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50 Health Effects Associated with Welding

8.04.1 Welding Process

Numerous metal-joining processes are used commercially, such as electric arc welding, resistance welding, oxyfuel gas welding,
solid state welding, high energy density welding, and brazing and soldering. By far, electric arc welding is the most commonly
used fusion process to join metals. By application of intense heat, metal at the joint between two parts is melted and caused to
intermix with an intermediate molten filler metal (1). The extreme heat (>5000 °C) needed to melt metal is produced by an
electric arc between the work to be welded and an electrode that is moved along the joint. Upon cooling and solidification,
a metallurgical bond results. Because the joining is by intermixture of the substance of one part with the substance of another part,
the final weldment at the joint displays the same strength properties as the metals of both parts. This is unlike nonfusion
processes of joining (e.g., soldering, brazing, and adhesive bonding) in which the physical and mechanical properties of the base
materials are not duplicated at the joint.

8.04.1.1 Arc Welding Processes

The American Welding Society has identified at least 20 different metal-joining processes that are currently used commercially
(2). A majority of these processes are classified under electric arc welding, and taken together, these arc welding processes
account for the greatest amount of welding and filler metal deposited commercially (1). The choice of a particular arc welding
process is dependent on multiple factors, including the thickness and type of base metal to be welded, the size and strength of
the weld desired, the speed or volume of welding, the position of the material to be welded (e.g., vertical or horizontal), and
cost (3).

8.04.1.1.1 Gas Metal Arc Welding

Gas metal arc welding (GMAW) is a high-speed, economical process that is sometimes referred to as metal inert gas (MIG)
welding (Figure 1). In this process, an arc is struck between the base metal and a continuously supplied consumable electrode,
which provides filler metal for the weld (2). The electrode is bare, containing no coating or core. The shielding, to protect the
molten metal from reacting with constituents of the atmosphere, is supplied by an external gas, usually containing one of
a mixture of the following: helium, argon, or carbon dioxide. A significant amount of fume can be generated when welding
with this process. Most of the fume generated during GMAW is derived from the consumption of the electrode and not from the
base metal.

8.04.1.1.2 Shielded Metal Arc Welding

Shielded metal arc welding (SMAW) is the simplest, least expensive, and mostly widely used arc welding process (Figure 2).
It is often referred to as ‘stick welding’ or manual metal arc welding. This process produces coalescence of metals by heating
them with an arc between a covered metal electrode and the base metal work piece. Shielding is provided by decomposition of
the electrode covering. The main function of the shielding is to protect the arc and the hot metal from chemical reaction with
constituents of the atmosphere. The electrode covering contains fluxing agents, scavengers, and slag formers (1). Pressure is not
used in the process, and the filler metal is obtained from the electrode. All ferrous metals can be welded in all positions
using SMAW.
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Figure 1 Gas metal arc welding (GMAW). The weld is produced by heating with an arc between a continuous filler metal (consumable) electrode and the
work. Shielding is obtained entirely from an externally supplied gas mixture. GMAW is sometimes referred to as metal inert gas (MIG) welding. The
diagram is used by permission courtesy of Hobart Brothers Company. Technical Section. In Pocket Welding Guide, Troy, OH, 1997, pp 108-138.
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Figure 2 Shielded metal arc welding (SMAW). The weld is produced by heating with an arc between a covered metal electrode and the work. Shielding is
obtained from decomposition of the electrode covering. SMAW is sometimes referred to as stick welding. Filler metal is obtained from the electrode. The
diagram is used by permission courtesy of Hobart Brothers Company. Technical Section. In Pocket Welding Guide, Troy, OH, 1997, pp 108—138.

8.04.1.1.3 Flux-Cored Arc Welding

Flux-cored arc welding (FCAW) produces coalescence of metals by heating them with an arc between a continuously supplied
consumable electrode and the base metal work piece (Figure 3). Shielding is provided by a flux contained within the electrode.
Additional shielding may or may not be obtained from an externally supplied inert gas or gas mixture. In addition, to flux, the
central core of the electrodes may also contain deoxidizers, scavengers, slag formers, and other shielding agents (1). FCAW produces
smooth sound welds of high quality.

8.04.1.1.4 Gas Tungsten Arc Welding

Gas tungsten arc welding (GTAW) is sometimes referred to as tungsten inert gas welding (Figure 4). In this process, coalescence of
metals is produced by heating with an arc between the base metal and a nonconsumable tungsten electrode. The tungsten electrode
serves only to maintain the arc. Shielding is obtained from a gas or gas mixture, usually helium, argon, or a combination of the two.
Pressure and a filler metal may or may not be used depending on the joint configuration. This process can produce top quality welds
using all metals and alloys. Compared to GMAW and SMAW, significantly less fume is generated during GTAW. The fume that is
generated during GTAW mostly originates from base metal and the external filler metal if used (2).

8.04.1.1.5 Submerged Arc Welding

Submerged arc welding (SAW) is widely used to weld relatively thick plates at high metal deposition rates (2). Heat for this process
is derived from an arc between a bare metal electrode and the work. SAW differs from other arc welding processes in that the arc is
not visible (Figure 5). It is shielded by a blanket of granular fusible material called flux, which is placed over the joint area ahead of
the arc (1). Pressure is not used, and filler metal is obtained primarily from the bare electrode wire that is continuously fed through
the blanket of flux into the arc and the pool of molten flux. A unique feature of SAW is that the granular flux material covers the weld
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Figure 3 Flux-cored arc welding (FCAW). The weld is produced by heating with an arc between a continuous filler metal (consumable) electrode and the
work. Shielding is obtained from a flux contained within the electrode. The diagram is used by permission courtesy of Hobart Brothers Company.
Technical Section. In Pocket Welding Guide, Troy, OH, 1997, pp 108—138.
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Figure 4 Gas tungsten arc welding (GTAW). The weld is produced by heating with an arc between a single tungsten (nonconsumable) electrode and the
work. Shielding is obtained from an inert gas mixture. No weld spatter or slag is produced. This process is sometimes referred to as tungsten inert
gas (TIG) welding. The diagram is used by permission courtesy of Hobart Brothers Company. Technical Section. In Pocket Welding Guide, Troy, OH, 1997,
pp 108-138.
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Figure 5 Submerged arc welding (SAW). The weld is produced by heating with an arc between a bare metal electrode and the work. The arc is shielded
by a blanket of granular, fusible material on the work. The diagram is used by permission courtesy of Hobart Brothers Company. Technical Section.
In Pocket Welding Guide, Troy, OH, 1997, pp 108-138.

area and prevents emission of arc radiation, sparks, spatter, and fumes. In addition to shielding the arc from view, the flux produces
a slag that protects the weld metal, reducing the cooling rate and helping shape the weld contour.

8.04.1.1.6 Plasma Arc Welding

Plasma arc welding (PAW) is an extension of GTAW in which coalescence is obtained by heating with a plasma or constricted arc
established between a nonconsumable electrode and the base metal. The heat in PAW originates in the arc, but this arc is not
diffused as in an ordinary welding arc (1). Instead, it is constricted by being forced through a relatively small orifice. The orifice or
plasma gas may be supplemented by an auxiliary source of shielding gas. This process is often used as a substitute for GTAW and, in
some applications, offers greater welding speeds and better weld quality.

8.04.1.2 Other Joining Processes

8.04.1.2.1 Resistance Welding

Resistance welding is a group of welding processes in which coalescence is produced by the heat obtained from resistance of the
work to the flow of electric current in a circuit and by the application of pressure (4). Examples of resistance welding include spot
welding, induction welding, and flash welding. The most common type is spot welding. Resistance spot welding is a process that
produces coalescence of metals at surfaces which are made to fit closely together for the purposes of making a joint. In a structure,

Comprehensive Materials Processing, First Edition, 2014, 49-70



Health Effects Associated with Welding 53

a resistance spot weld has mechanical characteristics much like those of a rivet, although its soundness and strength are oftentimes
many folds greater. Resistance spot welding processes are very effective for fabricating sheet metal articles where high rates of
production are necessary. For this reason, spot welding has been particularly valuable in the automotive, aircraft, and appliance
industries where high speed, repetitive welds are needed and relatively thin section sizes are welded.

8.04.1.2.2 Oxyfuel Gas Welding

Oxyfuel gas welding is a process that joins metals by combustion of a fuel gas, oxygen, and air mixed in a nozzle and directed at the
work surface (5). The most common fuel gas used is acetylene. The fumes generated in this type of welding originate from the base
metal, filler metal, and fluxes. However, the fume levels are minimal and the temperatures produced are much lower than during arc
welding. This process is often used for auto body and home repair because the cost of equipment is low. It is not used to a large
extent commercially because the weld quality is inferior to that of arc welding processes. The technique also may be applied to
cutting rather than joining of metal (e.g., oxyfuel cutting).

8.04.1.2.3 Solid State Welding

Solid state welding includes friction welding, diffusion welding, hot and cold pressure welding, explosive welding, and ultrasonic
welding. The common feature of these processes is that no melting occurs but the metal pieces are joined by the application of
pressure and/or heat (1). These processes are often used for industrial applications where production rates are high, but the high cost
of the equipment needed for the procedures prohibit their use for small production jobs.

8.04.1.2.4 High Energy Density Welding

High energy density welding processes include electron beam and laser beam welding (4). Electron beam welding produces
coalescence by firing a stream of electrons at the work within a vacuum chamber. The laser in laser beam welding allows reaching
temperatures sufficiently high to melt and vaporize any material and is often used to join metals with very high melting points.
These processes can be used for a wide variety of applications and materials and produce high-quality welds. The commercial use of
these processes is limited because of the high cost of the equipment.

8.04.1.2.5 Soldering/Brazing

Soldering and brazing are joining processes that produce coalescence of two or more metal pieces by melting and flowing a filler metal
into the joint, with the filler metal having a lower melting point than the work piece. Soldering and brazing differ from welding in that
they do not involve melting the work pieces. The difference between soldering and brazing is based on the melting temperature of the
filler alloy. Brazing is performed at temperatures above 450 °C, whereas soldering processes use temperatures below 450 °C.

8.04.2 Welding Exposure

Approximately 340 000 workers were employed full time as welders, cutters, solderers, and brazers in the United States in 2010 (6).
Estimates indicate that millions of more workers worldwide perform duties related to welding operations but are not classified as
full-time welders, such as boilermakers, pipefitters, construction workers, shipbuilders, automotive workers, and farmers.
Employment of full-time welders in the United States is expected to grow 15% to nearly 400 000 workers by 2020. Employment
growth reflects the need for welders in the manufacturing industry because of the importance and versatility of welding as
a manufacturing process. In addition, the aging workforce and the nation’s deteriorating infrastructure will provide additional jobs
to help in the repair and rebuilding of bridges, highways, and buildings. The basic skills of welding are mostly the same across
industries, so welders can easily shift from one industry to another, depending on the needs of the workforce. Industries employing
the most welders in 2010 were as follows: 61% manufacturing, 11% construction, 5% wholesale trade, and 5% maintenance and
repair (6).

Due to the many different types of industries that utilize joining processes, welders are a heterogeneous workforce. Welders work
in a number of settings, such as confined, poorly ventilated spaces (e.g., boilers, underground mines, ship hulls, pipelines, and
building crawl spaces) or in well-ventilated indoor and outdoor open-air sites. Because of this, the exposure of welders can vary.
Currently, no threshold limit value-time weighted average (TLV-TWA) exists for welding fume. The previous TLV-TWA of 5 mgm™
for welding fume was retracted in 2004 by the American Conference of Governmental Industrial Hygienists (7). It is recommended
that workplace exposure concentrations be kept at the lowest possible levels and be maintained below limits of specific metal
constituents (e.g., chromium, manganese, or nickel) of the fume that may pose the greatest risk to health.

A wide range of welding fume concentrations have been measured in workplaces where welding occurs. Personal exposure
measurements of nearly 200 workers from different work settings throughout the United States indicated that total welding
particulate levels ranged from 1.02 to 37.3 mgm™ in 1995 and 0.10-18.0 mgm™ in 1996 (8). Meeker et al. (9) observed total
welding particulate concentrations at a construction site to vary from 2.65 to 11.6 mgm™ in work areas with no local exhaust
ventilation compared to 3.15-5.44 mg m™> in areas with local exhaust ventilation. Workplace fume concentrations of two common
metals, iron and manganese, generated during welding were measured in eight welding companies by the Workplace Safety and
Health Branch in Manitoba, Canada (10). Personal exposures for iron ranged from 0.04 to 16.29 mg m~>, whereas manganese levels
ranged from 0.01 to 4.93 mgm™>. Vocational students training to be welders also may be at risk of overexposure to airborne fume
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and metal concentrations. Welding fume concentrations were observed to range from 3.1 to 10.8 mgm™ at a welding shop in
a vocational school, with manganese levels exceeding established workplace exposure limits (11).

8.04.3 Health and Safety Hazards in Welding

Although each arc welding process has a particular metallurgical and operational advantage, each may present its own potential
health and safety hazard. Welding processes produce aerosol byproducts composed of a mixture of metal oxides volatilized from the
welding electrode/rod or the flux material incorporated within the electrode (12). The formed welding fume is the vaporized metal
that has reacted with air to form particles that are respirable in size (<5.0 pm in diameter), or in other words, small enough to be
inhaled into the deepest regions of the lungs. Thus, welding fume is considered a potential respiratory hazard. The composition and
the rate of generation of welding fumes are characteristic of the various welding processes, and are affected by the welding current,
shielding gases, and the technique and skill of the welder. The concentration of the fume in the welder’s breathing zone is a function
of the volume of the space in which the welding is performed and the efficiency of fume removal by ventilation (13). The use of
fluxes or surface coatings on the electrode and base metal pieces also influence the composition of the welding fumes and gases
formed. Arc welding processes may generate complex aerosols that are composed of potentially hazardous metals (e.g., manganese,
hexavalent chromium (Cr®"), and nickel) and gases (e.g., carbon monoxide (CO) and ozone (O3)). Welders also may be subjected
to a number of physical hazards (unrelated to the inhalation of fumes and gases) that may affect health, such as heat, electricity,
noise, ultraviolet (UV) light, and awkward working positions.

8.04.3.1 Fumes

8.04.3.1.1 Particle Morphology and Size

The basic mechanism of welding fume generation is believed to consist of vaporization of the elements and oxides from the
welding area where the electrode is consumed, with rapid condensation of the vapors to form particles (14). This formation of
particles is referred to as nucleation, a process by which high-temperature metal vapors are transformed into primary particles (15).
Nucleation is followed by coagulation, a dynamic aerosol growth process where smaller primary particles collide to form larger,
chainlike agglomerates. This agglomeration is enhanced by the turbulent conditions resulting from the extreme heat generated by
the arc during the welding process, thus increasing particle movement and chances for particle collision. The primary particles
formed during welding have been observed to be in the ultrafine size range, <0.10 um (16), and varying welding process
parameters (e.g., voltage) can affect the number of ultrafine welding particles generated (17). The agglomerates are formed after
collisions between primary particle with primary particle, primary particle with agglomerate, and agglomerate with agglomerate
(15). After these collisions, the agglomerates are believed to be held together by van der Waals, electrostatic, and magnetic forces.
Multiple studies have used electron microscopy to image collected welding fume (12,18,19) and depict the characteristic chainlike
particle agglomerate structure that is composed of much smaller, spherical primary particles (Figure 6). Particle size distribution
resulting from arc welding has been observed to be multimodal and dynamically changes with respect to time (12,19). The choice
of welding process and alloys used can have a marked effect on particle size and distribution. Three modes of particle sizes during
welding have been described: (1) a nucleation mode (~0.01-0.10 pm) of individual primary particles, (2) an accumulation mode

S$4800 10.0kV 7.1mm x30.0k SE(M)

Figure 6 Scanning electron micrograph of stainless steel welding fume collected onto a filter during FCAW using a flux-cored electrode. Note the
chainlike particles agglomerates that are composed of much smaller, spherical primary particles. The deposited welding particles were viewed using
a JEOL 6400 scanning electron microscope (JEOL, Inc., Tokyo, Japan).
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(0.10-1.0 pm) of agglomerated and coalesced particles formed from the nucleation mode, and (3) a coarse mode (~1-20 um) of
nonagglomerated, more spherical particles (12).

The potential health effects of welding fumes are dependent on the sites of deposition of the inhaled particles in the respiratory
tract as well as the clearance mechanisms involved in removing the particles from the lungs. The respiratory tract is divided into
three major subdivisions: (1) nasal/head airways, (2) tracheobronchial region (upper airways), and (3) alveolar region (lower
airways). Several investigators have measured the mass median aerodynamic diameter of most welding fumes to be in the fine size
particle range between 0.20 and 0.50 pum (12,16,18,19). The majority of particles in this size range would deposit in the alveolar
lung region, the deepest region of the lungs, where rapid clearance mechanisms are not as effective. Inhaled particles such as welding
fumes that reach the alveolar regions are most likely engulfed and cleared by a mobile, phagocytic white blood cell called the
alveolar macrophage (AM) (see Figure 7) (20). Particles can remain in macrophages in the lungs and body’s lymphatic systemic for
extended periods of time. The retention half-time of solid, mostly insoluble particles (e.g., welding fume) in the alveolar region has
been estimated to be up to 700 days in humans (21).

A significant portion of particles that are <0.1 pm can deposit in the tracheobronchial and the nasal/head airway regions (20).
Because a fraction of generated welding fume is in the ultrafine size range, it is likely that some of the inhaled welding particles
deposit in these regions as well. Particles that deposit in the tracheobronchial region have a short half-time in the respiratory tract as
they are quickly removed by a lung clearance mechanism referred to as the mucociliary escalator. Inhaled particulates that have
deposited in this region encounter a layer of mucus and become entrapped. The entrapped particles are moved by beating cilia up
the mucociliary escalator and out of the trachea, where the material is swallowed and excreted from the body via the gastrointestinal
tract. Importantly, welding particles that deposit in the nasal/head airways may have access to the central nervous system and the
brain. A potential route of delivery of metals and ultrafine particles is uptake by olfactory neurons in the nose that can directly
transport inhaled material to specific areas of the central nervous system. This may be one mechanism by which manganese,
a potentially neurotoxin metal commonly present in most welding fume, may gain access to brain.

8.04.3.1.2 Elemental Composition

Welding produces complex metal oxide particles that are volatilized from the consumption of the welding electrode and/or from
the flux material added to the electrode. The generated fume may be chemically distinct, depending on the selection of the welding
process and materials. Due to the presence of fluxes, fumes formed during SMAW are physically and chemically more complex than
fumes generated during GMAW (12,18,22). Because of the presence of alkali metals (e.g., potassium and sodium) in the fluxes, the
fumes from SMAW processes tend to be highly water soluble, whereas fumes generated during GMAW processes are mostly water
insoluble and closely mimic the metal composition of the welding wire that is consumed during the process (23). Recent studies
indicate that the oxidation state of specific metals in welding fume is highly dependent on the selection of the shielding gas (24,25).
The concentrations of Cr®", a known human carcinogen, and manganese were observed to vary significantly depending on the
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Figure 7 Transmission electron micrographs of mild steel welding particles (arrows) within a mobile, phagocytic white blood cell called an AM.
The AM functions primarily to keep the lung airspaces sterile and free of debris that has been inhaled into the lungs. The AMs in this figure were recovered
from a laboratory animal that had been exposed to mild steel welding fume for 3 days by inhalation. The image in (a) depicts multiple macrophages,
whereas the image in (b) is a higher magnification of the boxed, highlighted area from image (a).
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shielding gas composition. Base metal composition and coating, paint, and the presence of degreasing, cleaning, or antislag
chemicals may also influence the chemical composition of the generated fume.

Approximately 90% of all welding is performed using mild or carbon and low alloy steels, whereas welding using stainless
steel, aluminum, nickel, and all other metals accounts for less than 10% of all welding (13). Mild steel electrodes are composed
of predominately iron with low and varying amounts of manganese. Stainless steel electrodes contain significant amounts of
chromium, in addition to iron, manganese, and nickel. Depending on the process and materials used, many other elements
may be present in generated welding aerosols (see Table 1). The most common welding fume components are discussed as
follows.

8.04.3.1.2.1 lron

Iron oxide is the principal alloying element in steel manufacture and the primary component of fumes generated from most welding
processes. Fumes that contain iron oxide are considered a nuisance dust with little likelihood of causing chronic lung disease after
inhalation. However, iron from welding particles has been observed to accumulate in the lungs. Diffuse, small rounded opacities,
usually without the presence of complicated lesions or progressive pulmonary fibrosis, are observed on chest radiographs after long-
term exposure to welding fumes (5). This is a common, but relatively benign condition in long-time welders referred to as siderosis
(26,27). Using magnetometry to study the fate of the metallic iron particles from the lungs of shipyard arc welders, Kalliomaki et al.
(28) estimated that approximately 70 mg of iron was deposited in the lungs of full-time welders per year, with an average lung
burden of ferrous metal particles to be 1 g after 10 years of welding. Retired welders were determined to clear only 10-20% of the
accumulated iron burden per year. Even after removal from the welding exposure, significant amounts of iron can persist in the
lungs of exposed workers for long periods of time.

8.04.3.1.2.2  Chromium

The welding of stainless steel and high alloy steels produce fumes that contain chromium. Chromium in welding fumes can exist in
different oxidation states such as Cr®" and trivalent chromium (Cr**). Cr’* has been considered to be of a low-order toxicity
because it does not enter the cells of the body, whereas Cr®" can enter cells and has been found to be quite toxic (29,30). Significant
quantities of Cr®* have been measured in fumes during stainless steel welding. The selection of the type of shielding gas and weld
process can influence the concentration of Cr®" produced (24). Cr®" has been classified as a human carcinogen (31), and welding
fumes that contain chromium have been shown to be mutagenic in cell-based studies (32,33). Epidemiology studies have indicated
a possible increase in mortality from lung cancer among stainless steel welders (34-36). Because of the carcinogenic potential of
stainless steel welding fumes, federal legislation in 2006 reduced the permissible workplace exposure limit (PEL) for chromium by
an order of magnitude from 52 to 5 ug m~> (37). The decision to lower the exposure limit was based on the finding that employees
exposed to Cr°" faced an increased risk for significant health effects.

8.04.3.1.2.3 Manganese

Manganese is an important ingredient in the welding of steel because it increases hardness and strength, prevents steel from
cracking during manufacture, improves metallurgical properties, and acts as a deoxidizing agent to remove iron oxide from the

Table 1 Potential elements present in fume from welding and joining processes

Fume Uses Potential hazard concern

Aluminum Alloy and filler metal Conducive to ozone production

Barium Fluxing agent Eye, nose, and throat irritant

Cadmium Plating and brazing alloy Respiratory irritant, metal fume
fever, carcinogen

Chromium Stainless steel alloy Lung carcinogen

Copper Alloy and coating material Respiratory irritant, metal fume fever

Fluorine Fluxing agent Respiratory irritant

Iron Most common fume component Siderosis

when welding steel

Lead Brass, bronze, and steel alloy Nervous system and kidney effects

Magnesium Light metal alloy Respiratory irritant, metal fume fever

Manganese Steel alloy Nervous system effects, respiratory
irritant

Molybdenum Steel alloy

Nickel Stainless steel alloy Lung carcinogen

Silicon Fluxing agent

Tin Bronze and solder alloy Metal fume fever

Titanium Fluxing agent

Zinc Galvanized steel, paint coatings Metal fume fever
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weld pool to form a stable weld (38). The amount of manganese in welding rods can vary, but most welders are exposed to
mixed metal fumes that contain a small percentage of manganese (<5% per total metal present). However, some welders are
exposed to aerosols generated from hard-surfacing electrodes that contain higher percentages of manganese (10-20%). The
most common reason for using hard-surfacing electrodes in welding is to increase equipment’s resistance to abrasion and
impact in order to extend its service life. The use of hard-surfacing electrodes is becoming more common in many industries
(e.g., power, railroad, mining, cement, and chemical) for mechanical process engineering such as in crushing, conveying,
mixing, and separating (39).

Manganese is an essential element in the body that is found in all brain regions and is necessary for proper brain function. The
inhalation of excess manganese can cause a neurodegenerative disorder characterized by both central nervous system abnormalities
and neuropsychiatric disturbances. Overexposure to manganese in occupational setting, such as mining, smelting, and ferroalloy
and dry battery industries has been observed to cause a Parkinson’s diseaselike neurological condition called manganism (40-43).
Individual cases of manganism have been reported in welders who have been exposed to high concentrations of manganese-
containing welding fumes due to work in poorly ventilated areas (44).

8.04.3.1.2.4 Nickel

Nickel is present in stainless steel welding fumes and in nickel alloys. Achieving the new PEL for chromium has not always been
practical during repair or fabrication of stainless steel components in certain U.S. industries (e.g., shipbuilding), where welding in
confined spaces is common (45). There is an initiative in the welding industry to develop new welding consumables that have the
same weldability characteristics of stainless steel consumables but would not contain chromium. New and alternative consumables
(nickel-based alloys) have been developed. Initial laboratory studies indicate that the weld mechanical properties and weldability
performance were similar in nature when comparing stainless steel and a specific nickel-based consumable (45). Importantly, the
levels of airborne chromium were reduced by two orders of magnitude when welding with a nickel-based welding consumable as
opposed to stainless steel welding. However, nickel is classified as a human carcinogen (31). Inhalation of particulate matter that
contains Ni has caused lung irritation, inflammation, and adverse immune responses in humans and laboratory animals (46). In
vitro cell studies have indicated that stainless steel welding fumes containing nickel are potentially mutagenic (47,48). Epidemio-
logic studies suggest that stainless steel welders have an increased risk for developing lung cancer due to elevations in nickel (49,50).
However, this elevated risk has not been definitively shown to be associated with exposure to specific fume components and
processes of welding (31).

8.04.3.1.2.5 Zinc

Exposure to zinc by welders most often occurs during the welding or cutting of galvanized steel (5). The inhalation of fumes
that contain zinc oxides oftentimes causes metal fume fever, a common respiratory complaint among full-time welders. Metal
fume fever is a self-limited condition that is characterized by an acute onset and flulike symptoms. Metal fume fever has also
been caused by the inhalation of other metal oxides that may be present in welding fumes, such as copper, magnesium, or
cadmium.

8.04.3.1.2.6 Aluminum

Aluminum is sometimes used as an additive in steels or as a nonferrous alloy in welding electrodes. Aluminum can be present in
base metal coatings after paint, electroplated or sprayed, and hot dip treatment of materials to be welded (51). GMAW welding of
aluminum alloys oftentimes uses aluminum-magnesium filler wire and produces relatively high fume rates due to the relative ease
with which magnesium vaporizes. Also, the welding of aluminum is especially conducive to the production of the potentially toxic
gas, Os.

8.04.3.1.2.7 Cadmium

Cadmium is oftentimes used as a rust-preventive coating on steel and as an alloying element. Exposure to high levels of cadmium in
welding fumes can produce severe lung irritation, pulmonary edema, and, in some cases, death (52,53). Inhalation of cadmium
fume is one of the few specific welding-associated exposures for which a fatal outcome has been described (54). The presence of
cadmium in welding fume has also been implicated in the development of metal fume fever (55). Importantly, cadmium has been
classified as a human carcinogen (56).

8.04.3.1.2.8 Fluorides

Fluorides are present in the coatings of many types of fluxes used in SMAW and FCAW. Exposure to fumes that contain fluorides
may cause eye, nose, and throat irritation (53). Repeated inhalation of fluorides over long periods of time may lead to pulmonary
edema. In addition, fluoride inhalation has been shown to suppress lung antibacterial defense mechanisms, which may increase the
susceptibility to infection (57).

8.04.3.2 Gases

A number of potentially hazardous gases can be generated that have several origins, depending on the specific welding process and
condition.
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8.04.3.2.1 0zone
Os is a severe pulmonary irritant and is produced by a photochemical reaction between atmospheric oxygen and UV radiation
emitted by the welding arc. The reaction occurs in two steps (see eqns [1] and [2]):

0, + UV light — 20 (1]
O+ 0; > 03 [2]

The rate of formation of O3 depends upon the wavelengths and the intensity of UV light generated in the welding arc, which is in
turn is affected by the material being welded, the type of electrode used, the shielding gas, the welding process, and other welding
variables such as voltage, current, and arc length (2). O3 is unstable in air, and its decomposition is accelerated by metal oxide fumes
(58). Therefore, the generation of O3 is minimal with welding processes (e.g., FCAW and SMAW) that produce the greatest amounts
of metal fume. Exposure to Oj levels as low as 0.3 ppm may cause respiratory discomfort, whereas inhalation of O3 above 10 ppm
for several hours may lead to pulmonary edema, a condition characterized by fluid accumulation in the lungs (59).

8.04.3.2.2 Carbon Monoxide

Carbon monoxide (CO) is an odorless, colorless gas that can cause sudden illness and death if inhaled. CO is formed by the
decomposition of organic compounds such as calcium carbonate (CaCOj3) in electrode coatings during SMAW or by the reduction
of carbon dioxide (CO;) when used in shielding gases during GMAW. At high temperatures within the welding arc, CO, is reduced
to the more chemically stable CO. Exposure to CO can cause loss of consciousness and death. The most common symptoms of CO
poisoning are headache, dizziness, weakness, nausea, vomiting, chest pain, and confusion (60). CO toxicity is caused by the
formation of carboxyhemoglobin, which decreases the ability of the blood to carry oxygen to various tissues.

8.04.3.2.3 Nitrogen Oxides
Nitrogen oxides are formed during welding processes by direct oxidation of atmospheric nitrogen at high temperatures produced by
the arc. First, nitric oxide (NO) is formed from nitrogen and oxygen (see eqn [3]):

N; + O, + heat —» 2NO [3]

The rate of formation of NO is not significant below a temperature of 1200 °C, but increases with rising temperatures (2). After
dilution with air, NO can react further with oxygen to form nitrogen dioxide (NO,; see eqn [4]):

2NO + 02 - 2N02 [4]

Nitrogen oxide gases can be irritating to the eyes, mucus membranes, and lungs when inhaled (61). Exposure to very high
concentrations can cause severe pulmonary irritation and edema.

8.04.3.2.4 Chlorinated Hydrocarbons

Chlorinated hydrocarbons are often used to degrease base metal pieces prior to welding. Trichloroethylene (CICH=CCI,) is one of
the more commonly used agents and has a high vapor pressure at room temperatures (51). The airborne vapors formed near the
welding arc are subject to oxidation in a process that is enhanced by UV radiation from the arc to produce the irritant gas phosgene
(COCly; see eqn [5]).

CICH=CCl, + O, + UV light - COCl, + HCl + CO [5]

COCl; gas may appear colorless or as a white to pale yellow cloud. At low concentrations, it has a pleasant odor of newly mown
hay, but at high concentrations, the odor may be strong and unpleasant (62). COCl, is irritating to skin, eyes, nose, throat, and
lungs. Overexposure to COCl, may cause coughing, burning sensation in eyes and throat, difficulty breathing, watery eyes, blurred
vision, nausea and vomiting, and pulmonary edema.

8.04.3.3 \Ventilation and Respiratory Control

The respiratory hazards associated with welding are caused by the inhalation of metal fumes and gases. Adequate ventilation is the
key to preventing or minimizing the respiratory hazards of welding fume. Clean air for welding operations is provided by the use of
ventilation systems, which usually include local exhaust systems and general ventilation supply systems. A cleaner workplace may
also improve employee productivity. Lyttle (63) observed that decreased fume formation increased worker productivity, and that
proper selection and utilization of welding consumables led to an improved worker environment, reduced welding costs, and
ultimately provided greater protection for the welder. The most efficient and economical method of welding contaminant control in
the breathing zone of the welder is local exhaust that captures the contaminants at or near the source (64). In a review of the
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literature that examined the use of local exhaust ventilation during welding, Flynn and Susi (65) report that local exhaust ventilation
can reduce fume exposure to total particulate, manganese, and Cr®" to levels below relevant workplace standards. In addition, field
studies suggest that 40-50% or more reduction in exposure is possible with a portable or fixed local exhaust ventilation system, if
used properly, relative to natural ventilation. However, it is important to note that no local exhaust ventilation system is 100%
effective in capturing the generated welding fume (64). Also, because of the size or mobility of the welding zone, there will be
working conditions where the use of local exhaust ventilation may not be possible. In such situations, general ventilation is needed
to dilute the welding contaminants not captured by the local exhaust ventilation system.

8.04.3.3.1 Local Exhaust Ventilation

Local exhaust systems capture welding air contaminants near their source. Both stationary and mobile local exhaust ventilation
systems exist, and they consist of a capture hood, duct system, air-cleaning device, fan, and outlet discharge ductwork (64). Local
exhaust ventilation systems need to remove the welding contaminants without disturbing the welding process (e.g., the fume-
capture velocity at the weld zone must not disturb the shielding gas). The use of local exhaust ventilation as a primary engineering
control for welding fume is well established and design guidelines exist. Recommended capture velocities for exterior hoods
designed to control welding fumes are in the range of 100-170 fpm (66). The local exhaust ventilation configurations for welding
vary depending on whether a fixed site for the work exists or whether a mobile hood is required for work conducted at changing
locations. See Table 2 for a description of commonly used local ventilation systems for welding operations.

8.04.3.3.2 General Ventilation

General ventilation systems, consisting of both supply and exhaust, can be mechanical, natural, or a mixture of both (64).
Mechanical supply systems are normally used for contaminant dilution and thermal comfort in the work zone and complement
local exhaust ventilation systems by removing air contaminated by welding fumes and gases not captured by local exhausts. Because
the welding plume rises during welding operations, general ventilation exhaust inlets are primarily located in the upper areas of
a welding shop. When there is no need for thermal comfort conditions in the building during the cooling and heating season,
natural ventilation through windows, doors, or fixed air vents may be used, provided that the welding contaminant concentrations
in the breathing zone do not exceed standard workplace exposure limits.

8.04.3.3.3 Personal Respiratory Protection

When ventilation controls fail to reduce the air contaminants produced by welding to allowable levels or when the use of ventilation
is not feasible (e.g., welding confined spaces), personal respiratory protective equipment should be used to protect the welder from
overexposure to hazardous levels of airborne contaminants (67). Another recommendation as a method to reduce the risk of
overexposure to hazardous fumes and gases is for the welder to keep their face out of the welding plume. In a study by Ludwig et al.
(68), it was concluded that although ventilation controls significantly reduced total fume exposure, the position of the worker’s
head in relation to the emission source greatly influenced the amount of exposure of the welder.

8.04.3.3.4 Welding in Confined Spaces

When welding in a confined space, all the hazards that are associated with normal welding are amplified. Hazardous gases and
fumes may accumulate rapidly, thus causing a reduction in safe, breathable air. A confined space is characterized as an area with
poor ventilation that has limited space, entry, or exit (69). Examples of confined spaces are storage tanks, holds of ships, boilers,
furnaces, tunnels, ventilation and exhaust ducts, silos, sewers, pipelines, reactor vessels, and underground utility vaults. Before work,
the atmosphere of the confined space needs to be tested for adequate oxygen levels and the presence of any flammables. If flam-
mables are present, there is a greater threat that flammable gases could accumulate in a small space and cause an explosion. During
welding, the area needs to be continuously ventilated and monitored to ensure that fumes and gases do not exceed established
workplace exposure limits. A National Institute for Occupational Safety and Health/Mine Safety and Health Administration

Table 2 Local exhaust ventilation systems for welding operations?

Ventilation system type Description

Welding gun with integral fume Extracts fume at weld area through GMAW and FCAW guns; studies have shown a successful implementation of
extraction system extraction guns in GMAW and FCAW welding, indicating a successful balance between fume extraction

maintaining shielding gas requirements®

High vacuum source Captures fume through high-velocity, low-volume extraction nozzle, usually positioned by the welder
capture nozzle

Flexible fume extraction arm Draws high air volume, easily positioned and repositioned by the welder

Cross-draft welding table For controlling fume in a fixed location for welding of small parts

Fixed exhaust hood For overhead capture of fume in fixed locations

Canopy hood Uses larger air volumes to control fume in an area where source capture is impractical

“Adapted from American Welding Society. Ventilation Guide for Weld Fume, Miami, FL, 2001, pp 3-8.

bFlynn, M. R.; Susi, P. Local Exhaust Ventilation for the Control of Welding Fumes in the Construction Industry — A Literature Review. Ann. Occup. Hyg. 2012; http://dx.doi.org/10.1093/
annhyg/mes018.
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approved breathing device should be used when welding in a confined space when required by code and good work practice.
Oftentimes, supplied air is required to maintain sufficient oxygen content and prevent possible suffocation. Importantly, welding in
confined spaces should never be performed alone. A coworker or watchperson is required to be outside the confined area who is in
constant communication with the welder inside, properly trained to handle emergencies, and has a means to disconnect power to
the welding equipment if danger arises.

8.04.3.4 Nonrespiratory Hazards

There are multiple nonrespiratory hazards that a welder may encounter, such as radiation, electricity, heat, noise, and even the
uncomfortable postures involved in the work. The primary means of skin protection are the welding helmet or hood, gloves, and
work clothes (70). This personal protective equipment serves to protect the welder’s skin from heat and UV radiation. The welder’s
hood is equipped with specific filter plates to shield the eyes from different wavelengths of UV light that are given off by the welding
arc. Caps are commonly worn under the helmet to protect the scalp from flying sparks. Importantly, the welder’s hood is not
designed to provide impact protection for the eyes. Therefore, safety glasses are required behind the hood to provide impact
protection when the hoods are lifted. Welders should always wear heavy, flame-resistant gloves, such as leather, to protect hands
from burns and cuts. In addition, as long as the gloves are dry and in good condition, they will offer some insulation against electric
shock. Leather capes and sleeves, aprons, and chaps may be required for processes that generate flying molten metal or spatter. In
some cases, leather shirts and trousers may be required, particularly in restricted spaces when performing overhead work. Welders
should avoid pant cuffs, pants tucked inside boots, rolled-up sleeves, and garments with pockets that do not have flaps. Sparks and
molten metals may become lodged in the crevices and burn through clothing.

8.04.3.4.1 Radiation

Radiation is electromagnetic energy produced by the welding arc and needs to be controlled to protect the welder. The effects of
radiation depend on the wavelength, intensity, and length of time of exposure by the welder. Arc welding processes produce intense
visible and invisible (e.g., UV and infrared) light rays that can burn both eyes and skin. Each type of welding emits a different and
continually changing spectrum and intensity of optical radiation (71). The intensity and wavelength of the radiant energy produced
depends on the welding process and parameters, electrode and base metal composition, fluxes, and any coating on the base material
to be welded (72). Welding processes that use argon in the shielding gas mixture generate greater amounts of UV radiation than
those using other shielding gases.

One of the most common nonrespiratory complaints of welders is an inflammatory eye condition that is caused by exposure to
UV light referred to as ‘arc eye’ or ‘welder’s flash’ (5). Reports also indicate that welders may have an elevated risk for ocular
melanoma or eye cancer, likely due to a long duration of exposure to UV light (73,74). Welding helmets should be fitted with
a proper filter shade to protect the welder’s eyes and face. Tenkate and Collins (75) estimated that the average ocular exposure
(inside the welding helmet) was 4-5 times higher than the maximum permissible exposure (MPE) limit for UV light for welders and
nearly 9 times higher than the UV-light MPE for nonwelders working in the area. Thus, safety glasses with UV-protective side shields
should also be worn under the welder’s helmet. Interestingly, studies have indicated that there is a marked difference in the
concentration of contaminants when simultaneous samples are obtained inside and outside the eye protection helmet worn by the
welder. Goller and Paik (76) indicated that fume concentrations at the breathing zone inside the welding helmet were reduced by
36-71% from concentrations outside the helmets. Curtains and screens should be used to protect other workers in the area from the
flash and glare produced during welding.

8.04.3.4.2 Heat

The possibility of burns and fires is a concern during welding operations. Temperatures in the welding arc have been measured to be
greater than 5000 °C. Thus, workpieces and equipment may become very hot. Sparks, hot metal, and spatter also can be produced
during welding and have been observed to spray up to 35 feet from the work area (1). Not only must welders be protected with
flame-resistant and insulated protective garments and gloves, consumable materials need to be removed from the welding area and
noncombustible screens, and barriers need to be erected to protect other workers in the area (77). In addition, due to the extreme
heat produced during welding, the room temperature within a work area may rise very rapidly to unhealthy conditions. Acute
exposure to high temperatures may lead to heat stress, heat exhaustion, and heat stroke.

8.04.3.4.3 Noise

In welding and cutting operations, excessive noise may be produced by arc welding equipment, power sources, air carbon arc cutting
and plasma arc cutting processes, and engine-driven generators (78). As with radiation exposure, the length and number of times
that a worker is exposed to high levels of noise will determine the potential damage to one’s hearing (1). If it is not possible to
reduce the level of noise at the source during a welding operation by shielding or acoustic and engineering control methods, it is
recommended that adequate ear protection be worn at all times.

8.04.3.4.4 Ergonomics

Ergonomics involves designing the workplace to fit the needs of the worker rather than trying to make the worker adjust to the
workplace. Good ergonomic design has been shown to increase work quality and production as well as worker well-being. Welders
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can be subjected to ergonomic stresses caused by the dimensions and weight of the welding equipment and by the awkward body
positions they must often assume to perform the work (59). Limited studies have examined the ergonomic aspects of welding. It has
been shown that welders have a high prevalence of musculoskeletal symptoms due to static loading of the shoulders, neck, and low
back (79,80). Schneider and Susi (81) concluded that awkward postures, occasional high-force requirements, static postures,
repetitive movements, and lifting were potential ergonomic stresses for structural steel workers. The selection of the welding process
may also influence muscle fatigue and discomfort during work in confined spaces. SMAW was observed to cause more muscle
discomfort than FCAW, likely due to differences in weight of the welding gun and electrode assemblies for the specific process (82).

8.04.4 Health Effects of Welding

Thousands of studies have evaluated the health effects associated with welding. As mentioned previously, the health of welders is
oftentimes difficult to assess because of differences in worker populations, work area ventilation, welding processes and materials
used, and other occupational exposures besides welding fumes. The majority of published studies have evaluated the pulmonary
responses of welding fume (Table 3). Most long-time welders have experienced some type of respiratory disorder during their time
of employment (3,5,83). Pulmonary effects have included siderosis, bronchitis, metal fume fever, lung function changes,
a susceptibility to upper and lower respiratory infections, and the possible development of lung cancer. Much less information exists
concerning the nonpulmonary effects of welding fume inhalation on other organ systems in the body such as the skin, brain, heart,
and reproductive system (Table 4).

Table 3 Summary of pulmonary effects of welding

Effect Comment
Metal fume fever ® Frequent acute respiratory complaint
® Usually caused by fumes that contain zinc oxides
® Presents with flulike symptoms
@ Self limiting, short duration
Bronchitis ® Common chronic respiratory complaint
® Confounding effects with tobacco smoking
Siderosis and pulmonary fibrosis ® Siderosis: significant lung accumulation of iron; benign pneumoconiosis
® Fibrosis: few reports; mostly due to exposure to exceedingly high fume exposures
Lung function and asthma @ Transient effects on lung function and respiratory symptoms with a return to normal
when removed from exposure
@ Uncertain association in the development of occupational asthma
® Some welders in specific industries may be at increased risk
Lung infection and immunotoxicity ® Increased mortality due to pneumonia
® Evidence of immunosuppression in welders
@ Increase in frequency, duration, and severity of upper and lower respiratory tract infections
Lung cancer ® (lassified as ‘possibly carcinogenic’ to humans due to the presence of chromium and nickel in
stainless steel welding fumes by the International Agency for Research on Cancer
® Not a definitive association of lung cancer with welding fume exposure
® Confounding effects with tobacco smoking and exposure to other occupational carcinogens
@ Whole animal carcinogenicity studies limited

Table 4 Summary of nonpulmonary effects of welding

Effect Comment

Dermal Due to exposure to UV light
Sunburnlike response
Generally localized to unprotected areas of the body and common in the neck area
Most likely due to the presence of manganese in the fumes
Cases of neurological disease have been reported in welders
Most cases are because of exposure to very high levels of welding fumes, where welding has taken place in
confined spaces or during welding that has used electrodes high in manganese content
No large-scale, well-controlled epidemiology study that includes complete and accurate workplace exposure
data examining neurotoxicity in welders currently exists
Cardiovascular ® Recent reports indicate that welders are at an increased risk for cardiovascular disease
® (Changes in cardiovascular parameters in welders include effects on heart rate variability, arterial vessel stiffness,
and vascular inflammation and oxidative stress
Reproductive ® Multiple studies suggest an association with welding fume exposure and reproductive impairments
® Specific metals common in welding fumes and possibly UV radiation may cause adverse effects on reproduction function

Neurological
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8.04.4.1 Pulmonary Effects of Welding

8.04.4.1.1 Metal Fume Fever

A common acute respiratory complaint of welders is a flulike condition referred to as metal fume fever. It is primarily caused by the
inhalation of freshly formed zinc oxide fumes or other metal fumes that may contain a portion of zinc oxide. Metal fume fever
occurs most frequently in welders joining or cutting through galvanized-coated steels. The condition may also be called other
names, including ‘Monday morning syndrome,” ‘foundry fever,” ‘smelter’s chills,” ‘welder’s ague,” and ‘galvanizer’s poisoning’ (3,84).
It may develop after the inhalation of other metal oxides, such as copper, magnesium, tin, or cadmium, that are generated during
welding or other joining processes. The clinical features of metal fume fever are similar to those caused by respiratory viruses such as
influenza and the common cold, and because of this, can be frequently misdiagnosed if an occupational history is not taken (84).
The symptoms include thirst, dry cough, chills, malaise, muscle aches, headaches, nausea, fever, and a metallic taste in the mouth
and present within 48 h of exposure before resolving by 1-2 days after onset. An interesting feature of metal fume fever is the
development of short-term tolerance in which workers are asymptomatic with repeated exposure, and episodes of metal fume fever
often occur on Mondays after a weekend break from exposure (3).

Metal fume fever is a poorly understood illness. Development of the condition is connected to exposure levels, but very little data
are available regarding the zinc concentrations that are needed to trigger the syndrome (85). It is believed that proinflammatory
mediators called cytokines (e.g., tumor necrosis factor-a, interleukin-1, interleukin-6, and interleukin-8) are released by lung
leukocytes (white blood cells) after inhalation of specific metal fumes that cause an immune or allergic and inflammatory response
throughout the body of the exposed worker (86,87). In 2009, there were 554 calls, a likely underestimation of actual cases in
exposed workers, made to poison centers in the United States concerning metal fume fever (88). Earlier reports estimated that
1500-2500 cases of metal fume fever occur annually in the United States (86). Importantly, repeated episodes of metal fume fever,
although self-limiting and acute, may indicate poor workplace hygiene practice and ultimately lead to the development of chronic
respiratory diseases (84).

8.04.4.1.2 Bronchitis

A common respiratory complaint of welders is chronic bronchitis (5). Chronic bronchitis is defined as a productive cough occurring
on most days for at least 3 months a year for 2 consecutive years (89). Epidemiological studies on the prevalence of chronic
bronchitis in relation to occupational exposure are few (90). Confounding factors affecting the ability to detect chronic bronchitis in
welders are the prevalence of cigarette smoking in welders and chronic bronchitis caused by smoking in control populations.
Multiple studies have indicated that a higher percentage of welders smoke as compared to the general population (91-93).
However, some studies have shown an association between welding fume exposure and the development of chronic bronchitis.
Cotes et al. (94) studied shipyard welders and similarly exposed caulker/burners. Subjects over 50 years of age had a 40% prevalence
of chronic bronchitis with a relative risk ratio of 2.8 when adjusted for age and smoking status. In a cross-sectional study, Bradshaw
et al. (95) demonstrated that chronic bronchitis symptoms were greater than double in welders compared to nonwelding controls.
In a population-based study as a follow-up to the European Community Respiratory Health Survey, an association was observed
between welding and symptoms of chronic bronchitis (96). In agreement, Holm et al. (90) observed that smoking and exposure to
welding fumes were both associated with an increased prevalence and incidence of chronic bronchitis in a large population-based
survey of Northern Europe residents. Importantly, a dose-response trend was also found in the study, with elevated prevalence in
subjects with high exposure compared to individuals with low exposures.

8.04.4.1.3 Siderosis and Pulmonary Fibrosis
The appearance of numerous opacities on chest X-rays of welders without any symptoms of pulmonary illness was reported early
after the introduction of arc welding (26,27). This condition became known as siderosis and has been classified as a benign form of
pneumoconiosis (an occupational lung condition associated with the inhalation of dusts or particles). Siderosis is caused by the
accumulation of iron oxide in the lungs and is not usually associated with pulmonary fibrosis (lung scarring) and functional
impairment of the lungs (97). Radiographic abnormalities are reversible and may resolve partially or completely after the worker is
removed from the exposure. Pulmonary function in welders with siderosis has been observed within normal limits for age and
height and not significantly different from matched, nonwelder controls (98). Most of the iron oxide particles that have deposited in
the lungs are present in AMs, a mobile and phagocytic white blood cell type present in the airspaces, without any evidence of
pulmonary inflammation and injury (99). The prevalence of siderosis in welders increases with age and length of exposure. It has
been observed that the development of siderosis was rare before 15 years of exposure to welding fume, but the presence of siderosis
increased to 30% in welders who had greater than 45 years of exposure (100).

Pulmonary fibrosis has been reported in welders. These cases were believed to result only from nonwelding inhalation exposures
of mixed dusts with fibrogenic potential (e.g., silica, asbestos, and coal dust) encountered in the welder’s working area (101).
However, Funahashi et al. (102) demonstrated that it was possible for welders to develop pulmonary fibrosis after exposure to only
welding fumes. They measured the elemental composition of biopsied lung tissue from 10 symptomatic welders and observed the
presence of iron deposits in areas where fibrotic areas were present. Silicon levels in the lung tissue of these welders were no different
from controls, ruling out the likelihood of exposure to highly fibrogenic dust, silica. In addition, Buerke and colleagues (103)
examined the lungs of 15 welders who had been exposed to extremely high levels of welding fumes over long periods of time (mean
duration of exposure for 28 years) while working in poorly ventilated work areas. Pulmonary testing of the welders revealed
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significant decrements in numerous lung function tests. Also, areas of fibrosis were observed in close proximity with deposits of iron
oxide accumulations. They concluded that siderosis in the welders that they examined had progressed into pulmonary fibrosis, and
this was attributed to exposure to high levels of welding fumes in confined spaces. More recent case reports have confirmed these
observations that in some specific working conditions pulmonary fibrosis may develop secondary to siderosis and cause symp-
tomatic respiratory disease in welders (104,105).

8.04.4.1.4 Lung Function and Asthma

Numerous studies have examined the effects of welding fume inhalation on lung function of exposed workers. Differing results have
been observed because some studies have been conducted during actual workplace conditions, others in more controlled work
environments, and some in laboratories. Also, lung function tests of welders may vary due to differences in welding processes and
materials, duration of exposure, ventilation of the exposure area, or exposure to confounding factors, such as tobacco smoking. After
a review of the literature, Sferlazza and Beckett (5) concluded that exposure to welding fume alone had little to no measurable
effects on lung function and that groups of susceptible welders who are exposed to high concentrations of welding fume may
account for the differences in lung function observed between welders and control populations in some studies. It has been
documented that shipyard welders, who are exposed to higher fume conditions because of work in confined, poorly ventilated
areas, had greater decrements in lung function than welders who worked in well-ventilated places (106-109). Welders who are
exposed to stainless steel welding fumes using SMAW processes have been observed to be more susceptible to lung function
impairment compared to welders exposed to other certain types of fume using different welding processes (110-112). Exposure to
the aerosols generated during resistance spot welding has been reported to decrease lung function, increase respiratory symptoms,
and potentially induce occupational asthma (113-115).

The effects of welding fume exposure on pulmonary function may be transient, occurring at the time of welding fume exposure,
which then return to normal during unexposed nonworking periods. In a study examining the respiratory symptoms of welders over
a 3-year period, Beckett et al. (116) observed a slight but significant reduction in some parameters of lung function at the time of
welding when compared with measurements on nonwelding days. In addition, welders reported excesses in cough, phlegm
production, wheezing, and chest tightness during the work week, which improved on weekends. These symptoms were significantly
more frequent among welders as compared with controls throughout the study, but the complaints subsided as welding exposure
diminished during the course of the 3-year period. The authors concluded that welding was associated with reversible, work-related
respiratory symptoms and small, transient across-shift reductions in lung function. However, they observed no increase in airway
reactivity (e.g., asthma) among welders over the 3-year period, indicating that exposure to welding fumes is unlikely to cause
significant chronic effects on lung function.

Other studies have indicated that exposure to welding fumes may be a possible cause of occupational asthma (117-119). More
recently, case reports of occupational asthma have been reported in welders (111,120). El-Zein et al. (121) examined the incidence
of occupational asthma in apprentice welders over a 15-month training period. They observed that the incidence of airway hyper-
responsiveness increased 11.9% from the time of baseline lung function tests taken at the start of the apprenticeship to when follow-
up tests were taken at the end of their training. Banga et al. (122) reported that welding fumes were among the top-five workplace
exposures associated with the development of occupational asthma among Michigan workers, with a large majority of subjects
suffering chronic respiratory symptoms.

8.04.4.1.5 Lung Infection and Immunotoxicity

Severity, frequency, and duration of upper and lower respiratory tract infections have been reported by a scientific panel to be
increased among welders (51). Wergeland and Iversen (123) warned all Norwegian physicians about the possible lethal risk
of an association of pneumonia with the inhalation of metal fumes. The warning advised physicians who diagnose pneu-
monia to consider occupational exposure and work history of the patient. It was suggested that pneumonia after exposure to
fumes from welding, cutting, or grinding may require hospitalization and that the inhalation of metal fumes may seriously
aggravate the prognosis of pneumonia. Unfortunately, the determination of the mechanisms that cause these observations is
lacking.

Data from the national databases of occupational mortality for England and Wales have consistently demonstrated that welders
have an increased mortality from pneumonia (124-126). Coggon et al. (127) confirmed these observations using UK data from
1979 to 1980 and 1982 to 1990 that indicated an excess of pneumonia in men below retirement age of 65 years. Because a similar
mortality pattern was found in other metal fume-exposed workers, it was concluded that the primary causative agent could be the
metallic fume components or possibly O3 or NO gases. Studies from the United States associating increased mortality from
pneumonia due to welding fume exposure mostly support these findings (128-131).

In a hospital-based case-control study in males (mean age of 46 years), Palmer et al. (132) determined that inhalation of metal
fumes renders the worker susceptible to infectious pneumonia, and that this was a reversible phenomenon after exposure ceased.
Further, the study identified pneumonia of pneumococcal as well as Legionella, Mycoplasma, and Haemophilus influenza origin in the
subjects. Also, inhalation of ferrous metals was found to be associated with a higher risk of pneumonia than exposure to nonferrous
materials. Importantly, the study eliminated other workplace hazards such as coal dust, wood dust, cement dust, and asbestos as
contributing to the increased risk in the metal dust-exposed subjects. These results led Palmer and colleagues to postulate that
ferrous metal fumes may cause oxidative damage to lung host defenses or that they may provide an enriched free-iron environment
for microorganisms to temporarily prosper.
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Case studies of rapidly progressing, fatal pneumonia were reported in four healthy male welders residing in Texas and
Louisiana (133,134). All four cases exhibited symptoms of Bacillus anthracis respiratory disease, and the welders succumbed to the
illness 5-8 days after their initial onset of symptoms. The causative agent was determined to be Bacillus cereus, an organism
occasionally associated with foodborne illness and merely considered a contaminant in clinical laboratory specimens. In healthy
individuals, B. cereus poses no health concern, but could cause a variety of infections in those who are immunocompromised or
possess an underlying illness (135). In all cases, including another similar nonfatal case involving the same organism, the men
were linked only by their metal-working profession (133,134,136,137). This association further raises the possibility that
exposure to metal fumes may lead to periods of increased susceptibility to lung infection, even to ubiquitous, relatively harmless
infectious agents.

8.04.4.1.6 Lung Cancer

An association between welding and the development of lung cancer has been extensively studied. Multiple studies have reported an
elevated risk for the development of lung cancer among welders (34-36), whereas others have not (138-141). Some studies have
indicated an increased risk of lung cancer in welders as high as 20-40% (142,143). The interpretation of an excess lung cancer risk in
welders has been proven to be difficult because of uncertain workplace exposure assessment and inadequate information on
smoking habits and coexposure to other potential occupational carcinogens, such as asbestos and silica. In a multinational study
that pooled data from 21 case-control and 27 cohort studies of 11 092 welders in Europe, Simonato et al. (144) observed
a significantly greater mortality rate due to lung cancer among welders, but asbestos exposure was implicated as a confounding
factor. Despite these issues as well as limited evidence in humans and inadequate evidence in animals, the International Agency for
Research on Cancer (31) concluded that welding fumes were ‘possibly carcinogenic’ to humans due to the presence of chromium
and nickel in stainless steel welding fumes. Experimental animal studies are suggestive, but not conclusive, of lung carcinogenicity
(145,146).

It has been hypothesized that welding with mild steel electrodes/rods, which accounts for ~90% of all welding, poses little risk
for the development of lung cancer because of a lack of chromium and nickel in the generated mild steel fumes, and the risk of lung
cancer is confined to stainless steel welding (147). Moreover, in vitro cell culture studies have indicated that chromium-containing
stainless steel, but not mild steel, welding fumes are mutagenic and induce cellular DNA damage (31,148). However, epidemio-
logical studies have been unable to correlate the development of lung cancer solely with exposure to stainless steel welding fumes as
compared to mild steel fumes (34,50,149). Despite the number of studies that have examined the risk of lung cancer and welding
fume exposure, many questions still remain. New directions in research on this topic have been suggested and include reexami-
nation of existing cohorts and establishing new cohorts with accurate workplace exposure assessment (e.g., the type of welding
process, the type of metal being welded, the types of rods and fluxes being used, and coexposure to other agents being used in the
work environment, like abrasives, cleaners, and degreasers) and improved smoking data (150). In addition, experimental animal
studies are needed on inhalation exposure to different types of welding fumes, including ultrafine-sized particles, and on epigenetic
mechanisms, gene expression pathways, and functional level changes related to welding fume exposure.

8.04.4.2 Nonpulmonary Effects of Welding

8.04.4.2.1 Dermal Effects

The skin can readily absorb UV radiation from the welding arc. Burns from UV light are quite common among welders. It has been
observed that localized cutaneous erythema (redness of the skin) occurs frequently in welders and sometimes in other exposed
workers (151). The erythema was generally localized and confined to unprotected areas of the body and common in the neck area of
welders. The severity of radiation injury to the skin depends on protective clothing, exposure time, intensity of radiation, distance
from radiation source, wavelength, sensitivity of the subject, and the presence of skin-sensitizing agents in the body that are acti-
vated by the radiation (2). Skin-sensitizing substances generated during welding include chromium, nickel, zinc, cobalt, cadmium,
molybdenum, and tungsten. Exposure to UV light produced during welding has been hypothesized to be a potential cause of skin
cancer; however, the incidence of skin cancer in welders is largely unknown (152). Currie and Monk (153) observed five cases of
nonmelanoma skin cancer in welders, which was possibly due to nonsolar UV radiation. Donoghue and Sinclair (154) reported
a case of skin cancer (basal cell carcinoma) in a boilermaker who repeatedly developed cutaneous erythema in an unprotected area
of skin between his chest and neck (when the V neck of his shirt was open) after periods of welding. They concluded that it is
possible that episodes of cutaneous erythema due to welding and cumulative UV radiation exposure are risk factors for the
development of skin cancer in welders.

8.04.4.2.2 Neurological Effects

There is an emerging concern among occupational health officials about the potential neurological effects associated with the
exposure to manganese in welding fumes (44). Most welding fumes contain a small percentage of manganese. Manganese over-
exposure is a well-documented distinct clinical neurotoxic syndrome in workers that resembles Parkinson'’s disease. It is caused by
the accumulation of elevated manganese levels in a specific region of the brain, the basal ganglia, and associated with irreversible
brain disease. In its early stages, manganese toxicity may be detected as neurofunctional alterations in groups of exposed persons.
Later it appears as subclinical signs in individuals who seek medical attention. It ends with development of the chronic neurological
condition known as ‘manganism’ (155). This condition is characterized by tremor, muscle weakness and rigidity, extreme slowness
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of movements, a propensity to fall backward, and a distinct ‘cock-walk,” in which patients walk on their toes with elbows flexed and
spine erect (156).

A limited number of studies have examined the potential neurological effects associated with welding fume inhalation. Neu-
robehavioral changes have been reported in exposed welders (157-163). However, most of these studies are limited due to
incomplete or inaccurate workplace exposure data, little or no information on exposures to other potential workplace neuro-
toxicants (e.g., CO, iron, and organic solvents), and evaluation of very small exposure population groups. Several case reports of
neurological disease in welders have been described. Airborne manganese levels in most of the cases were excessive as the affected
welders had worked in railroad industries where the manganese content of the welding rods was high (164,165), in confined spaces
(166), where workplace hygiene was poor (167), or where welding tasks were associated with an excessive risk of exposure (168).
Also, a positive brain magnetic resonance imaging T1 hyperintensity signal in a specific brain region, indicative of manganese
poisoning, was observed during examination in several of the cases (164,166,168). In addition, some studies have described
a potential link between welding and Parkinsonism, and suggest the possibility of an early onset Parkinsonism among welders
(169,170), whereas other studies have not (171-173). Recent animal studies indicate that repeated exposure to manganese-con-
taining welding fumes modulated molecular factors associated with neurotoxicity and neuroinflammation in specific regions of rat
brains (174,175).

To date, questions still exist as to whether the risk of neurotoxicity is dependent on the welding process or industry, where fume
concentrations may be potentially higher or more hazardous. It appears that the case reports of manganese intoxication in welders
are mostly limited to exposure to very high levels of welding fumes, where welding has taken place in confined spaces or during
welding that has used electrodes high in manganese content. Furthermore, it needs to be determined whether or not exposure to
long-term, low levels of manganese in welding fumes can lead to neurotoxicity in welders. Lucchini et al. (43) have shown in
ferroalloy workers that cumulative exposure to low levels of manganese oxides may cause neurofunctional changes. However, no
large-scale, well-controlled epidemiology study that includes complete and accurate workplace exposure data examining this issue
in welders currently exists.

8.04.4.2.3 Cardiovascular Effects

Epidemiological studies suggest a link between environmental pulmonary exposure to particulate matter air pollution and adverse
cardiovascular outcomes (176). Hospitalizations for cardiovascular events have been shown to increase on high population days
when levels of particulate matter are elevated, and specific susceptible populations (e.g., elderly, very young, and individuals with
preexisting cardiopulmonary disease) have been found to be at the greatest risk to such exposure. Welding represents a unique
occupational particulate matter exposure because of the generation of inhalable metal fumes. Thus, welders are a possible at-risk
population with the potential for the development of adverse cardiovascular effects. Until recently, few reports on the study of
cardiovascular health in welders existed. It is believed that a minimal number of adverse cardiovascular events occur in welders
during or after exposure to high concentrations of particulates because of a ‘healthy worker effect.” In other words, welders exhibit
lower cardiovascular morbidity and mortality than the general population after periods of high particulate exposure because
severely ill and susceptible individuals do not likely work as welders and are not employed in environments where active welding
takes place.

A few early epidemiological studies have indicated that welders are at an increased risk for cardiovascular disease (131,177,178).
More recently, using two large cohorts from the Swedish National Censuses of 1970 and 1990, Sjogren et al. (179) observed
a significant increase in mortality among welders due to ischemic heart disease. Importantly, the increase could not be explained by
different smoking habits. In a prospective cohort study, Ibfelt et al. (180) sampled over 10 000 metal workers in 75 welding
companies in Denmark and observed a significant increase in hazard rate ratio for chronic ischemic heart disease in welders with
increasing exposure to metal particles after adjustment for tobacco smoking, alcohol intake, and use of antihypertension medi-
cations. Multiple recent studies of welders have suggested potential mechanisms related to cardiovascular disease. Changes in
cardiovascular parameters in welders include effects on heart rate variability, aortic augmentation index (a marker of arterial
stiffness), and markers of systemic inflammation and oxidative stress (181-186). The results of an animal study by Erdely et al.
(187) complement the epidemiological and functional human studies that suggest welding may result in adverse cardiovascular
effects. It was observed that exposure to stainless steel welding fumes increased the development of atherosclerotic lesions in the
heart using an atherosclerosis mouse model. These effects were accompanied by lung inflammation and indications of systemic
inflammation and oxidative stress.

8.04.4.2.4 Reproductive Effects
Multiple studies have suggested an association with welding fume exposure and impairments in reproductive function. Using
a questionnaire combined with semen analysis, Mortensen (188) sampled 1255 male workers and reported a twofold increase in
the risk of fertility abnormalities in welders. The risk was even higher for stainless steel welders. In a cross-sectional study, Bonde
(189) observed decrements in sperm quality in both stainless steel and mild steel welders. Later, Bonde (190) studied welders who
were sufficiently protected from fume exposure by exhaust ventilation and compressed air respirators. It was concluded that
a significant reversible decrease in semen quality was observed in the welders, but it was suspected to be due to radiant heat exposure
and not inhalation of welding fumes.

In a review of the literature examining the effect of occupational exposures on male reproduction function, Tas et al. (191)
indicated that specific metals that are common in welding fumes may have toxic effects on reproduction function. Wu et al. (192)
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examined the effects of exposure to manganese and welding fumes on semen quality in 63 manganese miners, 110 shipyard
welders, 38 machine shop welders, and 99 control subjects in China. It was concluded that manganese may have a toxic effect on
sperm quality. The semen quality of 57 stainless steel welders in South India was monitored (193). It was observed that sperm
concentration and motility decreased in the welders, and semen abnormalities correlated with the number of years of exposure to
welding fumes containing nickel and chromium. In a cross-sectional study of 96 welders, Ellingsen et al. (194) compared serum
concentration of potential biomarkers that may predict alterations in reproductive function. A significantly lower concentration of
inhibin B was observed in the welders compared to controls, suggesting a possible functional impairment of testicular cells that may
be caused by welding fume exposure.
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