
SS4 Solid Stainless- 92% Ar+ 8% 4% 200 30.2
Steel Wire CO2
SS5 Solid Stainless- 93%Ar+2% 5.5% 200 30.3
Steel Wire 02+5%CO>
FCW1 Flux Cored Wire 100% Ar 0% 260 33.0
FCW?2 Flux Cored Wire 80% Ar+ 10% 230 32.5
20% CO»
FCW3 Flux Cored Wire 83% Ar + 9.5% 225 32.7
15% CO; +
2% O2
FCW4 Flux Cored Wire 78% Ar 12% 225 32.8
+20% CO>
+2% O3

Table 6.2: Welding fume samples and welding conditions

These welding fume samples were collected on cellulose filters and then brushed off and stored

in glass vials. ICP-MS was carried out to detect the elemental composition of these fumes.

Simultaneously using another batch of the sample, ion chromatography (IC) was carried out

with the purpose of measurement of Cr (V1) in welding fume composition. Particle size and

elemental composition of the welding fumes was investigated using Scanning Electron
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Microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDX). SEM images were
taken by Zeiss Y igma FEGSEM attached with EDX spectroscopy. EDX was performed on the
particles by Oxford Instruments X-Max? silicon drift detector. The phase analysis and crystal
structure of the welding fume particles were analysed by XRD using a Siemens D501

Diffractometer.

FTIR was performed using a Thermo Fisher iS5 attached with a ID7 ATR accessory. The FTIR
spectra were obtained after 128 scans with 2cm™ resolution in absorbance mode. The
background was measured for each sample and subtracted from the final spectra.

6.3 Results and Discussions

6.3.1 XRD
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Figure 6.1 : XRD of welding fume samples
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XRD analysis of the (bulk) fume was carried out and is shown in fig 6.1 These result shows no
evidence that shielding gas composition affects the composition of welding fumes. Solid wires
(SS1 an SS2) show similar peaks, as do flux cored wires (FCW1 and FCW?2) despite having
different shielding gases. The majority of the peaks observed in solid wires indicate the
presence of the spinel oxides of iron (X304 with X = Fe, Cr, Mn, and/or Ni), with some
manganese oxide impurities[30, 101, 105]. The peaks observed for flux cored wire fume
samples (FCW1 and FCW2) are due the formation of both alkali-alkali earth fluoride phases
and the spinel oxides which were also observed in solid wire welding fume samples. All
welding fume samples were a mixture of amorphous and crystalline particles, and this was
observed during XRD as there were some broad peaks with mixed sharp peaks. These
amorphous particles are the particles which are smaller than 50nm and are essentially on the
surface of the crystalline particles and cannot form standard crystal lattices. It is hard to allocate
the peaks to individual phases in welding fumes as each fume particle contains more than one
phase and cannot be justified in marking the peaks of individual phase[30, 128]. There are a
few small peaks which were observed in SS2 and were not observed in SS1 and vice a versa,
these peaks do not represent any new phase as they are minor peaks of the spinel phases and
were not detected due the variation in particle sizes of fumes. The peaks which are around 2-6
values of 30, 35, 43, 56.2, 62.3° are the spinel’s, AB204, with A, and B = Fe, Cr, Mn, and/or
Ni[105],where the A site is Fe, and B could be a combination of Mn, Cr and/or Ni. However,
due to the very small particle sizes (very broad peaks), the A and B sites could also include
dopants such as Mn, Cr, and/or Ni in different proportions.
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6.3.2 SEM and EDX

Figure 6.2 : SEM images of flux cored wire welding fume samples
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Figure 6.3 : SEM images of solid stainless steel wire welding fume samples

Figure 6.2 and figure 6.3 shows the SEM data of FCW and solid wire welding fume samples.
SEM images are used to analyse the particle size distribution and morphology of the welding
fumes. These images reveal that fumes from both the flux cored wires and solid wires have
welding fume particles which vary from nanoparticles to micro sized particles. The particles
are formed due to solidification and oxidation, forming agglomerates as reported in
literature[12, 30, 89, 90, 105, 127]. These images shows that the welding fume particles are
spherical in shape and nanosized and hence can be inhaled by welders thus are very hazardous
to lungs. Literature shows that ability of particles to penetrate deeper into the respiratory system
increases significantly with proportional to their particle size, smaller the particles, more is
their penetration and more hazardous they are [144, 145]. SEM images show that the fumes
from solid wires are comparatively smaller in size than the fumes particles from FCW

electrodes.
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Figure 6.4 : EDX data of solid stainless steel wire welding fume samples

Figure 6.4 shows the EDX data for the welding fumes particles from solid wire electrodes.
Irrespective of the shielding gases, all fume samples show the presence of C, O, Fe, Ni, Si, Mn,
Cr and Cu. This data compliments the ICP data of welding fumes. All samples have the same
chemical structure since the shielding gases used do not affect the chemical structure of the
fumes. Fig 6.5 shows the EDX data for welding fume particles from FCW electrodes and this
also shows that the shielding gases have no effects on the chemical structure of fumes. EDX
data of welding using FCW electrodes shows the presence of C, O, Fe, F, Ni, Al, Na, Bi, K, Ti,

Cr, and Mn elements in them.
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Figure 6.5 : EDX data of flux cored wire welding fume samples

6.3.3 FTIR

Figure 6.6 shows the FTIR data for welding fumes generated by MIG/MAG welding using
solid stainless-steel wire. Welding fumes from solid wires are rich in iron oxide compounds
and as a result, all the samples show the broad peak before 700cm™ wavenumber which is due
the large amount of iron spinels the peak around 690 cm™ wavenumbers is caused due to the
Fe-O antisymmetric stretching. To see the minor peaks the FTIR graphs were plotted in the
narrow range. All these fume samples also show the peak around wavenumber 725 cm * which
is due to Fe-O-H vibration. Peaks in the range of 930-950 cm™ in different samples are due to
the vibration of Cr=0 and this vibration is seen in CrOs, which could be the Cr (V1) compound
which we observe in solid stainless steel wire welding fumes. Vibration peaks in the range of
1020-1035 cm is due the vibration of the Si-O-Si symmetric stretching mode indicating the
presence of SiO, in welding fumes. The peaks after 1100cm™ are hard to assign as welding
fumes particles can form large numbers of possible organic and inorganic compounds as the

peaks in those wavenumber regions are due to the organic compounds of carbon. However,
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peaks around 1630cm™ can be assigned to the absorbed H.O molecules on fume samples as

this occurs to due to the O-H bending vibrations.
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Figure 6.6 : FTIR data of stainless-steel wire welding fume samples

Figure 6.7 demonstrates the FTIR data for flux cored arc welding fumes. Flux cored wires have
alkaline earth metals in them and as a result they form large number of chromates and
dichromates and this is clearly seen in our data, the FTIR peaks at 725, 832, 853, 884, 890,
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886, and 971 cm™ are representing either chromates or dichromates formed in samples. The
vibrational peak shift is seen in all samples from their characteristic peaks because the
compounds formed are not in their pure phases. Welding fumes contain different mixed oxide
phases and spinel phases of the metal oxides. FTIR peaks at wavenumber 832cm™ and 853cm
! are due to the formation of chromates, as these peaks occurs due to Cr-O-Cr vibrations. FTIR
peaks at 884, 890 and 886cm™ is due to formation of dichromates, as these peaks are caused
due to Cr-Oz symmetric vibrations. FTIR peaks around 730 cm™ are due to the Cr-O-Cr
symmetric stretching molecular vibrations of dichromates. FTIR vibrational peaks around 960
cm? are due to the Cr=0 vibration indicating the presence of CrOs in these samples. FTIR
Peaks at 1110 cm™ are due to silica compounds as this indicates the Si-O-Si stretching. This
peak is not observed as a sharp peak in FCW1 and FCW2 samples because of the interference
by Cr (VI) peak at 975 and we see a broadening of the peak. FTIR peaks between 1200-1500
cmt are due to carbon organic compounds, and the peak at 1648.5 cm™ is due to the O-H

bending vibrations.
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Figure 6.7 : FTIR data of Flux cored wire welding fume samples
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6.3.4 ICP and lon Chromatography:

Table 6.3 displays the ICP-MS data of welding fumes generated using different shielding gases.
In welding fume samples from both types of consumables, stainless steel consumables and flux
cored consumables, we observe the least amount of total Cr 12.7%m/m and 4.2%m/m
respectively in 100% Ar. But this is not the case with Cr (V1), although we observe the least
amount of Cr(VI1) formation in solid stainless-steel consumables (0.25%m/m) with inert gas
(100% argon), but we do not observe this in flux cored consumables, in flux cored consumables
we observed the highest amount of Cr (V1) present compared to other welding fumes with the
oxidising shielding gases. This observation is very critical in understanding the role played by
shielding gases. The fume formation during welding happens by two mechanisms, firstly, as
the vaporisation of the metal or compounds near the arc and subsequent condensation of the

species and oxidation may follow during condensation [74].

The second method is enhanced vaporisation by formation of more volatile oxides on the
surface of the weld droplet, followed by condensation and further oxidation [74]. The first
mechanism is happening almost every time and is inevitable, but the second can be minimised
or enhanced by the shielding gases [74]. If the oxidation potential of the shielding is lowered
the second type of mechanism can be lowered too. Argon has the lowest oxidation potential
amongst the all the shielding gases we have used, hence there is very low possibility of the
second type of fume formation and due to which we observe the least amount of total chromium
from both types of consumables. With respect to Cr(VI1) we know that during welding Cr(VI)
stabilises itself by forming chromates and dichromates of alkaline earth metals. Since the solid
stainless-steel consumables do not have any basic earth metals present in them the generation
of Cr(VI) depends highly on oxidation and there is less possibility of second type of fume
formation mechanism (in which oxidation happens due to formation of volatile oxides) during
welding with argon as the shielding gas, whereas in flux cored wires the Cr(VI) formation
depends on multiple factors along with oxidation. In flux cored consumables the presence of
alkaline earth metals such as sodium and potassium have a significant role in Cr(\V1) formation.

Hence the oxidation of these alkaline earth metals also plays a role in Cr(VI) formation.

Using argon as the shielding gas for flux cored wire consumables we observed the least amount
of Fe, Mn, Ni and Ti compared to oxidising gases. But this is not the case with solid stainless

consumables. Fumes from solid stainless-steel consumables show the highest amount of iron
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and nickel in them when welding using argon. Hence just looking at oxidation indexes and

making conclusions will not justify this study. To understand the role of shielding gases in

details, we have used correlation coefficients.

FCW | FCW | FCW | FCW | SS1 SS2 SS3 SS4 SS4
1 2 3 4 (%om/ | (Yom/ | (Yom/ | (Yom/ | (Y%om
(Yom/ | (Yom/ | (Yom/ | (Yom/ m) m) m) m) /m)
m) m) m) m)
Al 0.8 0.9 0.9 0.9 0.1 0.1 0.1 0.1 0.1
Bi 3.6 4.5 5.3 4.7 - - - - -
Ca 0.1 0.1 0.1 0.1 - - - - -
Cr 4.2 5.9 6.2 6.5 12.7 13.8 14.3 12.8 | 13.1
Cr (VI) 4 3.61 1.48 2.55 0.25 0.62 0.4 0.30 | 0.29
(1C)
Fe 8.1 11.1 9.3 15.3 44.7 40.8 36.4 359 | 37.1
K 15.6 13 12.6 11.9 - - - - -
Mn 8.5 9.5 9.3 9.1 4.8 5.9 8.8 10.4 11
Na 8.2 7.3 7.2 6.8 - - - - -
Ni 0.3 0.7 0.7 0.8 6.2 5.7 4.3 3.9 3.6
Si 4.1 2.2 2.3 1.8 1.1 1.8 1.6 1.8 1.8
Ti 0.7 1.3 2.3 1.5 - - - - -
% of 95.23 | 61.18 | 23.87 | 39.23 | 1.96 4.49 2.79 2.34 | 221
Cr (VI)
in total
Cr

Table 6.3: Elemental composition of welding fumes

In our study we have used Pearson’s correlation coefficients to understand the relation of

different elements and the oxidation index of shielding gases in relation with the hexavalent

chromium generation in welding fumes. In simple terms, Pearson’s correlation coefficients are

used to measure the strength of relationships between two variables. It is a statistical test and

therefore it only measures the statistical relationships between two variables. Pearson’s

correlation coefficients are represented by ‘r’, and they are derived using the following formula.
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. X =X (Y —Y)
VX = X235 (Y, — Y)?

Where,
r = correlation coefficient
X, = values of the X variable in a sample
X = mean of the values of the X variable
Y, = values of the Y variable in a sample

U = mean of the values of the Y variable

Pearson’s correlation coefficients value ranges from -1 to 1 and they represent the degree of
association. If the value is =1, then it signifies a perfect correlation. Perfect correlation means,
if one variable increase then the other variable will also increase if the value is +1 and if its -1
then the other variable value will decrease. If the value lies between +0.50 and £1, then it is
considered as a strong correlation. If the values are between £0.30 and +0.49, then it is said to
be medium correlation and if the values lie below +0.29 then it is considered as a small
correlation. If the correlation value is zero, then there is no correlation between the variables.
Different values of correlations alongside their data point representation are demonstrated in
the figure 6.8.

A A . A

¥
Y
Y

Y
L4
L4

115



Figure 6.8 : Data sets represented by different corelations coefficients.

6.4  Effects of shielding gases on Cr(VI) formation in welding fumes generated by solid

stainless-steel consumables.

Table 6.4 demonstrates the Pearson’s correlation coefficients of solid stainless-steel
consumable welding fumes elements and their oxygen index. The correlation coefficient
doesn’t prove to be very helpful in the case of solid stainless-steel consumables because of the
limitation of shielding gases. Recommended gases for these electrodes don’t provide large
differences in their oxidation indexes and as a result we do not see much difference in the
composition of the elements by ICP data. But we can compare the oxidation effect of oxidising
gases to non-oxidising gases, CO2, Oz and mixture of CO2 + Oa. It is well known fact that the
thermodynamics of chemical reactions are responsible for the formation of different types of
oxides, but the oxidation kinetics are responsible for nucleation and growth of oxides [14, 76].
In welding fume formation, the thermodynamics and kinetics of the formation of oxides are
determined by the temperature of arc, temperature of the weld pool, exposure periods (speed
of weld), oxidation index of the shielding gas and chemical composition (type of consumable).
The correlation coefficients show that as we increase the oxidation index of the shielding gases,
we experience a decrease in the content of iron and nickel in welding fumes and an increase in
manganese content. It may appear that the iron and nickel doesn’t oxidise in the presence of
more oxygen, but this is not the case, we have to keep in mind that welding is a metal deposition
process and fumes are the by-products, the better the welding conditions and the stable the arc,
the better the metal deposition and less by-product i.e., welding fumes.

In welding fumes, Cr (V1) is generated by the chemical reactions happening in arc and during
solidification and nucleation of fume particles, whereas Fe is present in large amounts in
consumables hence the presence of iron depends mainly on the quality of welding, for example
if the arc is not stable, we experience more spattering, and this would increase the Fe content
in the welding fumes. Shielding gases such as Oz and CO: provide better arc stability then Ar.
Hence, we see the maximum amount of Fe in fumes from Ar shielding gas. CO2 and O have
different properties such as COz has high ionisation energy because of its dissociation into
carbon and oxygen which is not provided by oxygen alone as a result it gives deep penetration
and high voltage and better arc stability which is seen during the generation of SS3 and SS4

fume samples and a result of this we observe less Cr(V1) and Fe in our samples compared to

116



SS1 which was Ar mixed with Oz. Although oxygen also stabilises the arc when mixed with
Ar, it has low thermal conductivity and as a result its oxidising effect is greater, compared to
CO2, and we observe more Cr(VI) and Fe in 2% oxygen and Argon mixture compared to 8%
carbon dioxide and Argon mixture which has higher oxygen index. The best results are
observed in the mixture of CO, and O as we observe the least amount of Cr(VI) in these
samples among all oxidising shielding gases mixtures. From these results we can conclude that
oxygen index does play a role in Cr(VI) generation as we observe the least amount of Cr(VI)
in non-oxidising gases i.e. Ar but if using oxidising shielding gases which are more practical
in terms of welding, a mixture of both oxygen and CO> provides the best results for minimising

Cr(VI) generation by improving the arc stability and welding conditions.

Cr Cr(VI) 02
Cr 1 0.68 -0.16
Cr(VI) 0.68 1 -0.31
Mn -0.02 -0.32 0.98
Fe -0.31 0.03 -0.84
Ni -0.06 0.29 -0.95

Table 6.4 : Pearson’s correlation coefficients of stainless-steel consumable welding

fumes elements and oxygen index

6.5  Effects of shielding gases on Cr(VI) formation in welding fumes generated by flux

cored consumables.

Table 6.5 shows the Pearson’s coefficients for fluxed cored consumable welding fumes and
their oxygen index. These results reveals that the oxygen index has an impact on all the
elements present in the welding fumes from flux cored wires. With the change in oxygen index,
we observe changes in the composition of welding fume. Oxygen, which is present in the
oxidising gases, oxidises elements present in the fumes and thus increase their quantities, and
this is shown for Cr, Mn, Fe, Ni and Ti and this was expected as the welding fumes are
generated by the oxidation of the elements present in the consumables. The new finding by

observing Pearson’s coefficient is that with the increase of oxygen index we observe the
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reduction of Cr(VI) which was unexpected. We observe the maximum amount of Cr (V1) in
the FCW1 sample which was generated with 100% Ar gas which is inert in nature. Although
we observe mostly Cr(VI1) in fluxed cored consumables in the form of chromates and
dichromates our FTIR results show small amounts are also present as CrOs. To understand this,
we have collected slag of these welding trials and then used ICP/IC to analyse its elemental
composition, which is shown in the table 6.6. Sample FCW1 shows the highest amount of
Cr(VI), K and Na in fumes whereas in the slag samples it shows the least amount of Na and K
which might be due the fact that Na and K reacts with Cr in welding electrodes and generate
Na and K chromates and dichromates, as a result of which the amount of Na and K is least in
the slag. This observation is not true for the FCW2, FCW3 and FCW4 since these do not have
the inert gas environment and as well as with Na and K, oxygen index plays the role too. It is
a well-known fact that Na and K are highly reactive to oxygen, and this might be the reason
we observe more Cr(VI1) in FCW1 samples because of absence of oxygen most of Na and K
from the electrodes reacts with chromium instead of oxygen. In the fume samples FCW2,
FCW3 and FCW3 we observe less Cr(V1) because some of the available Na and K may react
with oxygen and form alkali oxides or peroxides. Welding fluxes contains sodium and
potassium in the form of silicates as a binder. Sodium and potassium silicates are mixtures of
silica with sodium and potassium carbonates. During welding (because of high temperature) in
presence of oxygen, these potassium and sodium carbonates dissociates into sodium oxide and

carbon dioxide via following reaction.

Na2COs - Na20 + CO2 (6.1)

Sodium oxide forms the slag to protect the weld from oxidation and carbon dioxide is released
as a gas, but during limited supply of oxygen (in FCW1 ) sodium carbonates dissociates into
CO2 and Na ion and this sodium ion reacts with chromium (111) to form chromium (VI)
chromates and dichromates. Sample FCW2( oxygen index 10) does not have oxygen as the
shielding gas and therefore regardless of having a lower oxygen index than FCW3(oxygen
index 12) it has more Cr(V1). Hence, we can say the oxygen when mixed with CO: as shielding

gas helps to reduce Cr(V1) emission during welding.
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Cr Cr (VI) Mn Fe Ni K Na 02

Cr 1 -0.71 0.81 0.71 0.91 -0.99 -0.99 0.99
Cr(Vl) | -0.71 1 -0.45 | -0.21 | -0.52 0.69 0.65 -0.66
Mn 0.81 -0.45 1 0.35 0.57 -0.78 | -0.73 0.83
Fe 0.71 -0.21 0.35 1 0.93 -0.76 -0.82 0.73
Ni 0.91 -0.52 0.57 0.93 1 -0.94 -0.97 0.91
K -0.99 0.69 -0.78 -0.76 -0.94 1 0.99 -0.99
Na -0.99 0.65 -0.73 -0.82 -0.97 0.99 1 -0.99
Ti 0.76 -0.96 0.65 0.15 0.49 -0.73 -0.67 0.72

Table 6.5 : Pearson’s correlation coefficients of flux cored consumable welding fumes

elements and oxygen index.

Slag from Slag Slag from Slag from
FCW1 fromFCW?2 FCW3 FCW4
Al 3.5 4.3 4.4 4
Cr 8.4 10.1 10.4 10.1
Cr(VIl) 0.01 0.02 0.02 0.02
Fe 1 1.9 1.9 2.0
K 0.6 0.9 0.8 0.8
Mn 6.8 6.8 7.0 6.8
Na 0.5 0.7 0.7 0.6
Si 2.2 2.7 2.8 2.9
Ti 36.1 33.7 334 33.2
Oxygen index 0 10 9.5 12

Table 6.6: Elemental composition of slag
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6.6  Conclusions

Results from XRD, SEM, EDX suggests that there is no effect of shielding gases on the
structure of the welding fume particles. Fume particles generated during welding using
different shielding gases have similar spinel structure. XRD of all fume samples have both
amorphous and crystalline morphology. EDX and SEM shows that welding fume have similar
elemental composition(qualitative) irrespective of the shielding gases used. FTIR data
indicates that welding fumes from flux cored wires have Cr(V1) in the form of chromates,
dichromates and chromium trioxide. Whereas solid stainless-steel consumables do not show

any chromates and dichromates peaks.

ICP data indicates that the shielding gases plays an important role in the elemental composition
(quantitative) of the welding fumes. Composition of the Cr(V1) in welding fumes depends on
the type of shielding gas used. When performing welding using solid stainless-steel wires as
the consumable, the oxidation index of shielding gases plays an important role as we observe
the least amount of Cr(VI) with argon as a shielding gas compared to other oxidising shielding
gases. Along with the oxidation index of shielding gases the other important variables are the
arc stability and ionisation potential of the shielding gases. Since mixture of CO2 and O
provide the most stable arc we observe the least amount of Cr(\VI) among the other oxidising

shielding gas mixture, irrespective of having the highest oxygen index.

ICP data of welding fumes from flux cored wires shows the strong negative correlation between
the oxygen index of shielding gases and Cr(VI) formation. We observe the highest amount of
Cr(VI) in the sample which was generated using Ar as the shielding gas. This is due to the fact
that flux cored wires contain Na and K in them which are the main reason for oxidation of
Cr(I11) to Cr(VI) in welding fumes and in the absence of oxygen they mostly react with Cr and
form chromates and dichromates as a result we observe the highest amount of Cr(VI) in FCW1
sample compared to other samples. In the samples where oxidising shielding gases are used,
we observe the decrease in the Cr(VI) because Na and K reacts with the oxygen and forms their
oxides as a result there is less Na and K is present to form chromates and dichromates and we

observe the reduction in the Cr(VI) formation.
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Chapter VII: Mathematical modelling approach for
understanding mechanism of Cr(VI) formation in welding

fumes.

7.1 Introduction

Understanding the mechanism of Cr(V1) formation is important for finding solutions for Cr(V1)
mitigation in welding fumes. In this chapter, | have tried to understand the physics and
chemistry behind the Cr(VI) formation mechanism. Mathematical modelling of fume
formation during arc welding can be a complex process, as it involves multiple variables such
as the type of welding process, the composition of the materials being welded, the welding
parameters (e.g., current, voltage, and travel speed)This aim can be achieved by developing a
mathematical model which is bases on the basics of arc physics and thermodynamics of the
vaporisation. During welding fumes are generated from the three main sources.

= Molten droplet from the consumable

= The weld pools

= Spatter

In this study, mathematical model is based on the fumes formed from the molten metal droplet
from the consumable. Since the previous studies shows that majority of the fumes comes from
the vaporisation of the consumable electrode, more than 90%][67, 69]. The procedure used in
this model is divided into following stages.

= Determining the size of the droplet

= Determining the droplet falling time.

= Determining the temperature of the droplet.

= Mass and energy balances on formed droplet.
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7.2 Model setup
7.2.1 Size of the droplet

Previous studies shows that the shape of droplet changes as it travels down the arc[16].
Simpson et al. has developed a one dimensional droplet model which predicts the droplet shape
as the function of time[63]. To keep this model simple, | have derived equations for the size
and volume of the droplet assuming the droplet to be spherical in shape since the droplet shape
is very similar to the sphere. Size and volume of the droplet depends on the wire feed rate.
which means the volume of wire fed per unit time or mass of wire fed per unit time.

The volume of the droplet is the volume of wire fed divided by the number of the droplets
formed per unit time. The mass of droplet is directly proportional to wire feed rate.

Hence,

2
VwXTIXRy,

Volume of drop (Vy) = (7.1)

n
Where, V is wire velocity in m/s
Rw is radius of wire in m

n is frequency (1/s)

Volume of droplet can easily be determined using Equation (7.1) since wire feed rate/wire
velocity is the parameter set before welding and radius is also know. Frequency, voltage, and

current is measured during welding.

Since our droplet is spherical in shape hence, using volume of sphere.
Volume of sphere = gnr3 (7.2)

Using equations (7.1) and (7.2)

1
Radius of droplet R4 = (V‘”:‘”) f3 (7.3)

From these equations we can determine the size and volume of the droplet. As the droplet
travels in the arc its temperature and size grow. Due to which its evaporation also increases
because of the increase in surface area and temperature. These above equations don’t consider

the account for energy and mass loss due to evaporation. This issue is addressed later in the
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chapter while calculating the fume formation rate. Once the droplet grows it detaches from the
wire and travel through the arc column. It is subjected to energy and mass transfer while it is
travelling in the arc. To calculate its energy losses during its time in arc column it is important

to evaluate the droplet falling time.
7.2.2 Droplet falling time.

The falling time of droplets in welding arc is determined by the distance travelled, the initial
velocity, and the acceleration. The acceleration is the sum of the gravitational acceleration and
the drag force due to the plasma flow. The droplets also experience other forces such as
electromagnetic force, surface tension force, and vapor jet forces. These forces act together to
determine the shape and falling time of the droplets. The mass and volume of the droplets are
also important factors in the calculations and can be determined from the velocity of the wire
and the frequency of droplets forming per second. The falling time for droplet is calculated

assuming the constant acceleration,
1
S=ut+: ate2  (7.4)
Where, s = distance travelled(m),
u= initial velocity (m/s)
tr =falling time (s)

a= acceleration (m/s?)

Since the initial velocity is zero and the distance travelled is arc length (L) equation (7.4) can

be rearranged to give falling time i.e.
La
tr=(2 ;)2 (7.5)

Unknown in the equation 7.5 is acceleration.
The droplet after detaches from electrode it is subjected to gravitational forces and to drag
forces due to plasma flow from anode to cathode ( in the electrode positive MIG arc welding)

7.2.2.1 Acceleration on droplet
— Fa
a=g+_ - (7.6)

where, a = acceleration (m/s?)

g= gravitational acceleration ( 9.81 m/s?)
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Fq¢= Drag force due to plasma (N)

mq = mass of droplet (Kg) = Mass of droplet = volume of droplet * density of droplet

7.2.2.2 Forces acting on the droplet.

When the droplet is forming it experiences several forces on it and they determine the shape

and the falling time of the droplet into the weld pool. The forces which act together on the

droplet are as follows.

Gravitational force, Fq
Aerodynamic (drag) force, Fq
Electromagnetic force, Fe
Surface tension force, Fs

Vapor jet forces, Fy

All the forces which act upon the falling molten droplet of electrode is shown in fig 7.1.

Fs

Welding Droplet

Fg Fd Fe

Figure 7.1 : Forces acting on droplet in welding arc.
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There are three conditions and phases of the development of the welding droplet:
Growth of Droplet

Fu+Fs > Fet Fq + Fg

Detachment of droplet

Fv+Fs < Fet Fq + Fy

Equilibrium Condition

Fu+ Fs = Fet Fg + Fg

. Gravitational force, Fg
It is the downward force which pulls the droplet into the weld pool due to gravity.
F; = mg (7.7)
Where, m is the mass of the droplet.

g is the vertical component of the acceleration due to gravity (9.81 m/sec 2 or

9.81cosO, where O is the angle between the arc axis and the vertical).
Mass of droplet = volume of drop * density of drop

Volume of drop
Volume is calculated from equation (7.1)

2
ViwXTtXR

Volume of drop (Vy) = (7.1)

Where V. is wire velocity in m/s
Rw is radius of wire in m.
n is frequency of drops forming per second?
e Aerodynamic (Drag) Force, Fd
The gas flow (atmosphere/ shielding gases) around and within the arc induces aerodynamic
drag (Fa) on the droplet given by
Fy = 0-5V%p(mr?)Cy (7.8)
Where , V is the plasma velocity,
p is the plasma density,
r is the droplet radius

Cqis dragging coefficient.
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This force is higher with higher droplet radius and gas velocity. All these properties determine
the shape of droplet hence the shielding gases properties such as ionisation potential play
important role in determining the fume formation rate and the composition of the welding
fumes. Role of shielding gases is discussed in detail in previous chapters.

Radius can be determined by using equation 7.3.
(@) Plasma velocity

Plasma is basically an ionised gas at very high temperatures. The arc consists of plasma with a
current flowing through it. This current then creates a magnetic field and when the moving
charged particles( ions and electrons) in the plasma interacts with this magnetic field, it results
into creating the force on to these particles. We have assumed arc as a cylindrical in shape and
for the current carrying cylinder this interaction results in the force towards the centre of the
axis. This force is balanced by the pressure which is maximum at the centre. If we assume the
arc to be a cylindrical conductor with evenly distributed current, the pressure at the axis of the

arc can be calculated by the equation 7.9.

i
Paxis = Mo ﬁ + Pambient (7-9)

Where, o is permeability of free space= 4m107’
I current (A)
j current density= I/( 1t Rarc?)
Rarc = arc radius assuming cylinder
Paxis IS pressure at axis

Pambient IS ambient pressure
(b) Plasma Density

It is the density of shielding gas assuming it as perfect gas
PM

Pr = o7 (7.10)

Where, pp is plasma density
P is pressure of gas (N/m?)

M is molecular weight (kg/mole)
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R universal gas constant= 8.314 (J/mole.K)
T temperature of arc (K)

Different shielding gases has different plasma densities.
(© Plasma viscosity

Arc plasma viscosity is a complex phenomenon that is influenced by several factors, including
the temperature, density, and composition of the plasma, as well as the properties of the
electrodes and the surrounding gas or vacuum. In general, the viscosity of arc plasma tends to
be lower than that of other types of plasma, due to the high temperatures and high ionization
levels that are present in the plasma. Plasma viscosity of the pure monoatomic gas can be
calculated using equation (7.11) [146].

Viscosity=2.6693 x 107 x (MT) (;;Zsﬂu (7.11)

Where, M is molecular weight (g/mole)

T is temperature of plasms (K)

o is collision diameter (Angstroms)

Q, = fn(g) it is Lennard — Jones collision integral

K is Boltzman constant = 1.3805* 102 (J/K)

€ is energy of Interaction (J)
(e/K) and o can be found from tables and for argon the values are 128 K and 3.418
Angstroms respectively .

Value of Q, between 10 and 100 is given by Q, = 1.04966 — O.2333Log(§)
Hence, for Argon at 6000K Q, = 1.70* 10 N/(m?s)

o Electromagnetic Force
Electromagnetic force in arc plasma is the force that arises from the interaction of charged

particles in the plasma with the magnetic and electric fields that are present in the plasma. It

plays a significant role in the dynamics of the arc plasma, influencing the movement and
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behaviour of the charged particles. It can be used to manipulate and control the behaviour of

the plasma. Due to the welding current, the electromagnetic force is given by

2
F, = ﬁlzln E (7.12)

Where, p is the magnetic permittivity of the material,
I is the welding current,
ra is the exit radius of the current path

R is the entry radius of the current path
J Surface Tension

Surface tension is the force that holds the surface of a welding droplet together and makes it
behave as if it were a stretched elastic membrane. It is caused by the cohesive forces between
the molecules at the surface of the molten metal, which are stronger than the adhesive forces

between the molecules and the surrounding air.

In droplet formation, surface tension plays a crucial role as it is responsible for the spherical
shape of droplets and their stability. As a droplet of molten electrode is formed, the surface
molecules at the droplet's edge are pulled inwards by the cohesive forces between the
molecules, creating a surface that is curved inwards (concave), which results in the spherical

shape of the droplet.

The surface tension of a liquid can also affects the size of droplets formed. For example, a
liquid with a high surface tension will tend to form smaller droplets than a liquid with a low

surface tension because the cohesive forces between the molecules are stronger.

The droplet's stability is also determined by the surface tension. The droplets that have a lower
surface tension tend to be more unstable as the cohesive forces between the molecules are
weaker, resulting in droplets that are more likely to merge or deform. Droplets with higher
surface tension tend to be more stable due to the stronger cohesive forces that holds their shape.

Force which determines the surface tension can be determined by equation 7.13
F; = 2mry, of (rf) (7.13)

Where, rw is the radius of wire
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o is surface tension

f (ra/c) is function of wire diameter, C is the constant of capillarity
o Vapor jet forces, Fv

At higher welding currents, significant vaporization at the surface of the molten droplet can
occur in the arc root area. Thermal acceleration of the vapor particles into the arc plasma results
in a force called the vapor jet force, which opposes the droplet transfer. This vapor jet force for
a flat surface at uniform temperature and composition is given by

Fy = ':—“/’Ii (7.14)

where mg is the total mass vaporized per second per ampere,
I is the current,
j is the current density

dv is the vapor density

Balancing these equations will help to find the time the droplet is exposed to arc temperatures
and the time for fume formation from a single drop. Next step in developing this model is to
find the way to calculate the temperature of the droplet at a given time which will eventually
be used to balance the heat and mass transfer equations. From the mass and heat transfer
equations the total loss in the elements from the welding wire in the form of fumes can be

calculated.
7.2.3 Equations for determining the temperature of the droplet

This part describes a set of equations and methodologies used to calculate the temperature of a
droplet in welding. It involves the calculation of energy input, heat content, and density, along
with the parameters of the electrode wire, such as cross-sectional area, wire current density,
and wire feed rate. The droplet temperature is calculated using a complex equation that
considers various factors such as ambient temperature, heat content, and droplet density. The

equation also contains variables such as radius of wire, welding current, wire feed rate, wire
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density, droplet density, and electrode extension. This method is based on the model of

resistance heating in the wire proposed by Halmoy et al[147]

Cross-sectional area of wire (Aw)
Assumption: Diameter of wire: 1mm
A,, = ir? (7.15)

r=radius of wire

Wire current Density (jw)

I= welding current

Volume of droplet (Va)

__ uyAy Oyt

(7.17)

Where,

u,,= wire feed rate (m/s)

A,, = Wire crosssectional area (m?)

Ow = wire density (kgm™) Assumed 304 stainless steel 8000 kgm
Oq =droplet density (kgm)

Droplet density (Oq)

Calculated for 304 stainless steel

04 =75512—1-1167 x 10™*T; — 1- 5063 x 10~ "T,2  (7.18)

Where,
Tqis droplet temperature

Heat constant (H L)
Heat constant HL is the heat content per unit volume at the end of the electrode extension as a

result of resistance heating in the wire. It is given by the following equation.
2 2\ 2
Hy = 1.67 x 107 +2.232x 1077 () + 5,98 x 10723 (2)  (7.19)
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Where, L is electrode extension (m)
jw is wire current density (Am2)

My is wire velocity (ms™?)

From above equations the droplet temperature equation is formed which is shown in equation
7.20
Droplet temperature (Td)

wf+Va+(3k/2e)
Tq = 1+( 13kl ) {Ta + (t:l_::) T (V f-::;wowc: Tp) I+ (O:tp)}

ZeuWAwowCP

(7.20)

Where,

k is Boltzmann’s constant= 1.38* 1023 (J mol™* K1)

| is welding current

e is charge on an electron =1.60*10%° (C)

u,, is wire velocity (ms™)

A,, is wire cross sectional area (m?)

0,, is wire density (kg m)

cp specific heat capacity of droplet (JkgtK?) = 753 Jkg*K?
T, ambient temperature (K) = 293 K

Hg wire latent heat of fusion (J kg™t) =247000 J kg
V., droplet material work function potential (V) =4.18
V. anode potential (V) = 1vV

Tp plasma arc temperature (K)

H. wire tip volumetric heat constant (J m~)
7.2.4 Equations for determine the Heat and mass loss of the droplet

In this part, | have discussed how the net energy received by a droplet is determined by the

balance of heat received from the surrounding plasma through conduction and convection, and
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heat lost through radiation from the droplet's surface. The heat transfer coefficient ‘h’ is
described by the Nusselt number, which considers the thermal conductivity of the plasma and
the droplet's Reynolds and Prandtl numbers. A correction factor is also provided for argon
plasma, which considers the drag coefficient. Thermal conductivity of the plasma is also
described. Later equations discuss the mass transfer, specifically the flux of a component
between the droplet and the surrounding plasma, described by the Vapour phase mass transfer

coefficient and the interfacial pressure.

7.2.4.1 Heat transfer equations

Plasma

Weld
Droplet

Qu=hA, (T.-Ts)

Qs = Ap so's(Ts 4'Twa)

Figure 7.2: Schematic representation of the net heat exchanged between droplet and its

surrounding

Net energy received by droplet Qn is heat balance between heat received by droplet from
plasma by conduction and convection and heat lost by radiation from droplet surface by
radiation to the surrounding.
Qn = Qe — Qs = hAp(Ty, — Ty) — Apeo (T — T)  (7.21)
where
h heat transfer coefficient (W/m? K)
Ap  surface area of the droplet,
To the free-stream plasma temperature (K)
Ts the surface temperature of the droplet (K)
E particle emissivity (varies from 0 to 1.0)
os Stephan-Boltzmann constant (5.67 * 10-8 W/m? K*)
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the main factor in equation 7.21 is the heat transfer coefficient ‘h’ which is a measure of the
heat transferred per unit area per unit temperature difference. It is used to quantify the rate of
heat transfer between a solid surface and a fluid, in our case from the electrode to the molten
droplet. The heat transfer coefficient depends on various factors such as the properties of the
fluid and solid, the velocity of the fluid, the temperature difference between the fluid and the
solid. Heat transfer coefficient is calculated using Nusselt number, Reynolds number and
thermal conductivity of the electrode materials. Equations (7.22)- (7.26) is used to determine

heat transfer coefficient.

N, = =2 (7.22)

Where, Nu is Nusselt number
K is thermal conductivity of plasma surrounding the droplet

Nu is 2 when droplet is stationary
N, =2+ 0.6R%>P933 (7.23)

Where, Re is Reynolds number, and the Pr is Prandtl number

In our case we consider argon plasma so Nu can be further corrected

N, = 2f, + 0.473R%>52pm (7.24)

where m= 0.78 Re?%2 py0-3

(1—T(§1+X))

0™ 1+x)(1-Ty)T (7.25)

fo=(1-To ™)[(1+X)(1-To)ToX]  x=0.8 for Arat T < 10000K

Thermal conductivity of the electrode is calculated using equation (25)

k= (T:_Tp) | fi k(t)dT| = (T:_Tp) [S(T..) — S(T,)] (7.26)
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Where, T;, is the temperature of the droplet and T, is the temperature of the plasma.

7.2.4.2 Mass Transfer equations

Last step in modelling the amount of different elements generated during welding is to find the
mass transfer from the molten droplets into the fumes. In this approach however it is difficult
to calculate the composition of each elements accurately and precisely as we are not
considering the chemical equilibriums and chemical kinetics. The model developed here is hard
to be used practically for determine the elements in the fumes, but it depicts the clear picture
how the different parameters in welding affect the chemistry of the fume composition.

For developing mass transfer equations, | have considered the droplet surface at equilibrium.
AB is the droplet with molten electrode, BC is the equilibrium. At CD the mass transfer occurs
and at DE it stabilises.

Figure 7.3 : welding droplet mass transfer surface

Flux between CD can be written as
N; = Ky (P. .. — pj 2
i V(Pl, v P1’ v) (7.27)
Where,
K, is Vapour phase mass transfer coefficient for i component.

P
P

i v 1s interfacial pressure
i v 1s Bulk Pressure in Vapour phase
C. | 1s Bulk Concentration in liquid phase

134



Henry's Law

Henry's law is a gas law that states that the concentration of vapour phase and Liquid phase at
equilibrium is proportional to its partial pressure. The proportionality factor is called Henry's
law constant

Hence at the film we can apply Henry's Law

And we can write

Pjy=HCj | (7.28)

)

Where, H is Henry’s Law constant

Equation (26) can we have rewritten as:

N; = Kv(HC;, — P;,) (7.29)
Total Flux
N=YrN; (7.30)
The different constants used in these equations can be determined by the following equations.
Reynolds Number

R, =24° (731

Schmidt Number

S¢ = — (7.32)

Sherwood Number

(7.33)

Dyy
sp = 2+ 0-552[Re®5Sc0.5]  (7.34)
Where,
Dq is Droplet diameter
V Flow Speed
p Density of element

Dvv is Mass diffusivity of element
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7.3 Conclusions

The objective of developing a mathematical model for Cr(V1) in welding fumes was twofold.
Firstly, to investigate the relationship between various process parameters, such as voltage,
current, wire speed, and shielding gases, and the formation of Cr(\V1) in welding fumes. This
is due to the fact that these process parameters exert a significant influence on the forces that
govern droplet formation, and therefore on the size of the droplets. As it is well established that
a significant portion of welding fumes is generated from the droplets, a comprehensive
understanding of this relationship is crucial. The second objective was to use the findings from
the first objective to develop a chemical model that would study the interactions between the
molten metal and the shielding gases at high temperatures. This model would be based on
principles of chemical equilibria and heat and mass transfer kinetics, thereby enabling a more
comprehensive understanding of the mechanisms involved in the formation of Cr(VI) in
welding fumes. The end goal of this chemical model would be to quantify and determine the
Cr(VI) concentration in welding fumes.

In this study, it can be concluded that the first objective was successfully achieved. The size
and temperature of the droplets, as well as the heat and mass transfer from the droplet surface,
can provide insight into the elements that are evaporated from the welding droplet over a
specific period of time. This information can give an idea of the concentration of various
elements, including total chromium, present in the fumes, but not specifically the concentration
of Cr(VI). However, to fully realize the second objective, which is to model Cr(VI)
concentrations, a deeper understanding of computational and chemical modelling, as well as

proficiency in various modelling software, is required.
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Chapter VIII : Summative and conclusive remarks

The research conducted on Cr(VI) in welding fumes has provided important insights into the
mechanism of Cr(V1) generation and the identification of airborne Cr(V1) compounds. In this
thesis, the main research gaps were identified during the literature review process and efforts
were made to address .The most significant research gap was comprehending the mechanism
of Cr(VI) formation in various welding techniques. To understand this, it was crucial to
determine the different compounds present in welding fumes. This was achieved by utilizing

FTIR to identify the various Cr(VI) species generated during welding.

In chapter IV, FTIR was used for arc welding fumes collected from Manual Metal Arc Welding
(MMA), Flux Cored Arc Welding (FCAW) and Solid Wire Welding (Metal Inert/ Active Gas
Welding [MIG/ MAG]). For MMA and FCAW samples, clear spectra corresponding to Na, K,
dichromates was observed at wave number of around 725-740 cm™ and at 890-900 cm™.
Chromate species were also observed at around 850-855 cm™, as was evidence of CrO3
(chromium trioxide) too (950-970 cm™). The identification of these compounds was done by
carefully identifying the Cr-O-Cr anti-symmetric vibrations, the symmetric stretching of the
CrO4 tetrahedra, and the stretching vibrations of the planar CrO3 structure for the chromium
trioxide. All the above compounds were volatile, and present as nanoparticles in welding
fumes, thereby potentially causing significant harm to the welders. Additionally, crystalline

phases (Fe-Mn spinels) were also observed through powder XRD, and the data was compared.

In Chapter V, the utilization of FTIR for quantifying Cr(VI) compounds in welding fumes was
thoroughly explored as an alternative to the conventional wet chemistry ion chromatography
method. The findings revealed that FTIR can be a prospective technique for quantification,
provided appropriate attention is given to developing calibration samples. Despite being based
on a distinct approach, the estimates obtained from FTIR were reasonably close to the actual
values derived from ion chromatography, underscoring the potential of FTIR as an efficient
means for measuring Cr(VI) compounds in welding fumes and offering advantages over
traditional wet chemistry methods.

To maximize the accuracy and reliability of FTIR analysis for Cr(VI) measurements in welding
fumes, further research on calibration samples is essential. Developing well-characterized

calibration samples will enhance the precision of the method. Moreover, the establishment of
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robust calibrations is crucial to ensure consistent and dependable results in Cr(VI)
measurements. Operator training is another critical aspect to consider. Well-trained operators
can effectively use FTIR to eliminate atmospheric interferences and optimize the analysis
process, leading to more accurate measurements. While FTIR shows promise as an alternative
method, it should be complemented with traditional wet chemistry approaches such as ICP and
ion chromatography. By combining these techniques, a comprehensive understanding of
welding fumes and their compound composition can be attained. In conclusion, by investing in
research, establishing robust calibrations, providing operator training, and integrating FTIR
with traditional methods, a more accurate and comprehensive analysis of welding fumes and
their potential hazards can be achieved.

In Chapter V, the use of electrochemistry to create sensors for continuous monitoring of Cr(V1)
in industries was evaluated, but it was found to be not practical. This was due to the complex
nature of welding fumes, which consist of various compounds in different oxide and spinel
forms, especially Cr, Mn, and Fe compounds. The results from cyclic voltammetry indicated
that the oxidation of Fe, Mn, and Cr occurred at 0.6V in 0.5M ammonium hydroxide solution,
making it challenging to quantify the mixed peak. However, this research opens the possibility
for further exploration. If electrodes can be developed that are selective only to Cr(VI)
compounds in welding fumes, this technique could be ground-breaking as it would enable real-

time monitoring of Cr(V1).

Chapter VI study provides valuable insights into the mechanisms underlying Cr(V1) formation
during various arc welding processes, with a particular focus on the influence of the oxygen
index in different shielding gases. The research highlights the significance of the oxidation
index in determining Cr(VI1) production when using solid stainless-steel wires. Additionally,
the stability of the welding arc and the ionization potential of the shielding gases were identified
as key factors affecting Cr(VI) generation. The findings indicate that gas mixtures comprising
carbon dioxide (CO>) and oxygen (O2) with Argon (Ar) result in the least formation of Cr(VI)
compared to single gases of CO or Oz with Ar. Despite possessing the highest oxygen index,
the CO. and O2 mixture provides a more stable arc, leading to reduced Cr(VI) formation among
oxidizing shielding gas mixtures. Furthermore, Flux Cored Wires (FCW) welding with Argon
as the shielding gas showed the highest levels of Cr(VI) due to the presence of sodium (Na)
and potassium (K) in the wires, promoting the oxidation of Cr(l11) to Cr(VI). Conversely, using
oxidizing shielding gases lessens Cr(V1) formation as Na and K react with oxygen to form their
respective oxides, limiting their availability for chromate and dichromate formation. The
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research also found no significant impact of shielding gases on the structure of welding fume
particles, which consistently exhibited spinel structures across different shielding gas
configurations. These comprehensive findings contribute to the advancement of knowledge in
the field and offer valuable guidance for implementing appropriate measures to minimize

welders' exposure to Cr(V1) in industrial settings

In Chapter V11, the focus was to gain insights into the mechanism of Cr(VI) formation through
mathematical modelling. Although the results of the mathematical modelling were not
conclusive, the work performed laid the foundation for future research in this field. In the
future, the mathematical model worked upon in chapter VI, can be used using variables such
as wire feed rate, voltage, and shielding gases into simulation software. This will allow for a
better understanding of how these factors impact Cr(\V1) formation on a macro level, which can
be verified with experimental data. On the micro level the impact of these variables can also
be studied in exploring their effect on the forces generated during arc welding and their impact
on the arc physics, droplet size and temperature and this information can then be used in
automation and developing welding machines modelled to reduce the Cr(VI) formation in
welding fumes.

In conclusion, this PhD research addressed crucial aspects of the mechanism of Cr(VI)
formation and advanced our understanding of Cr(VI) in welding fumes. It also laid the
foundation for future technologies that can be developed for closely monitor Cr(\V1) levels in

industry and find solutions to protect welders and those affected by Cr(VI) in welding fumes.

Further work

FTIR analysis has demonstrated significant potential in identifying Cr(V1) compounds, but its
application for quantitative analysis requires further research, particularly in accurately
identifying silicates present in welding fumes. Accurate identification of silica compounds in
welding fumes would greatly enhance the development of FTIR for quantification using the
intensity ratio method, as discussed in Chapter V of this thesis. It is important to recognize that
welding fumes contain not only Cr(V1), which adversely affects the health of welders, but also
other compounds such as Mg and Si. Therefore, comprehensive studies on these compounds

and their mechanisms of formation are also necessary.
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To advance the development of electrochemical sensors, more research is needed on ion-
selective membranes to enhance their capabilities. The mathematical model presented in this
thesis lays the groundwork for further investigations, and its potential can be expanded by
integrating thermodynamic and chemical modeling. This integrated approach can enable the
prediction not only of Cr(\VI) composition in welding fumes but also the quantities of other
harmful substances present. This mathematical model, if developed accurately and precisely,
has the potential to be groundbreaking, facilitating the creation of products that are less harmful
to the health of welders. By combining cutting-edge research on FTIR analysis, the study of
other compounds in welding fumes, and the development of advanced mathematical models,

significant advancements can be made in occupational health safety for welders.

Recommendations for welders and industries from the research presented
in this thesis:

(a) Welding fumes, including those generated during the welding of mild steel, are categorized as
carcinogens, meaning they have the potential to cause cancer. To safeguard yourself from
potential health risks, it is essential to take necessary precautions. Always use Personal
Protective Equipment (PPE) Kits, which may include respiratory protection, gloves, and eye
protection, to minimize exposure to fumes and metal particles. Whenever possible, perform
welding in well-ventilated areas to ensure adequate air circulation and reduce fume
concentrations. Local exhaust ventilation systems (LEVs) can be employed to capture and
remove fumes at the source, further reducing the inhalation of harmful substances. Prioritizing
safety and adopting preventive measures will help protect your health and well-being when
working with welding processes.

(b)Wwhile Cr(VI) is indeed a primary constituent of welding fumes that is associated with cancer
risk, it is crucial to recognize that welding fumes contain other hazardous elements that can
pose health risks to welders. Manganese (Mn) and Silicon (Si) are two such elements that are
commonly present in welding fumes and can be dangerous to the health of welders. Manganese,
found in certain welding processes and base metals, can lead to neurological effects, and cause
a condition known as "manganese-induced Parkinsonism."” Prolonged exposure to high levels
of manganese can result in symptoms similar to Parkinson's disease. Silicon, which is
commonly found in the base metal being welded, can produce fine particulates when subjected
to the welding process. Inhalation of these particulates can lead to respiratory issues and

irritation of the respiratory tract. It is, therefore, vital for welders to be aware of the potential
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hazards associated with welding fumes and to take appropriate precautions to minimize
exposure.

(c) Continual monitoring of exposure limits to welding fumes is highly recommended to ensure
the safety and well-being of workers. It is essential to conduct monitoring regularly and, at a
minimum, whenever there is a change in welding processes or techniques. Adhering to
government safety guidelines and exposure limits is not only a legal requirement but also
crucial for protecting the health of welders. By regularly monitoring exposure levels, potential
hazards can be identified promptly, allowing for timely implementation of necessary control
measures. Monitoring also helps in identifying trends and patterns in exposure, which can guide
improvements in workplace safety practices and help create a healthier work environment for
welders. By staying vigilant and proactive in monitoring exposure levels, employers can
demonstrate their commitment to worker safety and ensure compliance with regulatory

requirements.
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Publications from this thesis:
(a) FTIR spectroscopy as a convenient tool for detection and identification of airborne

Cr(VI) compounds arising from arc welding fumes.
https://www.sciencedirect.com/science/article/pii/S03043894230014497?via%3Dihub
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Abstract

The presence of Cr{V1) in welding fumes classifies them as carcinogens, posing a health risk to welders. Themefore, it is
crucial to minimize welders” exposure to Cr{VI) by understanding the role of shiclding gases in the peneration of Cr(VI)
during welding. This article offers valuable insights into the impact of shielding gazes’ oxygen index on Cr{VI) production
in welding fumes and highlights key variables that influence the Co(VI) generation during welding. The study reveals that
the behavior of shielding gases in Cn{V1 ) production varies between flux-comed arc welding (FCAW) and solid stainless-steel
wims, with the axidation index of the shiclding gas playing a significant role in solid stainkess stee] wires, Furthermaore, the
study indicates that the arc stability and ionization poential of shielding gases also affect the amount of Cr(VI) produced.
Inmierestingly, the use of 2 C0; and O; mixture with Ar resulted in the lowest formation of CrVI) In FCAW, the highest
levels of Crn{VI) were observed when argon was used as the shielding gas, primarily due to the presence of Na and K in the
wims, which promote the oxidation of Cr{lIl) to Cr{%W1 ). Conversely, the utilization of oxidizing shielding gases reduces the
formation of Cr{V 1) as Ma and K react with oxygen to form their oxides, thereby reducing the availability of these elements
to form chromates and dichromates.

Keywords Shielding gases - Oxidation index - Welding fumes - Cr{¥I}) - MIG/MAG welding - Arc welding

1 Introduction

Particulates and gases generated during the welding of
metals can be hazardous to the health of the welders [1-3].
Hexavalent chromium is one among the many hazardous
components generated during the welding of stainless
steel [2, 4-7). Welders, as an occupational group, show an
increased risk of developing cancer later in life due to their
exposure to hexavalent chromium, in contrast to individo-
als who are not employed as welders [7T-9]. This risk can be
reduced significantly if exposure to hexavalent chromiom is
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mduced at the source. Hexavalent Cr and other undesirable
components in welding fumes are inadequately controlled
simply through local exhaust ventilation or personal respir-
atory protection because of high costs of impleme ntation,
and the burden of individeal responsibility placed upon
the workers themselves. Welding fumes ame usually gener-
ated during the welding processes at high temperature by
the processes of veporizsation, oxidation and condensation
[10—~13]. The main contributor to these fumes is the filler
material in the welding electrodes which contributes about
0% of the welding fumes [14]. Welding wires used to
weld stainless steel (55) are rich in chromium and when the
welding arc strikes. the chromium and alkali elements pre-
=ent in the fuxes of welding wires (in case of FCAW ) react
with each other to form the alkaline chromates and dichro-
mates such as Na,Cr0O,, K Cr0,, K,Cry0,, NaK,(CrO,},
and NakK ;(Cry0, ), [3. 6. 13, 16].

The above mechanisms have been verified, by usage of
FTIR spectroscopy (Fourier transform infraned spectros-
copy ) [17], which provides a clear detection of chromates
and dichromates, whereas ion chromatography (1C) is able
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