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Abstract

This literature review with 172 citations has been prepared for the Safety and Health Committee of the American
Welding Society to provide an assessment of current knowledge of the effects of welding on health, as well as to
aid in the formation of research projects in this area, as part of an ongoing program sponsored by the Society.
Previous work has included studies of the fumes, gases, radiation, and noise generated during various arc
welding processes. Referenced materials are available from Tracor Jitco.
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Foreword
(This Foreword is not a part of Effects of Welding on Health VI, but is included for informational purposes

only.)

This literature review was prepared for the Safety and Health Committee of the American Welding Society to
provide an assessment of current information concerning the effects of welding on health, as well as to aid in the
formulation and design of research projects in this area, as part of an ongoing program sponsored by the
Committee. Previous work included studies of the fumes, gases, radation, and noise generated during various
forms of arc welding. Conclusions based on this review and recommendations for further research are presented
in the introductory portions of the report. Section 1 summarizes recent studies of the occupational exposures,
while Section 2 contains information related to the human health effects of exposure to byproducts of welding
operations. Section 3 discusses studies of the effects of welding emissions on laboratory animals and in vitro cell
systems. Reference materials are available from Tracor Jitco, Inc.
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Introduction
The health of workers in the welding environment is a major concern of the American Welding Society. To

stay abreast of this subject, the health literature is periodically reviewed and published in the report Effects of
Welding on Health. Five volumes have been published to date; the first covered data published before 1978,
while the latter four covered time periods between 1978 and June, 1984. The current report includes information
published between July, 1984 and December, 1985. It should be read in conjunction with the previous volumes
for a comprehensive treatment of the literature on the Effects of Welding on Health.

Included in this volume are studies of the characteristics of welding emissions that may have an impact on the
control technologies necessary to protect the welder (Section 1). In keeping with previous volumes, the health
studies are organized according to the affected organ system. The respiratory tract, the primary route of
exposure to welding emissions, is also a major target organ of a number of components of these emissions.
Acute (e.g., metal fume fever, cadmium poisoning) as well as potential chronic respiratory effects
(e.g. .emphysema, cancer) of welding emissions are of concern. However, chronic effects are not as well defined
or understood and whether there is an excess risk of cancer from these exposures has not been established.
Continued research in the form of epidemiologic studies, investigations with laboratory animals, and in vitro
genotoxicity studies will help to resolve this question.





Executive Summary
Research on the health effects of welding continues

to focus on the effects of chronic exposures to weld-
ing fumes on the respiratory tract. A problem inher-
ent in much of this research is the difficulty in con-
ducting studies on homogeneous populations due to
the variability in welding processes and in working
conditions. With time, this problem has become bet-
ter understood, and today many investigators are
attempting to relate their research results to expo-
sures during specific welding processes.

The Respiratory Tract
Abnormal shadows are often seen in chest X-rays

of welders. These shadows represent deposits of par-
ticles from welding fumes in the lungs (referred to as
arc welders' pneumoconiosis). Normally these
shadows are not associated with loss of lung function
or diseases of the respiratory tract and, in some
cases, they disappear after affected welders are
removed from further exposure to the fumes.

Several studies performed during this report period
indicate that welders exhibit a reduction in the vol-
ume of air that can be inhaled or expelled from the
lungs (as measured by lung function tests). Other
studies found no changes in lung capacity and attrib-
uted the absence of effects on lung function among
welders so good ventilation in the work area or to the
use of gas tungsten arc welding (GTAW) which gen-
erates little fume compared with most other com-
monly used welding methods.

The association of welding with bronchitis remains
unclear. An excess of bronchitis was observed in
welders in nine studies published during this report
period. In three studies, the incidence of bronchitis
could not be separated from the use of tobacco. One
investigator suggested that smoking and welding may
act synergistically in the induction of bronchitis.
Bronchitis was observed more frequently in shielded
metal arc welders than in gas metal arc welders,
which supports the supposition that bronchitis may
be related to the intensity of welding exposure.

The question of whether welders have an increased
risk of lung cancer remains unresolved. In the past,
results of cancer epidemiology studies of welders
have been inconsistent, with several studies suggest-
ing that the incidence of lung cancer may be elevated

among welders. Nickel and hexavalent chromium,
potential human carcinogens, may be present in sig-
nificant quantities in stainless steel welding fumes.
Past studies neither refuted nor supported the
hypothesis that the lung cancer risk is elevated among
stainless steel welders. Investigations currently in
progress are focusing on populations exposed to
welding fumes with known or suspected carcinogens.
The results of these studies should begin to provide a
much needed answer to the question of whether can-
cer in welders is associated with exposures to specific
welding processes.

Severe acute respiratory distress can result from
highly toxic chemicals, such as phosgene, that arise
from interactions of degreasing agents such as 1,1,1-
trichloroethane and ultra-violet light. Because of this,
vapors from degreasing agents or paints can present a
hazard in welding shops. Two incidents were described
in which welders may have suffered respiratory distress
from gas metal arc welding (GMAW) in an area where
degreasing agents were used.

Biological Monitoring of Exposure
to Welding Emissions

Industrial hygiene measurements of airborne con-
centrations of contaminants are exceedingly impor-
tant for controlling exposures to welding emissions.
However, they do not take into account variations in
physiology and personal habits among workers and
thus, do not reflect the amount of material actually
taken up by the body from the work environment. In
conjunction with determination of airborne exposure
levels, biological monitoring, or the measurement of
chemicals or their metabolites in the body fluids,
may provide a means for estimating the actual dose
of contaminants taken up by the body.

As in past years, considerable effort was expended
during the current report period to identify sub-
stances that can be monitored in this way. The feasi-
bility of applying biological monitoring techniques to
elements such as chromium, nickel, lead, cadmium
and manganese was examined. Blood and urine chro-
mium levels, but not nickel levels, were found to be
useful for estimating exposure to fumes generated by
welding of stainless steel.





Technical Summary

The Exposure

Fumes

The concentration of solids in welding aerosols
varies with the welding process, electrode, base
metal, current, voltage, and base metal coatings.
Shielded metal arc welding (SMAW) and flux cored
arc welding (FCAW) produce more fumes, while
GTAW produces much less fumes than other welding
and allied processes. Because of its potential carcino-
genicity to humans, the concentration of hexavalent
chromium in fumes is important and has received a
great deal of attention. The ratio of hexavalent to
total chromium is much higher in fumes generated by
SMAW and FCAW than in those generated by
GMAW and GTAW.

Standardized methods for fume sample collection
in laboratory settings and in the work place are
important for providing realistic appraisals of risk
and enabling comparison of results between labora-
tories. New standards for collecting samples of air-
borne particulates in the breathing zone and work
area (Ref. 6) and for determination of fume genera-
tion rates and total fume emissions (Ref. 5) have been
published by the American Welding Society.

The Swedish fume box for measuring fume emis-
sion rates (FER) generated by SMAW electrodes was
modified by the British Welding Institute to enable
determination of FER's from other welding processes
(Refs. 94 and 99). FER's of carbon arc gouging,
FCAW, GMAW, and GTAW, determined by the
modified fume box, were generally within ranges
found by other techniques (Ref. 94). Based on data
obtained from fume box determinations, the British
Welding Institute has established a computerized
data base for storage and retrieval of data applicable
to emissions from all arc welding processes (Ref.
100).

Using an aerosol photometer to obtain rapid mea-
surements of welding fume concentrations at one sec-
ond intervals, Glinsmann and Rosenthal (Ref. 46)
showed that fume generation during welding is not
uniform and continuous but rather there are wide
and instantaneous fluctuations in fume concentra-

tion. Such fluctuations did not occur during oxyace-
tylene cutting.

The chemical composition of fumes may vary with
fume generation rate as well as with the formulation
of the electrode. Tandon et al. (Ref. 151) showed that
the iron content of the fumes was directly propor-
tional, and the fluoride content was inversely propor-
tional, to fume generation rates. A strong correlation
between the ratio of water-soluble hexavalent chro-
mium to total chromium in the fume and the concen-
tration of sodium and potassium in the flux was
observed.

Substitution of sodium silicate for potassium sili-
cate in basic electrode coatings reduced fume produc-
tion by twenty five percent (Ref. 86). Limpel et al.
(Ref. 81) found that the quantity of water-soluble,
but not total fluorine, was considerably greater in
fumes generated by electrodes containing potassium
silicate than in those with sodium silicate. Other
experiments showed that quantities of hydrogen flu-
oride (HF) and silicon tetrafluoride (SiF4) increased
with the concentration of silica (SiO2) in the elec-
trode coating, but only HF increased with the mois-
ture content (Ref. 165). The levels of hexavalent
chromium in the fumes were directly dependent on
the quantities of sodium silicate, potassium and cal-
cium levels in the electrode coating (Ref. 86).

Thorne and Hewitt (Ref. 157) showed that fume
formation during brazing Ag-Zn-Cd-Cu alloys is
related to the amount of bubbling in molten brazing
flux. They concluded that exposures to cadmium
fumes can be reduced by raising the pH of the fluoro-
borate flux to reduce hydrogen gas formation and by
lowering the concentrations of compounds (boric
acid and potassium hydrogen fluoride) in the flux
that are largely responsible for bubble formation.

The issue of which technique is best for measuring
hexavalent and total chromium in fumes remains
controversial. Dare et al. (Ref. 29) criticized the
interlaboratory round robin validation study of the
Blakely and Zatka method for hexavalent chromium
determination (Ref. 22) for not taking into account
the short-lived hexavalent chromium species detected
in fresh GMAW fumes collected by water impinge-
ment (Refs. 53 and 156). Zatka (Ref. 166) suggested
that this hexavalent chromium species derives from a



chemical reaction within the impingement collector
fluid rather than by reactions within the fume solids.
Zatka also modified his initial method (Ref. 22) for
hexavalent chromium determination to suppress the
small amount of hexavalent chromium that can form
during digestion of trivalent chromium in hot alka-
line solutions.

Gases

Ozone, carbon monoxide, carbon dioxide and
nitrogen oxides are the principal gases generated by
welding. The quantities of nitrogen oxides, carbon
monoxide, carbon dioxide and methane released dur-
ing SMAW varies considerably with the electrode
(Ref. 158). Nemcova (Refs. 108 and 109) reported
finding high concentrations of nitrogen oxides and
ozone during plasma arc cutting of steel, aluminum,
and copper. Nitrogen oxide levels were relatively high
during argon-shielded GTAW of copper and
aluminum.

Radiation

Eriksen (Ref. 37) demonstrated that a short burst
of high levels of ultraviolet (UV) radiation occurs
during the initial phase of arc ignition during GMAW
of aluminum. The intensity of this UV overshoot was
more than ten times that of the UV light emitted
when the arc was burning "smoothly". Because of the
intensity of the UV overshoot, the unprotected eye at
a distance of 0.5 meters may suffer welder's flash
after exposure to radiation from only one ignition.

Production Coatings

Organic compounds, metal oxides, and toxic gases
may be released when welding metals coated with
paints or primers. Moreton (Ref. 98) and McMillan
(Ref. 91) reviewed the hazards of welding coated or
contaminated surfaces. Moreton described and eval-
uated standard procedures recommended by repre-
sentatives of the welding and paint industries in 1964
and 1968 for assessing the toxicity of fumes released
from flame cutting or welding of primed metals. The

need for new standards which would allow realistic
appraisal of the hazards associated with welding and
cutting of primed materials was stressed (Ref. 97).

Degreasing Agents

Fumes from degreasing agents or paints can
present a major hazard in welding (Refs. 9 and 91).
Chlorinated hydrocarbons such as trichloroethylene,
perchloroethylene and 1,1,1-trichloroethane can
decompose in the presence of ultraviolet radiation
into highly toxic compounds such as phosgene and
dichloroacetyl chloride.

Two incidents were described in which photochem-
ical decomposition products resulting from reaction
of degreasing agents with UV light produced by
GMAW may have been the cause of significant respi-
ratory effects. In the first, eleven welders complained
of coughing, breathlessness, chest tightness, and irri-
tation of the throat and eyes while performing
GMAW, but not SMAW. A degreasing operation was
conducted on the shop floor in the vicinity of the
welders where there was good general ventilation.
Ambient concentrations of trichloroethylene and
trichloroethane in the work environment were too
low to have caused noticeable health effects and
phosgene could not be detected. Removal of the
GMAW operation to an area distant from sources of
chlorinated hydrocarbons successfully resolved the
problem (Ref. 135).

In the second incident, a Swedish welder developed
pulmonary edema after performing GMAW of mild
steel in an environment containing high levels of
1,1,1-trichloroethane. Although 0.4 ppm ozone was
detected when welding under the same conditions in a
glove box, insufficient concentrations of toxic gases
were detected when welding in an open room similar
to the one used by the affected welder to have
accounted for the pulmonary edema. (Ref. 56).

Noise

Impulse noise is more harmful to hearing than con-
tinuous steady state noise of the same energy level.
Tests performed at a shipyard plate welding workshop
indicated that grinding and carbon arc work do not
produce impulse noise, while welding (especially
GMAW) had the highest impulse noise levels (Ref. 78).



Effects of Welding on
Human Health

Respiratory Tract

The physiological consequences of pneumoconiosis
["the accumulation of dust in the lungs and the tissue
reaction to its presence", (Ref. 64)] are related to the
fibrogenicity and amount of deposited dust. Several
investigators studied the extent of fibrosis in the lungs
of subjects with arc welders' pneumoconiosis. Most
found that scar tissue formation was minimal, that
fibrosis rarely progressed into a disabling condition,
and opacities seen in chest X-rays of those with
pneumoconiosis sometimes regressed with time after
cessation of welding exposures. Such results indicate
that arc welders' pneumoconiosis is, for the most part, a
benign condition (Refs. 130, 131, 137, 142, 144, and
147).

The effects of welding on pulmonary function were
examined in twelve studies. Half of these found no
substantial abnormalities (Refs. 85, 139, 142, 171, 130,
and 136). In two studies (Refs. 136 and 139), the
absence of effects on pulmonary function among weld-
ers was attributed to good ventilation in the work area.
A third study (Ref. 171) attributed the overall good
health status and lack of pulmonary function abnor-
malities to the use of GTAW which generates little fume
compared with most other commonly used welding
methods.

An age-related reduction in pulmonary function
among welders was found by Zober and Weltle (Ref.
172). Mao (Ref. 88) reported an association between
pneumoconiosis and abnormal pulmonary function
tests, but three other investigators found no such corre-
lation (Refs. 85, 142 and 172). Mur et al. (Refs. 105 and
106) reported that shielded metal arc welders had signif-
icant reductions in pulmonary function compared with
gas metal arc welders. In some cases, welders who
worked in confined spaces had reduced lung function
compared with those in well ventilated areas. Schneider
et al. (Ref. 137) noted a reduction in pulmonary func-
tion which appeared to be related to the duration of
welding exposure.

An association between exposure to welding emis-
sions and bronchial hyperreactivity was suggested by
Barnhart et al. (Ref. 15), who observed a decrease in
pulmonary function in welders only after challenge with
bronchodilators. Inconsistencies between studies may
be related, in part, to the inability of pulmonary func-
tion tests to routinely detect early changes in the lungs.

In general, this research suggests that welding may
reduce selected parameters of pulmonary function and
that fume emission rates and ventilation in the work
area are influential factors.

An elevated incidence of bronchitis was found in
welders in nine studies. Zober et al. (Refs. 171 and 172)
attributed bronchitis solely to tobacco use. A substan-
tially elevated frequency of bronchitis among welders
was also reported by Mal'ik et al. (Ref. 85). However, in
that report, no attempt was made to account for the
high rate of tobacco use among the cohort. That smok-
ing and welding may act synergistically in the induction
of bronchitis and reduction of pulmonary function was
suggested by Schneider et al. (Ref. 137) and Mur et al.
(Refs. 105 and 106), respectively. Mur et al. (Refs. 105
and 106) observed bronchitis more frequently in
shielded metal arc welders than in gas metal arc weld-
ers, which implies that bronchitis may be related to the
type and extent of exposure. Whether or not welding
alone can produce bronchitis remains unclear.

Cancer

Langard and Stern (Ref. 80) reviewed twenty one
cancer epidemiology studies of welders published in the
international literature before 1984. Of these, five stud-
ies showed a significantly elevated cancer risk among
welders, and only one examined a cohort of stainless
steel welders. Stainless steel welding fumes contain hex-
avalent chromium and nickel compounds which may be
carcinogenic. Because of this, it has been suggested that
epidemiologic studies focus on stainless steel welders
(Ref. 80).

Two epidemiologic studies of nickel-and chromium-
exposed welders were published in 1985. Using a case-
referent approach, Gerin et al. (Ref. 45) showed that
persons with excessive nickel and chromium exposures
exhibited a threefold excess of lung cancer while there
was no statistically significant association between
nickel exposure and the risk of cancer development in
other organs. A retrospective epidemiologic study of
the cancer risk from exposure to nickel and chromium
in 1221 welders employed in 25 German factories was
conducted by Becker et al. (Ref. 18). They found that
the cancer mortality rate was significantly increased in
welders, but the number of cancer cases was too small
to enable calculation of cancer rates in specific organs.

Negative results were obtained in three cancer mor-
tality studies. Milham (Ref. 92) determined the number
of deaths from cancer among the death records of
486,000 adult men filed in the State of Washington
between 1950 and 1982. A significant increase in the



cancer incidence was not observed among the welders.
Newhouse et al. (Ref. 110) found no significant
increases in the mortality rates from cancer among 1027
welders who worked in a British shipyard between 1940
and 1968. Similarly, Esnault et al. (Ref. 38) found no
significant excess of deaths from cancer among 100
welders who worked at a French shipyard for a period
of 16 years. A possible combined effect of exposure to
polycyclic aromatic hydrocarbons and welding emis-
sions was found by the United Automobile Workers
Union. A two- to five-fold excess in the number of
deaths from cancer of the lung, digestive organs, testes
and leukemia was observed in millwrights and welders
exposed to fumes from welding and coal tars (Ref.
138).

Mastromatteo (Ref. 90) reviewed the epidemiologic
studies of nickel published since 1977 and concluded
that there was insufficient evidence to associate nickel
with respiratory cancer in nickel welders. In his review
of published epidemiologic and animal studies of the
carcinogenicity of iron oxide, Stokinger (Ref. 147) con-
cluded that iron oxides are not carcinogenic.

Metal Fume Fever

Metal fume fever is caused by excessive inhalation of
metal oxide fumes. Fever, chills, general malaise, joint
pains, cough, sore throat, chest tightness and fatigue
usually appear four to twelve hours after exposure and
last from one to two days. Diagnosis of metal fume
fever is often difficult because its symptoms resemble
those of a number of upper respiratory tract illnesses.
Barnhart and Rosenstock (Ref. 14) reported a case of a
welder with cadmium poisoning that was misdiagnosed
as metal fume fever. Because of the potential serious-
ness of cadmium poisoning, they emphasized that pos-
sible exposure to cadmium fumes should be considered
whenever patients show symptoms of metal fume
fever.

Effects on the Ear and Hearing

Impulse noise may be more damaging to hearing
than continuous noise of the same energy level.
Platers and welders exposed to impulse noise devel-
oped hearing loss with shorter exposures than did
workers in a cable factory exposed to continuous
noise (Ref. 87).

Effects on the Eye and Vision

Photokeratitis (welder's flash) is a painful inflam-
mation of the cornea which results from exposure to
ultraviolet radiation. Symptoms do not appear until
several hours after exposure. Millodot and Earlam
(Ref. 93) found the cornea to be less sensitive to
touch during the first several hours following expo-
sure to radiation from the welding arc.

Pterygia, membranous growths which extend
across the outer eye from the conjunctiva to the cor-
nea, are thought to be caused by ultraviolet radia-
tion. Karai and Horiguchi (Ref. 71) found a signifi-
cant relationship between the duration of
employment as a welder and the incidence of this
lesion.

Two studies suggested that exposure to the welding
arc accelerates changes in the eye which normally
occur with aging. The first found changes in the
number of cells in the corneal endothelium. These
changes have no known effect on corneal function
(Ref. 72). The second study indicated that welding
may accelerate the formation of senile cataracts (Ref.
84). Conversely, Dvorak et al. (Ref. 34) found no
changes in the lens that could be attributed to
shielded metal arc welding.

The time required for restoration of visual acuity
following exposure to strong light was reported by
Dobromyslov (Ref. 31) to be significantly decreased
in gas metal arc welders whereas no such changes
were observed by Gos et al. (Ref. 52). The latter
investigators noted that welders were better able to
differentiate shapes at minimum illumination than
were controls.

Sensitivity to Fume Components

Four cases of severe contact dermatitis, with itchy
rashes on the ankles, hands and forearms, severely
fissured lip lesions, bloody nasal discharge, muscle
and joint pain, and inflammation of the esophagus,
were related to the frequent and intensive use of high-
chrome welding rods (Ref. 102).

Effects on the Musculoskeletal
System

Herberts et al. (Ref. 60) showed that welders had a
significantly greater incidence of shoulder tendonitis
than did controls. Both Herberts et al. (Ref. 60) and
Stone (Ref. 148) reported that static work may entail



a higher risk for chronic shoulder pain and that the
most common repetitive strain injury among welders
is caused by static load strain.

icantly higher in electric arc welders working in poor
conditions than in welders with generally satisfactory
work conditions.

Effects on the Urogenital Tract

Cadmium can cause kidney damage which is first
manifested by urinary excretion of serum proteins
(proteinuria). Chiesura et al. (Ref. 24) found that
blood and urine cadmium levels in 16 cadmium-
exposed persons were related to the duration and
severity of exposure. One case of nephropathy was
attributed to cadmium exposure.

Elinder et al. (Ref. 35 and 36) characterized the
nature of renal effects in 60 cadmium-exposed work-
ers. Urinary beta-2-microglobulin concentrations
correlated well with levels of urinary cadmium and
with the estimated cumulative cadmium dose.
Cadmium-exposed workers with a history of kidney
stones had significantly higher urinary cadmium lev-
els and tended to have higher urinary beta-2-
microglobulin levels than those with no history of
stones. The low molecular weight protein, urinary
beta-2-microglobulin, remained elevated in most sub-
jects even six years after exposure had ceased, indi-
cating that cadmium may cause irreversible or
chronic kidney damage.

During normal kidney function, low molecular
weight proteins, and only low levels of high molecu-
lar weight proteins, are filtered through the glomeruli
and resorbed through the renal tubules. Thus, the
presence of low molecular weight proteins in the
urine is indicative of tubular dysfunction while high
molecular weight urinary proteins may be indicative
of glomerular dysfunction. Falck et al. (Ref. 40)
observed both high and low molecular weight pro-
teins in urine samples from seven cadmium-exposed
workers and concluded that cadmium causes glo-
merular and tubular damage. Elinder et al. (Ref. 36)
found that levels of low molecular weight proteins
were substantially greater than levels of high molecu-
lar weight proteins. They argued that decreased tubu-
lar resorption, rather than increased glomerular per-
meability for larger proteins, was responsible for the
changes.

Effects on the Emdocrine System

Smirnov et al. (Ref. 141) examined urinary hor-
mone levels in welders and persons in other occupa-
tional groups as a measure of strain and physical
stress. Adrenalin and noradrenalin levels were signif-

Effects on the Teeth and Oral
Cavity

A survey of Swedish commercial divers indicated
that thirty six of sixty six who performed underwater
electric arc welding sensed a metallic taste in their
mouth, possibly derived from degeneration of dental
amalgams, when working with electrical equipment
under water (Ref. 122). The appearance of dental
amalgam restorations of twenty nine divers who per-
formed underwater welding or cutting differed sig-
nificantly from those of eleven divers who had not
worked with underwater electrical equipment.

Effects of Hyperbaric Pressure

Bjorseth et al. (Refs. 20 and 21) discussed the need
for research into the toxic effects of gases and fumes
at hyperbaric pressures representative of the great
oceanic depths experienced by underwater welders
employed in off-shore oil operations. Preliminary
work indicated that hyperbaric pressure can cause
changes in the chemical composition and emission
rates of welding fumes and gases. The toxic effects of
chemicals may change under high hydrostatic pres-
sure and chemical exposures may alter the physiolog-
ical stress already inherent in deep sea diving.

Adverse physiological effects, including nervous
excitation and changes in pulmonary function, can
result from exposure to hyperbaric conditions in the
absence of chemical exposures. That the stress
already imposed upon the body by hyperbaric pres-
sure can alter the effects of chemicals was suggested
in studies of a few medications, anesthetics, and
breathing gases which showed that effects seen at
normobaric pressures cannot be extrapolated to
hyperbaric conditions. New research into the effects
of exposure to gases and fumes under hyperbaric
conditions is necessary for the development of expo-
sure guidelines appropriate for use in underwater
welding.

Biological Monitoring

Investigations of urine or blood levels, or both, of
nickel and chromium indicate that chromium, but
not nickel, can be useful for monitoring worker
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exposure (Refs. 2, 168, and 170). Akesson and
Skerfving (Ref. 4) found no correlation between uri-
nary nickel concentrations and the extent of nickel
exposure.

Zober (Refs. 168 and 170) determined concentra-
tions of nickel and chromium in the breathing zone
and body fluids of twenty stainless steel welders. A
linear relationship existed between exposure levels
and post-shift concentrations in the urine and plasma
for both hexavalent and total chromium. Preshift
urinary chromium levels increased throughout the
week indicating an accumulation of chromium in the
body. It was concluded that workplace exposures to
chromium can be successfully monitored by either
urine or plasma analysis.

Koshi et al. (Refs. 75 and 76) measured the fre-
quency of sister chromatid exchanges, chromosomal
aberrations, and the number of chromosomes in lym-
phocytes from stainless steel welders. No significant
difference was seen in the sister chromatid exchange
frequency between welders and controls. Chromo-
somal aberrations, including chromosome gaps,
aberrant metaphases, and chromatid and chromo-
some gaps, occurred slightly, but significantly more
frequently in welders than in controls.

Sjogren et al. (Ref. 140) examined the relationship
between urinary aluminum levels and exposure to
fumes generated by GMAW of aluminum. Their
study indicated that aluminum inhaled from welding
fumes may be retained for long periods of time. Part
of the inhaled aluminum is excreted rapidly in the
urine following exposure while the remainder may be
stored in the body and excreted slowly.

Diagnostic tests which measure the effects of lead
on the heme system, such as measurement of zinc
erythrocyte protoporphyrin (ZEP) and urinary cop-
roporphyrin, are generally considered to be useful
indicators of the biological effects of absorption of
lead by the body, but are less useful than blood lead
levels for monitoring acute lead exposures (Refs. 17
and 61).

Williams (Ref. 164) reported the case of a welder
who had a massive acute exposure to lead while per-
forming a temporary assignment in a lead-acid bat-
tery factory. The welder's blood lead levels were
highly elevated; lead levels of 240 and 300 g/dl were
measured on two separate occasions within two
weeks after exposure. Urinary lead and copropor-
phyrin concentrations were only slightly elevated
whereas ZEP rose for eight weeks and then slowly
decreased.

That ZEP may be a better biological screening
parameter than blood lead levels for chronic lead

exposure was reported by Kalnas and Alleyne (Ref.
70) who measured urinary aminolevulinic acid
(ALAU), blood lead and ZEP in 142 lead-exposed
workers. ZEP, but not blood lead levels, reflected
symptoms of lead exposure in workers employed two
years or less. ALAU levels tended to be indicative of
longer term exposure.

Huel et al. (Ref. 62) examined whether cadmium
and lead absorbed during occupational exposures are
capable of reaching the human fetus by determining
the concentrations of these metals in hair samples
from newborns shortly after birth. The concentration
of cadmium and lead in hair from exposed mothers
and of cadmium in hair from their offspring were
more than twice as high as concentrations in hair
from unexposed controls. However, there was no
correlation between maternal and newborn lead lev-
els. This indicated that systemic cadmium, but not
lead, exposure can be quantified by hair analysis of
either the mother or the newborn.

Gorban et al. (Ref. 49) determined the manganese
content in hair samples collected from 228 welders
who performed CO2-shielded GMAW. The investiga-
tors concluded that a direct relationship exists
between the extent of manganese exposure and the
concentration of manganese in hair.

Toxicologic Investigations
in Animals and Cell Cultures

Animal Studies

Lam et al. (Ref. 79) found that exposure of guinea
pigs for six days to 5 mg/m3 zinc oxide, a concentra-
tion equivalent to the threshold limit value (TLV -
Ref. 1), caused alterations in pulmonary function.
The lung weight was markedly increased and did not
return to normal during the three-day post-exposure
examination period. On the basis of this study, they
suggested that the TLV may not be low enough to
protect exposed workers.

That exposures to mixtures may be more harmful
than individual components was demonstrated by
Sylvestre and P'an (Ref. 150) who studied the effects
of thirty-day exposures to ozone, carbon monoxide
(CO), nitrogen dioxide (NO2), and manganese diox-
ide (MnO2) particles on the mouse lung. All experi-
mental groups had emphysema and dilated alveoli.
Emphysematic lesions were less extensive in animals
that received a mixture of particulates and gases than
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in those that received gases or particulates alone.
However, the mixture of gases and particulates
caused the most overall damage and produced
numerous areas of inflammation, edema, and dilated
blood vessels.

Pulmonary fibrosis was not observed in the lungs
of rats treated by intratracheal instillation with fumes
generated by CO2-shielded GMAW (Ref. 50).
LD50's, determined by intraperitoneal injection,
indicated that the acute toxicity of particulates
decreased as the welding current increased and that
fumes from high alloy steel were substantially more
toxic than those from low alloy steel.

To investigate the fibrogenic potency of welding
fumes, Weller and Reichel (Ref. 163) injected weld-
ing fumes containing 88.5 percent iron, 7.5 percent
manganese, 3.2 percent silicon, and 0.9 percent alu-
minum into the rat peritoneal cavity. After three
months, a large number of macrophages and connec-
tive tissue fibers were associated with dust deposits.
The fibrosis did not progress during the remaining
nine months of the study. The investigators con-
cluded that the discrete fibrotic changes in the perito-
neum parallel changes seen in the human lung and
that welding dusts cause a limited fibrotic response
which does not progress into massive fibrosis. In a
similar experiment, Malik et al. (Ref. 85) observed no
signs of fibrosis in guinea pigs injected intraperitone-
ally with particulates generated by welding.

Olah et al. (Ref. 118) examined the lungs of Wistar
rats twelve weeks after intravenous injection of weld-
ing fumes collected from SMAW and argon-shielded
GTAW of austentitic steel. SMAW fumes produced a
mild to moderate fibrogenic response in the lungs,
but GTAW fumes were not fibrogenic.

Kalliomaki et al. (Ref. 69) compared the retention
and clearance rates in rats exposed by inhalation to
fumes from GMAW and SMAW of stainless steel.
Chromium generated by GMAW was cleared from
the lungs much more slowly than chromium from

SMAW. Nickel cleared rapidly at first and then, after
several days, cleared much more slowly. A bimodal
excretion pattern was noted for chromium. At first,
chromium levels fell rapidly in the urine, with a half-
life of eight hours. Two days after exposure ceased,
urinary chromium excretion decreased to a half-life
of thirty days.

In Vitro Studies

Bacterial Assays. Using a modified Salmonella/
Ames assay, Biggart (Ref. 19) found that both the gas
phase and particulates from mild steel welding fumes
contained mutagens. These findings differ markedly
from previous reports and warrant follow-up
studies.

Mammalian Cell Studies. Hansen and Stern (Refs.
57 and 58) studied the cytotoxicity and transforming
effects of welding fumes and their components on
cultured baby hamster kidney cells (BHK-21) and
Syrian hamster embryo (SHE) cells. Hexavalent
chromium, but not trivalent chromium compounds,
were cytotoxic and transforming (see Mammalian
Cell Studies). The transforming potency and toxicity
of fumes from SMAW of stainless steel were ten
times greater than those from GMAW of stainless
steel. Fumes from SMAW and GMAW of mild steel
were only very weakly toxic and did not cause cell
transformation.

Potebnia et al. (Ref. 127) tested the toxicity and
cocarcino-genicity of three welding fume samples in
SA7 adenovirus infected cultured rat kidney cells and
hamster embryo cells. All fume samples enhanced the
adenovirus-induced oncogenic transformation of
both cell lines. When transformed cells were injected
into animals, tumors developed more rapidly from
cells treated with welding fumes and virus than from
those treated with virus alone.





Conclusions
Welding emits fumes and gases which may cause

adverse health effects. Emissions vary widely with
the process and can be controlled to some degree by
choice of method, electrode and filler material.
Industrial hygiene surveys indicate that, with the
exception of GTAW, the TLV's for fumes and com-
ponents of welding emissions are occasionally
exceeded with commonly used welding methods. In
many cases, these excess exposures result from the
lack of adequate ventilation (Ref. 133). Source venti-
lation is the best method for reducing fume exposure,
but even with local exhaust, some exposure to fumes
and gases may occur. Sufficient information is cur-
rently available to warrant keeping exposures to a
minimum. Training programs may be needed for
management and welders alike, demonstrating the
economic and health advantages of reducing
exposures.

Unanswered questions concerning health issues
persist, including the effects of welding on pulmo-
nary function, the health status of the respiratory
tract, cancer rates in welders, and the mutagenicity of
welding fumes. These issues have been addressed in
previous volumes of the Effects of Welding on
Health (Refs. 123 and 161) and are only briefly iter-
ated here. New issues that have been brought out by
recent research reports concern the effects of impulse
noise on hearing and the need for data on the com-
bined effects of hyperbaric pressures and welding
exposures.

Pulmonary Function

Chronic exposure to low concentrations or acute
exposure to high concentrations of components of
welding emissions —including ozone, nitrogen
oxides, chromium and nickel compounds — may
injure the respiratory tract. However, whether or not
deficits in pulmonary function, or the development
of respiratory diseases such as bronchitis and emphy-
sema, are associated with welding exposures is not
firmly established. The generation of pollutants that
may injure the lung varies with welding methods and
the metal welded. Therefore, studies of the incidence
of respiratory diseases in welders should be carefully
designed and study populations selected in a manner

which will allow correlation of results with exposures
to specific welding processes. In addition, a wide
variety of pulmonary function tests are available.
The applicability of these tests for general medical
screening of welders should be examined.

Cancer

Fumes generated by welding stainless steel contain
potentially carcinogenic chemicals, in particular hex-
avalent chromium and nickel compounds. Epidemio-
logic studies suggest that welders have an increased
relative risk of thirty to forty percent for developing
lung cancer (Ref. 145). However, this elevated risk
has not been associated with exposure to emissions
from specific welding procedures. Two studies,
reported in this volume of Effects of Welding on
Health, indicate that stainless steel welders have an
elevated risk of cancer, but only one of these studies
had sufficient data to point to the lung as a target
organ. Continuation of these studies, and completion
of other studies now in progress (Refs. 41 and 145),
should begin to provide a much needed answer to the
question of whether exposures to specific fumes
account for the elevated cancer risk observed among
some welding populations.

In Vitro Studies

Screening of chemicals for oncogenic transforma-
tion and mutagenicity in short-term biological assays
is important for the identification of chemicals
potentially carcinogenic or mutagenic to man. Infor-
mation derived from short-term tests may become
the basis for the longer-term bioassays of chronic
toxicity in animals and for selection of populations
for epidemiologic studies. Hexavalent chromium
compounds cause mutations in bacteria, cultured
mammalian cells and experimental animals. Nickel
has produced inconsistent results in short-term muta-
genicity assays; however, transformation of cultured
cells has been accomplished with nickel compounds.

In the past, welding emissions from stainless steel,
but not mild steel, have been mutagenic in short-term
tests. A recent study (Ref. 19), using a modified
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Salmonella/Ames test, indicated that gases and
fumes from mild steel may be mutagenic. Because of
the implications of these results, the modified test
system should be examined and similar tests con-
ducted by other investigators to determine whether or
not there are previously unrecognized mutagens in
welding fumes.

Two studies found chromosomal aberrations,
including an increase in the number of chromosome
gaps, in nickel-exposed workers (Refs. 75, 76, and
162). According to Aitio (Ref. 2), the importance of
such gaps is not understood. The increase in chromo-
some gaps in nickel-exposed workers may be an area
worthy of further research.

Combined Exposures

TLV's and other regulatory exposure levels are
based on the toxicity of single elements or com-
pounds. Combined or synergistic interactions are not
considered, and the effects of mixtures may be quite
different from the additive effects of individual com-
ponents. For example, Sylvestre and P'an (Ref. 150)
demonstrated that the effects on the mouse lung
caused by inhalation of a mixture of gases (ozone,
CO, and NO2) alone, or of MnO2 particles alone,
were less severe than those produced by the combina-
tion of gases and MnO2. In some cases, mixtures
may be less toxic than the additive effects of their
individual components (Ref. 63). To help elucidate
the health effects of welding emissions, laboratory
studies of the cumulative effects of exposure to dif-
ferent components of welding fumes remain an
important area of investigation.

In addition to mixed exposures to agents generated
by welding, workers may experience adverse effects
from combined exposures to welding emissions and
pollutants from other sources in the workplace. An
elevated incidence of cancer among welders with a
combined exposure to polycyclic aromatic hydrocar-
bons and welding emissions was reported by Silver-
stein et al. (Ref. 138).

Fumes from degreasing agents or paints may

present a major hazard in welding shops. Chlorin-
ated hydrocarbons, such as trichloroethylene, perch-
loroethylene and 1,1,1-trichloroethane, can decom-
pose in the presence of ultraviolet (UV) radiation into
highly toxic compounds such as phosgene and dichlo-
roacetyl chloride. Two incidents were described dur-
ing this report period in which photochemical decom-
position products resulting from reaction of
degreasing agents with UV light produced by GMAW
may have been the cause of respiratory problems
(Refs. 56 and 135). In neither of these incidents could
the agents responsible for respiratory distress be posi-
tively identified although the relationship between
ultraviolet radiation generated by GMAW and chlo-
rinated hydrocarbons seems certain. Studies of the
chemical and toxicologic consequences of GMAW in
the vicinity of chlorinated hydrocarbons are neces-
sary to further understand the hazards present in
such an environment.

Bjorseth et al. (Refs. 20 and 21) described the need
for research into the combined toxic effects of hyper-
baric pressures and welding emissions. Preliminary
reports indicate that the composition of welding
emissions are modified at high pressures and that the
effects of chemicals on animals differ from those
occurring at normal barometric pressures. Studies
are needed to develop exposure guidelines to protect
underwater welders in offshore oil exploration.
According to Bjorseth, the assessment of short-term
risk assessment is the most immediate need.

Effects on the Ear and Hearing

The Academy of Finland, Research Council for
Technology, has been performing a major research
project on occupational hearing. They found that
impulse noise may be more harmful to hearing than
continuous noise (Ref. 87). The sensitivity to certain
sound frequencies may be more easily affected by
impulse noise than by continuous noise. Future stud-
ies should address the adequacy of ear protectors to
protect against hearing loss from exposure to impulse
noise.



Effects of Welding on Health VI

Section One
The Exposure

Welding generates fumes, gases, and electromag-
netic radiation with known adverse health effects.
The composition of welding emissions varies sub-
stantially with the welding process. Of the most com-
mon welding processes, fume generation is lowest
with gas tungsten arc welding (GTAW) and highest
with shielded metal arc welding (SMAW) and flux-
cored arc welding (FCAW). Gas metal arc welding
(GMAW) of aluminum generates the highest ozone
levels among widely used welding processes.

The degree of exposure to welding emissions can
vary widely from workplace to workplace, as well as
among the work areas within individual workplaces
(Ref. 30). Differences in natural and mechanical ven-
tilation systems account for much of this variation
(Ref. 133). Local fume extraction or source ventila-
tion is considerably more efficient in reducing expo-
sure levels than general ventilation (Refs. 9, 27, 30,
77 and 114), but even with local ventilation tech-
niques, airborne concentrations of fumes and gases
in excess of threshold limit values (TLV's—Ref. 1)
have been recorded (Ref. 30). While not always prac-
tical, exposures can also be controlled by using weld-
ing procedures and electrodes that generate lower
quantities of emissions. Several industrial hygiene
surveys demonstrated that exposure levels to welding
fumes and gases vary with the welding process. Sur-
veys performed by Zober et al. (Refs. 168 and 171)
indicated that exposures to chromium, nickel, and
total welding fume were low during GTAW and
GMAW, but not during SMAW, of stainless steel.
Grothe et al. (Ref. 54) examined over 700 breathing
zone and ambient air measurements taken in German
workplaces where SMAW, GTAW, and GMAW of
stainless steel were performed. With the exception of
SMAW and welding of metals with high nickel con-
tents, concentrations of chromium and nickel in
welding fumes were generally below maximum per-
missible levels.

Van der Wai (Ref. 160) surveyed breathing zone
concentrations of particulates and gases generated
during steel welding in Dutch factories. The Dutch
occupational health standards [equivalent to the
TLV's in the USA] were occasionally exceeded for
total dust during SMAW and GMAW, but not
GTAW. Total and hexavalent chromium exposures
only exceeded the standards during SMAW of stain-
less steel. Of the measurements made for nitric oxide
(NO), nitrogen dioxide (NO2), and ozone during
GMAW, GTAW, and SMAW, only concentrations of
ozone generated by GMAW of aluminum were above
established Dutch standards.

1. Fumes

Welding fumes are composed of metal oxide parti-
cles which originate primarily from the filler metal
and the electrode coat or core materials. Concentra-
tions of fume constituents vary with the welding pro-
cess, electrode, base metal and material that may be
coated on the base metal. The welding parameters
(voltage and current) may also influence the relative
concentrations of individual components of welding
fumes. For example, Olah et al. showed that the con-
centrations of chromium, nickel and iron generated
by SMAW increased, but manganese remained rela-
tively constant as the current was increased from 70
to 170 amps (Ref. 116 and 120).

1.1 Analysis of Welding Fumes. Standardized meth-
ods for collection of welding fume samples, both in
laboratory settings and in the workplace, are impor-
tant for providing realistic appraisal of risk and ena-
bling comparison of results. A standard method for
collecting samples of airborne particulates in the
breathing zone and work area was developed by the
American Welding Society (Ref. 6). The standard
emphasizes that environmental conditions, electrode,
welding parameters, base metal, surface contami-
nants, and design of the welding helmet should be
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carefully noted when samples are collected, as all of
these factors can influence the exposure of the indi-
vidual welder.

The American Welding Society also developed a
standard laboratory method for determination of
fume generation rate (FGR) and total fume emission.
This standard presents a test chamber design that can
be used for automatic, semiautomatic, or manual
processes (Ref. 5).

Specifications for a fume box used to measure
fume emission rates (FER) generated by SMAW
electrodes were designated in the 1975 Swedish
Standard for Classification of Manual Metal Arc
Electrodes into Fume Classes (Ref. 11). The British
Welding Institute modified this fume box to enable
determination of FER's for other welding pro-
cesses (Refs. 95 and 99). The feasibility of using
the modified fume box to determine FER's during
carbon arc gouging, FCAW, GMAW, and GTAW
was examined (Ref. 95). In general, FER's were
within ranges measured by other techniques. As
expected, GTAW produced much less fume than
other processes; FER's for GTAW and hot wire
GTAW were about 30 to 100 and 4 to 10 times
lower, respectively, than those for GMAW. Fig-
ure 1 shows the fume emission rates for various
welding conditions calculated in terms of grams
deposited metal or arc —on time (Ref. 99).

Based on data obtained from fume box determina-
tions, the British Welding Institute established a com-
puterized database for storage and retrieval of data
applicable to emissions from all arc welding pro-
cesses (Ref. 100).

Glinsmann and Rosenthal (Ref. 46) evaluated an
aerosol photometer, which operated on the principle
of light scattering, for monitoring welding fume lev-
els in the workplace. The utility of the photometer
was limited because its sensitivity varied with the
chemical composition and size of the particle. Since
particle sizes change rapidly as welding fume parti-
cles agglomerate after formation, it was not possible
to develop accurate calibration factors for the equip-
ment. However, immediate, onsite measurements
could be obtained that might be useful for the rapid
identification of areas with elevated fume concentra-
tions as well as for rough assessments of the effec-
tiveness of engineering controls.

Measurements taken at one minute intervals with
the aerosol photometer revealed a smooth variation
in fume concentrations during and after welding
(Figure 2). With short-term welding operations in
semi-enclosed and enclosed areas, fume concentra-
tions increased for two to four minutes after the arc

was struck; the decrease in fume levels after the ter-
mination of welding was slightly more rapid. When
fume levels were measured at one second intervals
(Figure 3), wide and instantaneous fluctuations in
fume concentration were seen during arc welding.
Such fluctuations did not occur during oxyacetylene
cutting.

Based on the Baum and Mulholland theory for
particle coagulation in buoyant plumes, Olander
(Ref. 121) developed a model for calculating the par-
ticle number flow, particle number concentration,
and the mass flow as functions of plume height.
According to Olander, use of this model allows rec-
ommendations for suitable vertical temperature gra-
dients in welding work areas and quantification of
requirements for local exhaust systems.

Akbarkhanzadeh (Ref. 3) described a personal air
sampler developed for use in an epidemiologic study
of welding workplaces. The sampler was designed to
operate continuously over an extended time and to
collect both particulates and gases. The sampling
train consisted of a sampling head, which housed the
paniculate filter and was placed inside the welder's
helmet, followed by parallel assemblies for analysis
of carbon monoxide and nitrogen oxides. The per-
sonal monitoring system could sample a total volume
of 150 liters of air at a flow rate of about 300 ml/
minute from SMAW of primed mild steel without a
significant reduction in flow rate due to buildup on
the particulate filter.

To investigate the effectiveness of welding helmets
in reducing fume exposure, Goller and Paik (Ref. 47)
compared total fume concentrations inside and out-
side the welding helmets. Personal air samples were
collected from eight welders at four positions on the
body (inside the helmet, right and left shoulder, and
the front breast pocket) during inert gas-shielded
FCAW and SMAW. The fume concentrations outside
the helmet varied with the type of welding and the
welder's posture. Breathing zone concentrations
ranged from thirty six to seventy one percent of the
fume concentrations measured outside the helmet. In
response to this report, Jenkins and Moreton (Ref.
67) commented that the positioning of the sampling
head within the helmet may have exposed the filter to
moisture from exhaled breath which could have
decreased its collection efficiency. They also stated
that the filters used in this experiment may become
clogged within about two hours during SMAW or
FCAW and the results obtained by Goller and Paik
for sampling periods of more than four hours may be
unrealistically low.
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1.2 Effects of Electrode Composition. The fume
composition can vary with the FGR as well as with
the formulation of the electrode coating. Tandon et
al., (Ref. 151) found a strong correlation between the
ratio of water-soluble hexavalent chromium to total
chromium in the fume and the concentration of
sodium and potassium in the flux. The iron content
of the fumes was directly proportional, and the fluo-
ride content was inversely proportional, to FGR's.

Limpel et al. (Ref. 81) found that the quantity of
water-soluble fluorides, but not total fluorine, is con-
siderably greater in fumes generated by electrodes
containing potassium silicate than in those with
sodium silicate.

You and Yan (Ref. 165) studied the mechanism by
which hydrogen fluoride (HF) is generated during
welding with basic electrodes. With a conventional
electrode, 1 to 2 mg/m3 HF and traces of silicon
tetrafluoride (SiF4) were found in the fumes. The
quantities of HF and SiF4 increased with the concen-
tration of silica (SiO2) in the electrode coating, but

only HF increased with the moisture content. Analy-
sis of fluorides released from fluxes with varying
iron, silicon and fluoride contents, led to the conclu-
sion that SiF4 is an intermediate in the generation of
HF during welding with basic electrodes.

Manasova (Ref. 86) found that substitution of
sodium silicate for potassium silicate in basic elec-
trodes reduced fume generation by twenty five per-
cent. The level of hexavalent chromium in the fume
was directly dependent on the quantities of sodium
silicate, potassium, and calcium levels in the elec-
trode coating. On the basis of these findings as well
as those of other investigators, an electrode was
designed for welding of stainless steel of the type
18Cr8Ni2Mo which generated fifty three percent less
total fume and twenty six percent less hexavalent
chromium than did the conventional Czechoslova-
kian electrode E-B 427.

Olah and his co-workers (Refs. 116, 119, and 120)
used X-ray fluorescence and neutron activation anal-
yses to quantify a series of heavy metals (iron, man-
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ganese, chromium, nickel, vanadium, and molybde-
num) in particles produced by SMAW of austentitic
steel using a selection of coated electrodes. The rela-
tively good agreement between results obtained with
the two analytical techniques and the variation in
heavy metal composition in fumes generated by dif-
ferent electrodes are shown in Tables 1A and B.

Thorne and Hewitt (Ref. 157) showed that the
amount of metal released into fumes during brazing
is directly related to the amount of bubbling in the
flux. This suggested that bubbles encourage fume
formation by carrying metal vapors through the flux
barrier. The investigators postulated that bubbling
resulted from heat-induced decomposition of fluoro-
borate fluxes and from hydrogen gas, which in the
acidic environment of fluoroborate fluxes, could
form by reaction of metals with the flux. This con-
cept was evaluated by preheating the flux, which
removed volatile gases and thereby reduced bub-
bling. Cadmium emissions were reduced threefold

Table 1A
Determination of Heavy Metals in Aerosols

(%) Generated by SMAW Using X-Ray
Fluorescence Analysis

Electrode

E-B 408
E-B 415
E-B 427
E-B 428
E-B 445
E-B 466
E-B 507
E-B 544

Fe

14.27
6.23
7.78
6.17
7.90
6.47

14.43
13.55

Olah and Tolgyessy,

Mn

1.24
15.20
6.81
6.46
9.15
4.86
9.12
5.34

Ref. 120

Cr

8.31
1.54
4.42
5.26
2.02
4.85
1.66

Ni

0.36
0.10
1.47
1.59
2.88
5.93

-

V

—

0.88
—

0.96
-

Ti

0.34
—

0.01
2.15

—
—
—
-

Mo

—
0.11
0.15

0.71
—
-

Table 1B
Determination of Heavy Metals in Fumes

Generated by SMAW (%) Activation
Analysis with 14 MeV Neutrons

Electrode

E-B 121
E-B 415
E-B 427
E-B 428
E-B 445
E-B 466
E-B 507
E-B 544

Fe

24.70
6.01
7.85
6.80
8.04
6.50

14.40
14.00

Mn

3.45
16.17
7.34
7.05

10.25
5.02
9.34

15.48

Cr

1.29
4.11
4.92
1.98
4.55
1.51

V

_
—

0.82

—
0.98

-

Mo

_
—

0.10
0.13

0.67
—
-

Olan and Tolgyessy, Ref. 120

when preheated fluxes were used; however, a low
concentration of fume was still present while brazing
with preheated fluxes. These fumes were attributed,
at least in part, to hydrogen gas which was found to
evolve during brazing with preheated flux.

These experiments suggest that the evolution of
fumes via bubbling may be reduced by raising the pH
of the fluoroborate flux to reduce hydrogen gas for-
mation and by lowering the concentrations of com-
pounds (boric acid and potassium hydrogen fluoride)
that are responsible for bubble formation.

1.3. Chromium. Hexavalent chromium, but not tri-
valent chromium, is a suspected human carcinogen.
Because of this, much attention has focused on hex-
avalent chromium in welding fumes. The quantity of
hexavalent chromium and the ratio of hexavalent to
total chromium varies markedly with the welding
process. Olah et al. (Refs. 117 and 119) showed that
total chromium was three-to-fourfold higher, but
hexavalent chromium was two orders of magnitude
lower with argon-shielded GMAW of stainless steel
than with SMAW. Zober et al. (Refs. 168 and 171)
found that the amount of total and hexavalent chro-
mium in fumes from stainless steel welding was much
lower for GTAW and GMAW than for SMAW with
rutile-coated or basic electrodes. Moreton et al. (Ref.
99) found that total chromium represented 5 percent
of the fumes, whereas hexavalent chromium concen-
trations were 4.1 percent and 2.7 percent of the
fumes, generated by SMAW and FCAW of stainless
steel, respectively. The ratio of hexavalent chromium
to total chromium was low in fumes generated by Ar-
2 percent 02 shielded GMAW of stainless steel under
a variety of welding conditions.

In 1983, Moreton et al. (Ref. 95) reported results
from an interlaboratory round robin validation study
of the Blakely and Zatka (Ref. 22) method for hex-
avalent chromium analysis (discussed in Effects of
Welding on Health, V— Ref. 142). In response to this
report, Dare et al. (Ref. 29) commented that the fum-
ing perchloric acid method for dissolution of welding
fumes may yield an underestimation of chromium
due to loss of chromyl chloride. In addition, Dare et
al. referred to the work of two groups of investiga-
tors (Refs. 53 and 156) which indicated that a short-
lived form of hexavalent chromium appears in
freshly formed GMAW fumes. These authors had
shown that fumes collected by impingement in water
had more hexavalent chromium than did those col-
lected by filters. The hexavalent chromium concen-
trations peaked twenty seconds after fume formation
and then began to decline. Within minutes, the hex-



21

avalent chromium levels were equivalent to those in
fumes collected by filters.

Dare et al. remarked that this short-lived hexava-
lent chromium peak would not have been detected by
sampling procedures used in the interlaboratory
round robin study. Moreton et al. (Ref. 96)
responded that the results obtained with fuming per-
chloric acid were in agreement with those of other
techniques and that impingement sampling tech-
niques would not be appropriate for on-site welding
fume collection within the helmet.

Since that time, Zatka (Ref. 166) published a mod-
ified method for determination of hexavalent chro-
mium which resulted from reports that small but sig-
nificant concentrations of hexavalent chromium
form during the digestion of trivalent chromium in
the hot alkaline solutions used in the analytical
method. Zatka (Ref. 166) demonstrated that the for-
mation of hexavalent chromium during alkaline
digestion can be suppressed by the addition of mag-
nesium salts to the alkaline digestion medium.

In regard to the observations of Thomsen and
Stern (Ref. 156) and of Gray et al. (Ref. 53) of a
short-lived hexavalent chromium species in freshly
formed welding fumes, Zatka (Ref. 166) suggested
that this fume aging phenomenon may result from a
chemical reaction within the impingement collector
fluid rather than by a reaction within the fume solids.
Suziki and Serita (Ref. 149) developed a method for
determination of water-soluble trivalent and hexava-
lent chromium by anion exchange high-pressure liq-
uid chromatography. Trivalent chromium was che-
lated with ethylene diamine tetraacetic acid (EDTA)
before analysis by liquid chromatography. The
recovery from columns of solutions containing pure
compounds [chromic chloride (CrC13.6H2O) and
potassium dichromate (K2Cr2O7)] or welding fumes
was close to 100 percent and detection by UV spec-
trophotometry and atomic absorption were equally
effective.

1.4 Barium. Because soluble barium salts are toxic,
whereas insoluble salts are relatively inert, Dare et al.
(Ref. 28) examined total and soluble barium levels in
fumes released from three types of electrodes with
barium fluxes. Total barium was determined in per-
chloric acid extracts and soluble barium was deter-
mined in distilled water or 0.1 M hydrochloric acid
(HC1) extracts of fumes. The results are shown in
Table 2. The barium in fumes from all electrodes was
substantially soluble in both dilute acid and water,
although the rate at which barium compounds were
extracted from the fumes differed. The investigators

stressed that measures should be taken to control
exposures to fumes from electrodes containing bar-
ium because of their high content of soluble barium.

In response to the article of Dare et al. (Ref. 28),
Moreton and Jenkins (Ref. 98) published data show-
ing that fume concentrations of soluble and total bar-
ium differ substantially for various flux-cored self-
shielded electrodes. The amount of total barium
ranged from 0.1 to 34 percent and the proportion of
soluble to total barium also varied widely. According
to Moreton and Jenkins, the concentration of barium
in the fume varies with wire diameter and process
conditions (e.g. voltage, wire-feed speed). Since nei-
ther the quantity of barium present in the electrodes
nor the conditions of fume generation were reported
by Moreton and Jenkins (Table 3), their data cannot
be compared directly with those of Dare et al. (Ref.
28).

1.5 Particles. Welding fumes are primarily com-
posed of microscopic particles which, depending on
their size and shape, may become deposited in differ-
ent sections of the respiratory tract. Spherical parti-
cles larger than 5 /im in aerodynamic diameter are
usually removed from the airstream in the upper res-
piratory tract and are expelled from the lungs. Parti-
cles between 0.1 and 5 /an in diameter are considered
to be respirable; they can be inhaled and retained
within the lower respiratory tract. Particles smaller
than 0.1 jiim are generally not removed from the air-
stream during the respiratory cycle, and they exit the
lung with exhaled air.

Welding fume particles tend to be of respirable
size. They are generally spherical, although the regu-
larity of the surface may vary with the welding pro-
cess and electrode. Particles may be present in fumes
as single entities or as agglomerates or chains of vary-
ing lengths (Refs. 107, 118 and 126).

Mean particle sizes vary with the welding or metal
cutting process. Olah et al. found that particle sizes
in fumes produced by welding austentitic steel ranged
from 3 to 5 /im for SMAW with alkaline electrodes,
from 0.8 to 0.9 fim for SMAW with rutile-coated
electrodes, and from 0.1 to 0.2 /im for argon-shielded
GMAW with austentitic welding wires (Ref. 118).
Particles released during plasma arc cutting of steel
were primarily composed of magnetite (Fe3O4) and
were 0.8 to 0.9 /tin in diameter. The particles gener-
ated by oxygen cutting of mild steel had a similar
composition, but were much smaller in size (0.4 ̂ m).
Significant concentrations of chromium and nickel
were present in particles released during plasma arc
cutting of stainless steel. Particles generated by cut-
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Table 2
Content and Solubility of Barium in Welding Fume

Electrode
Innershield Soudofonte B12 Soudofonte Bl

% Barium in flux
Barium salt in flux
% Barium in fume
Proportion extracted in 0.1 M HC1
Proporation extracted in water

-40
Barium fluoride

16
90% in 60 min
70% in 120 min

-40
Barium carbonate

33
100% in 5 min
90% in 180 min

-20
Barium carbonate

16
100% in 5 min
100% in 120 min

Data from Dare et al., Ref. 28

ting of aluminum and copper were approximately 0.5
/*m and 0.14 /an in diameter and contained primarily
aluminum oxide (A12O3) and copper oxide (Cu2O),
respectively (Ref. 108).

Deposition of particles in the lungs is dependent
not only on their size and shape, but is also influ-
enced by their electrostatic charge. Johnston et al.
(Ref. 68) measured the electric charge on aerosols in
a variety of workplaces and found that the median
electrostatic charge of 0.2 /tin particles in fumes pro-
duced by GMAW and SMAW was relatively low.
This was thought to be caused by "charge-aging"
whereby free ions in the air progressively neutralize
airborne dust.

With scanning electron microscopy, welding parti-
cles appear to be granular and to have a dense inner
core surrounded by a transparent outer shell. The
appearance of the outer shell differs in particles pro-
duced by SMAW and by submerged arc welding
(Ref. 107). The regularity of the particle surface, core
size, and texture varied with the electrode and weld-
ing conditions (Refs. 107 and 126).

The outer surface of particles generated by SMAW
were found to contain iron oxide, silicon dioxide,

Table 3
Analysis of Amounts of Barium in Fume

Self-Shielded % Barium in Fume
Innershield Wires

(Code)

A
B
C
D
E

Water Soluble Ba
(37°C, lh)

20.3
13.9
—
—
-

Total Ba
(X-ray fluorescence)

22.0
33.8
30.6
0.1
5.9

Moreton and Jenkins, Ref. 97

silicates, and titanium. The particle cores, as revealed
by ion sputtering, were composed primarily of man-
ganese oxide (Ref. 107).

Golovatyuk et al. (Ref. 48) examined particles gen-
erated by CO2-shielded welding of low alloy steel
with a coated electrode and a flux cored electrode.
Fe, Ca, Ti, F, Si, and traces of Cu, Ba, and S were
detected by mass spectroscopy of solid constituents
in fumes produced by both types of electrodes. X-ray
diffraction analysis revealed magnetite (Fe3O4),
chromic oxide (Cr2O3), and ferrous oxide (FeO) in
particles from the flux cored electrode and Fe3O4,
manganous oxide (MnO), and SiO2 in those from the
coated electrode.

X-ray diffraction analysis of fumes generated by
SMAW and argon-shielded GMAW of austentitic
steel revealed ferric oxide (Fe2O3), Fe3O4, alumi-
num chromium iron oxide [(FeCrAl)2O4], and trace
quantities of A12O3 (Ref. 118).

Using X-ray powder diffraction, Tanninen (Ref.
154) analyzed fumes produced by SMAW of mild
steel. The sample contained Fe3O4. Although the
certainty of the detection method was limited,
hematite (Fe2O3), manganese iron oxide, and cal-
cium or iron silicates also appeared to be present.
Potassium calcium fluoride (KCaF3) was found, and
there were indications that potassium iron fluoride
(K3FeF6) was also present. Tanninen (Ref. 155) also
used X-ray spectrometry to examine the valence of
iron in welding fumes generated by SMAW and
GMAW of mild and stainless steel. Only fumes gen-
erated by SMAW of stainless steel contained signifi-
cant amounts of Fe3 +.

As part of a multi-disciplinary project to investi-
gate chemical, physical and toxicological properties
of fumes from five electrodes, Tandon et al. (Ref.
151) determined concentrations of nineteen elements
in the flux and fume from three types of hardfacing
(medium chromium, high chromium, and high mag-
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nesium contents) and two types of high-strength,
low-alloy steel flux-coated electrodes. The only crys-
talline compounds detected in the fumes by X-ray
diffraction were Fe3O4, potassium chromate
(K2CrO4), calcium fluoride (CaF2), and sodium flu-
oride (NaF). Crystalline silica or metal silicates were
not detected in any of the fumes studied. Using a
cascade impactor to fractionate fumes from a hard-
facing electrode with a high magnesium content,
Tandon et al. (Ref. 152) found that ninety two to
ninety six of the fume particles were less than 7 /un in
diameter. Nine elements (F, Na, Mg, K, Ca, Cr, Mn,
Fe, and Ni) were determined in each fraction and
found to be equally distributed among the particles in
all size ranges.

Using X-ray photoelectron spectroscopy and other
techniques, Tandon et al. (Ref. 153) measured the
concentrations of fourteen elements on the surface of
particles in fumes generated by SMAW of stainless
steel. NaF and potassium fluoride (KF) comprised
fifty percent of the particle surface; SiO2 and soluble
chromate accounted for an additional thirty percent
and eight percent of the surface, respectively. Ther-
mal methods of analysis detected Fe3O4, K2CrO4,
and possibly sodium chromate (Na2CrO4). Accord-
ing to the authors, the remainder of the particle sur-
face was probably occupied by transition metal
oxides, hydroxides, or silicates. The surface remain-
ing after soluble fluorides and chromates were
removed by washing, contained primarily SiO2
(about sixty percent) and some transition-metal
oxides, silicates and fluorides.

The manganese concentration was as high as forty
percent in fumes generated by hardfacing with basic
electrodes containing large quantities of manganese.
The MnO content of these fumes increased with
increasing concentrations of carbon dioxide (CO2) or
by the addition of oxygen to the argon shield gas. X-
ray diffraction analysis revealed that manganese was
present as iron manganese oxide (MnFe2O4) and
potassium manganate III (KMnO2) in the fumes lib-
erated from coated electrodes (Ref. 65).

2. Gases

Ozone, carbon monoxide, carbon dioxide and
nitrogen oxides are the principal gases generated by
welding. Other vapors and gases may evolve when
surfaces contaminated with paints, greases or other
surface coatings are welded or when degreasing sol-
vents are present on the weld metal or as vapors in
the vicinity of the welding operation. These gases and

vapors are discussed in more detail in preceeding sec-
tions (see "Production Coatings" and "Degreasing
Agents").

Carbon monoxide and carbon dioxide arise from
combustion of carbonaceous materials and are
present during oxyfuel gas welding and CO2-shielded
GMAW. They may be generated by combustion of
carbonates or organic materials in the electrode coat-
ing or on the metal surface. Carbon dioxide is a sim-
ple asphyxiant, while carbon monoxide interferes
with oxygen transport by the blood.

Nitrogen oxides (NOX) arise from thermal oxida-
tion of molecular nitrogen in air. NOX may be gener-
ated during most welding processes but the concen-
trations of NOX are greatest during oxyfuel gas
welding and plasma arc cutting. Nitrogen oxides can
irritate the eyes, nose, and throat and in very high
concentrations, can cause pulmonary edema and
death. Chronic exposure to NOX may cause reduced
pulmonary function.

Ozone is generated by exposure of oxygen to ultra-
violet light in the wavelength range 185 and 220 nm.
It is a severe respiratory irritant; exposure to levels
above 0.3 ppm can cause extreme discomfort while
exposure to 10 ppm for several hours can cause pul-
monary edema. Ozone is unstable in air and its
decomposition is accelerated by metal oxide fumes.
Therefore, significant quantities of ozone are gener-
ally not associated with welding processes, such as
SMAW and FCAW, which generate large quantities
of fumes.

Nemcova (Refs. 108 and 109) used a portable sam-
pling chamber to measure the concentrations of car-
bon dioxide, carbon monoxide, ozone, nitrogen
oxides, and hydrogen fluoride generated by different
welding and cutting procedures. Hydrogen fluoride
and nitrogen oxide levels generated by SMAW with
basic electrodes and submerged arc welding with sev-
eral different electrodes were well below Czechoslo-
vakian and U.S. TLV's. Relatively high concentra-
tions of nitrogen oxides were generated during
plasma arc cutting of steel, aluminum and copper,
and argon-shielded GTAW of copper and aluminum.
Of the welding processes examined, ozone levels were
highest during plasma arc cutting (Table 4).

Using an open chamber designed to measure weld-
ing gases, Tigges (Ref. 158) determined that the
quantities of nitrogen oxides, carbon monoxide, car-
bon dioxide, and methane released during SMAW
with thirty three different electrodes varied consider-
ably. For example, the volume of nitrogen oxides
ranged from 9 to 100 ml/min with different elec-
trodes. The total quantities of individual gases varied
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Table 4
Levels of N0x and Ozone Generated

During Welding and Cutting

Process

Argon-shielded GTAW
Argon-shielded GTAW
SMAW (basic electrode)
Submerged arc welding
Plasma arc cutting
Plasma arc cutting
Plasma arc cutting
Plasma arc cutting
Oxyfuel cutting
Resistance Seam Welding

(copper electrode)

Metal

copper
aluminum

NG
NG

steel/SS
steel/MS
aluminum
copper
steel/MS

NOX

(mg/m3)

3.3
3.8
0.1

< 0.005
7.8
7.5
5.8
7.3
1.4
0.5

Ozone
(mg/m3)

NG
NG
0.04
0.01
0.08
0.08
0.08
0.08
0.04
0.006

NG—data not given; SS —stainless steel; MS—mild steel
Data from Nemcova, Ref. 108 and Ref. 109

substantially even for electrodes with similar chemi-
cal compositions.

Fog and Ritz (Ref. 43) developed a piezoelectric
detector for monitoring ozone in the workplace. The
detector utilized a crystal coated with 1,4-
polybutadiene. Ozone concentrations were measured
by changes in the frequency of the crystal which
result from ozone-induced alteration of the polybuta-
diene coat. The lower limit of detection was less than
10 ppb ozone. The ozone produced by GMAW and
GTAW of aluminum measured outside and within
the welders helmet, as well as in various positions
with respect to the arc, were measured simultane-
ously with the piezoelectric detector, dosimeter and
gas detector. The results of the three detectors were in
relatively good agreement.

3. Electromagnetic Radiation

Electromagnetic radiation in the ultraviolet (UV),
visible, and infrared (IR) regions of the spectrum is
produced during welding. UV radiation can cause
"welder's flash" and skin burn. Intense visible light of
certain wavelengths can cause retinal injury and IR
may cause cataracts and thermal damage to the cor-
nea and other tissues.

Using a rapid scan spectrometer Eriksen (Ref. 37)
measured optical radiation from the UV through visi-
ble wavelengths (200 to 800 nm) emitted during
GMAW of aluminum with an aluminum/magnesium
electrode. Spectra were obtained in five millisecond
intervals before and after ignition of the arc. Eriksen

demonstrated that a burst of high level UV radiation
occurs during the initial phase of arc ignition and
lasts less than fifty milliseconds after the arc is
struck. The intensity of this UV overshoot was more
than ten times that of the UV light emitted when the
arc was burning continuously. Calculations per-
formed according to ACGIH guidelines indicated
that with a welding current of 300 A, the unprotected
eye at a distance of 0.5 meters may suffer "welder's
flash" after exposure to radiation from only one igni-
tion of the welding torch.

Okuno (Ref. 115) compared radiation spectra in
the wavelength region 200-1000 nm produced by a
variety of welding conditions. He examined spectra
produced by SMAW of mild steel with titanium-
coated (ilmenite) or low hydrogen electrodes and
with argon- or CO2-shielded GMAW and GTAW of
stainless steel, aluminum, and mild steel.

Reproducible and characteristic spectra were pro-
duced by each set of welding conditions although
there were substantial fluctuations in intensity. For
any one set of welding conditions, the intensity
increased with the wire diameter, arc current, and
voltage.

The most prominent spectral lines generated by
GTAW of stainless steel were in the near IR
(700-1000 nm) region. The spectrum produced by
argon-shielded GMAW of aluminum was character-
istic of emissions generated by the base metal and the
argon shield gas and, unlike other welding condi-
tions, the UV spectrum was much more intense than
the visible spectrum. Most of the prominent lines
observed in the UV region were emissions from mag-
nesium which accounts for a large part of the UV
radiation from welding aluminum when magnesium
is present in the electrode or the base metal. This is in
accord with previous reports (Ref. 16).

3.1 Protective Eye Wear. Heat can be passed to the
face of the welder by direct transmission of infrared
radiation through the goggles. In addition, IR can be
absorbed by the goggles themselves and then passed
to the face of the welder by secondary transmission
of absorbed heat. Reflective materials on the outer
surface of the goggles can reduce heat transfer by
reflection of IR radiation. The direct and secondary
transmission of IR radiation through several types of
goggles and the ability of metallicized surfaces to
reduce this transmission was examined by Felzmann
(Ref. 42).

Eighteen types of rectangular goggles (ten with alu-
minum reflective surfaces, one with a copper sur-
face), five types of round goggles (two with alumi-
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num surfaces), and four goggles that were tinted blue
(two with aluminum and two with copper surfaces)
were tested. No remarkable differences were seen in
the transmission of IR radiation among goggles
within each category. The blue tint did not provide
any protection against heat transmission.

Since sufficient heat must be absorbed by the gog-
gles before secondary heat transmission occurs,
direct and secondary IR transmission can be distin-
guished by measuring heat transmission with time.
Felzmann found that both aluminum and copper
coats effectively reduced IR transmission, but the
aluminum surface was less efficient at reducing sec-
ondary transmission of absorbed heat. Felzmann
speculated that this was due to heat absorption by an
outer coating composed of an unknown substance
which was applied by the manufacturer to protect the
aluminum coating from physical damage.

Mosely (Ref. 103) examined transmission of ultra-
violet and visible radiation between 200 to 800 nm
through two types of welding goggles. When fitted
with a filter rated for use with flux in GMAW of
aluminum and aluminum-magnesium alloys, lead
welding, and oxyacetylene cutting, one type of goggle
completely attenuated UV radiation. Another filter,
intended for use while welding with the processes
listed above without flux, fitted to the other type of
goggle transmitted a small amount of long wave
ultraviolet radiation. The front filters of both gog-
gles, designed to protect the filter from splatter and
enhance mechanical protection, had a negligible
effect on the transmission of light above 200 nm.
Limited UV protection was provided by the underly-
ing British Standard 679 welding filter. The clear
backing lens on the second goggle with the lift-up
front provided little protection from UV radiation.

3.2 Heat. The pain threshold for heat on the skin is
0.2 to 0.3 watts/cm2. Radiation of this intensity can
cause intense pain or even skin burns within one to
four minutes. Irradiation with 0.1 to 0.2 watts/cm2
causes the skin to feel hot, while 0.005 to 0.01 watts/
cm2 is the lower threshold of heat sensitivity and
does not cause discomfort. Richter and Ruess (Ref.
134) studied the exposure to radiant heat of welders
using GTAW with and without preheating and grey
cast iron welding with preheating. The amount of
infrared radiation that would strike different parts of
the body of welders working in different positions
was measured. Their results indicated that special
heat protection was not necessary for GTAW without
preheating. However, the pain threshold of 0.2
watts/cm2 was surpassed in several instances during

grey cast iron welding and GTAW with preheating of
the metal.

Artemev (Ref. 10) tested physiological effects of
various fabrics and materials considered for use in
clothing designed to protect welders against burns
from sparks and spatter from molten metal. The
sleeves, trousers and the front part of the jackets
constructed for these tests were made of fireproof
fabrics. Body temperature, skin pH and temperature,
heart rate, and skin microorganisms were measured
before and after performing work.

Clothing composed of artificial leather, linen or a
mixture of linen and other fibers did not cause sub-
stantial changes in any of the parameters tested and
were recommended by Artemev for wide use at tem-
peratures between 21 and 33°C. A synthetic material
denoted as phenylone caused changes in the pH bal-
ance of the skin. Vinyl leather caused considerable
changes in the body temperature, heart rate, skin
microorganisms, and skin pH and hence was only
recommended for use when absolutely necessary and
only under optimal conditions of temperature and
humidity in the work environment.

4. Production Coatings

Welding of metals coated with paints or primers
can introduce hazards distinct from those inherent in
welding of clean metal. Doorgeest (Refs. 32 and 33)
cautioned that highly toxic gases and vapors can be
released during welding of metals coated with
isocyanate-containing paints or anti-fouling paints.
The latter may contain metals such as tin, mercury
and copper. He recommended that, prior to welding,
the paint layer be removed to a width at least 15 cm
or more on all sides of the area to be heated. Simi-
larly, McMillan (Ref. 91) cautioned that oils should
be removed from metals before they are welded.
Degreasing agents or their vapors should not be in
the vicinity of the weld because of the potential for
photochemical conversion to highly toxic
compounds.

Moreton (Ref. 97) and McMillan (Ref. 91)
reviewed the hazards of welding coated or contami-
nated surfaces. Depending on the surface coating, a
range of toxic metals and organic materials may
evolve when heat is applied. Welding of metals
coated with greases or paints containing synthetic
chemical polymeric binders may emit highly toxic
chemicals such as carbon monoxide, benzene, phos-
gene, hydrogen cyanide, polycyclic aromatic hydro-
carbons and nitrogen dioxide. Welding of metals
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coated with zinc primers may release sufficient zinc
to cause metal fume fever, and welding of metal
coated with cadmium may cause serious acute effects
and even death.

Standard procedures for assessing the toxicity of
fumes released from flame cutting or welding of
primed metals were recommended by representatives
of the welding and paint industries in 1964 and
revised in 1968 (Ref. 8). In the tests, metal pieces of a
specified size, coated with a primer applied according
to the manufacturer's instructions, is welded or cut.
Thermal degradation products are captured, ana-
lyzed, and their concentrations compared with
Threshold Limit Values.

According to Moreton (Ref. 97), the recommended
procedures are outmoded and insufficient for realis-
tic appraisal of the hazards associated with welding
and cutting of primed materials. Because the tests are
inadequately described, results cannot be duplicated
among laboratories. According to the specifications,
the samples need not be collected in the area of the
plume to which welders may be exposed. The total
quantities of fumes and gases released during welding
are not considered. The size of the weld and duration
of sampling time are unnecessarily large and impart
extra costs to the method. The selection of degrada-
tion products to be assessed is at the discretion of the
analytical laboratory, and thus, important chemicals
may not be considered. Finally, the analytical proce-
dures are not standardized. Moreton stressed the
urgent need to adequately define procedures for these
tests. Collaborative interlaboratory tests are neces-
sary to authenticate test methods.

In summary, improvements in these procedures
should be made which introduce reproducibility
between testing laboratories, require less material,
use shorter sampling times, and more specifically
define test methods. New standards should be devel-
oped which offer guidance on the types and concen-
trations of pollutants likely to be present. The weld-
ing and cutting specifications should be based on the
requirements of the analytical techniques and should
be designed to provide sufficient sample for
analysis.

5. Degreasing Agents

Fumes from degreasing agents or paints can
present a major hazard in welding shops (Refs. 9 and
91). Chlorinated hydrocarbon solvents such as trich-
loroethylene, perchloroethylene and 1,1,1-
trichloroethane can decompose in the presence of

ultraviolet light into highly toxic compounds such as
phosgene and dichloroacetyl chloride. Phosgene is a
severe lung irritant capable of causing discomfort at
0.3 ppm and pulmonary edema at exposure levels of
10 ppm.

Knudsen and Bjerre (Ref. 74) developed a mathe-
matical model for approximating the health risk of
photochemical oxidation products during electric arc
welding at a distance of 30 cm from the arc. Of the
three halocarbons examined by this model, trich-
lorofluoromethane (CC13F) was found to be far
more dangerous than carbon tetrachloride (CC14) or
dichlorodifluoromethane (CC12F2). However, even
the latter two present a serious health risk when weld-
ing with systems that are significant sources of UV
radiation, such as argon-shielded GMAW of
aluminum.

Photochemical decomposition products resulting
from reaction of degreasing agents with UV light
produced by GMAW may have been responsible for
an incident described by Ross (Ref. 135) in which
eleven welders complained of coughing, breathless-
ness, chest tightness, and irritation of the throat and
eyes. The source of the irritation was unknown. Both
GMAW and SMAW of stainless steel were being
used. The metal pieces were degreased before welding
by placement in tanks containing either trichlo-
roethylene or 1,1,1-trichloroethane. The degreasing
operation was on the shop floor in the vicinity of the
welders where there was good general ventilation.

Ambient air tests indicated that concentrations of
trichloroethylene and trichloroethane in the work
environment were well below their respective TLV's
and were too low to have caused noticeable health
effects. Records maintained by the welders indicated
that the irritant was present during GMAW, but not
when SMAW was used. This was confirmed by lung
function tests before and after the work shift which
showed that the forced expiratory volume (FEV) was
reduced after GMAW only. Since substantial quanti-
ties of ultraviolet radiation are produced during
GMAW only, photochemical conversion of chemical
vapors to highly irritating substances such as phos-
gene and dichloroacetyl chloride was suspected.
Phosgene could not be detected in the air and a
method for measuring dichloroacetyl chloride was
not available; thus, this hypothesis could not be sub-
stantiated. However, as a result of the presumed
association, the welding operation was moved to an
area distant from sources of chlorinated hydrocar-
bons, which successfully resolved the problem.

A Swedish welder developed pulmonary edema
after performing argon/20 percent CO2-shielded
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GMAW of mild steel in an environment containing
high levels of 1,1,1 -trichloroethane used as a degreas-
ing agent. Hallne (Ref. 56) reconstructed the condi-
tions to which the affected welder was exposed to
investigate whether toxic gases were generated in the
work environment. Levels of phosgene, ozone,
NOX, CO, CO2 and HC1 were determined during
GMAW in an environment deliberately contaminated
with trichloroethane. Airborne phosgene concentra-
tions as high as 0.4 ppm (TLV = 0.1 ppm) and
hydrogen chloride concentrations as high as 37 ppm
(TLV = 5 ppm) were measured while welding in a
glove box where the trichloroethane level was 1000
ppm. Only negligible quantities of these gases were
produced by welding in the absence of
trichloroethane.

Similar tests were performed using the same weld-
ing conditions in an open workshop with good venti-
lation. None of the gases tested were present in con-
centrations sufficient to have caused the poisoning.
Hallne concluded that the results did not provide any
explanation for the poisoning assumed to be related
to welding exposures.

6. Noise

Impulse noise may be more harmful to hearing
than continuous steady state noise of the same energy
level (Ref. 86). Lahti et al. (Ref. 78) defined the
impulse level of noise as the difference between the
peak value and the root mean square of the slow
time-weighted value. Using this definition, noise is
considered as impulse noise if the difference between
peak levels and the slow time-weighted value is
greater than 15 decibels. Tests performed at a ship-
yard plate welding workshop indicated that grinding
and carbon arc work do not produce impulse noise
(as defined above) while welding, and especially
GMAW, generated high impulse noise levels.

Section Two
Effects of Welding
on Human Health

Adverse health effects may be associated with
physical and chemical agents generated by welding,
including gases, fumes, radiation, and noise. While a
great deal of research has been performed on the
health effects of welding, much is unknown about
how these various agents affect the body. Under-
standing health effects is essential to the design of

protective clothing and equipment and to the devel-
opment of welding processes that emit minimally
hazardous agents. Described in this section are health
reports which appeared in the published literature
from July 1984 through December 1985.

7. Respiratory Tract

The respiratory tract is the primary route by which
welding fumes and gases enter the body. When
inhaled, particles and irritant gases such as NO,
NO2, HC1, ozone, and phosgene can elicit an inflam-
matory response. The intensity of the response is
dependent on the dose (quantity of inhaled material),
physical/chemical properties of the irritant, and the
overall health status of the exposed person. A diverse
population of cells migrate into the lung in response
to irritatation. These cells proliferate mediators,
causing inflammation of lung tissue which may result
in cough, chest tightness, and pain. Severe respira-
tory irritants, such as ozone, phosgene, or cadmium,
can cause accumulation of fluids in the lung with
chemical pneumonitis or pulmonary edema develop-
ing hours after exposure. Chronic exposure to low
concentrations of irritants may result in emphysema
and bronchitis, damage to the air sacs (alveoli) and
airways (bronchi and bronchioli), respectively. The
association between exposure to welding fumes and
the developmemt of chronic lung diseases such as
bronchitis, emphysema, or lung cancer has not been
clearly established.

Much of the particulate material deposited in the
respiratory tract is engulfed by alveolar macrophages
(scavenger cells). Both particle-laden macrophages
and free dust particles are removed from the respira-
tory tract by coughing and the natural movement of
surface fluids lining the air passages. Some of the
dust and particle-laden macrophages are deposited in
pockets in the lungs where they can remain for
extended periods of time.

Extensive accumulation of dust particles in the
alveoli can prevent expansion of the air spaces during
inhalation and may thus interfere with lung function.
In addition, some dusts induce the multiplication of
fibroblasts or connective tissue cells along the inte-
rior surfaces of the lung which can result in deposits
of collagen fibers or scar tissue. The pockets of parti-
cles and collagen fibers produce the small, round or
irregular shadows visible in X-rays of "arc welders"
lungs. By distorting lung structure and obliterating
air spaces, the scar tissue can interfere with lung
function. Other particulates, such as iron oxide, are
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relatively inert and have only minor effects on the
lung. In their presence, fiber formation may be negli-
gible or minimal (Ref. 147), and the anatomical
integrity of air spaces remains undisturbed. The
lesions caused by these nonfibrogenic particles are
frequently reversible.

Pneumoconiosis is a general term for the "the
accumulation of dust in the lungs and the tissue reac-
tion to its presence" (Ref. 64). It is usually detected as
opacities in chest X-rays, but can also be diagnosed
by microscopic examination of lung biopsy material.
The latter technique enables determination of the
characteristics of the particle deposits which is useful
for determining the prognosis of the lung condition.

To facilitate the exchange of information between
lung specialists, an international classification system
for pneumoconiosis was developed under the aegis of
the International Labour Office (Ref. 64). According
to their definition, a "non-collagenous" pneumoco-
niosis results from the accumulation of inert dusts
such as ferric oxide. Characteristics of this condition
are (1) the anatomic integrity of the lung architecture
remains intact, (2) there is no scar tissue, and (3) it is
potentially reversible. Several studies have character-
ized the pneumoconiosis, sometimes observed in arc
welders, as described above (Refs. 130, 131, 137, 142,
144 and 147). However, there is substantial variation
in the fibrogenicity of dusts emanating from differ-
ent welding processes, and it is thus possible that arc
welders' pneumoconiosis may not always be benign.

Spacilova and Hykes (Ref. 142) assessed pulmo-
nary changes in 85 Czechoslovakian arc welders who
had been admitted to their clinic with abnormal chest
X-rays. Examination of lung biopsy material from
five of the welders revealed pockets of dust contain-
ing primarily iron. Some fibrous tissue was present,
but the structural integrity of the alveoli was undis-
turbed. With the exception of minor changes, lung
function tests were within normal limits.

Follow-up examinations administered to forty four
of the welders an average of 6.6 years later revealed
no substantial changes with time. None of the weld-
ers developed indications of massive progressive
fibrosis. In four welders who had excessive exposure
to welding fumes, the radio-opaque shadows
regressed after they permanently stopped welding.
Spacilova and Hykes concluded that the X-ray find-
ings in arc welders were not indicative of a pathologi-
cal condition.

Morgenroth and Verhagen-Schroeter (Ref. 101)
examined biopsies of lung tissue taken from seven
welders with pneumoconiosis. Both needle shaped
and round particles, 0.05 to 0.25 mm in diameter,

were found engulfed by macrophages. Energy disper-
sive X-ray analyses indicated that the needle shaped
particles were composed of aluminum silicates and
the round particles contained primarily iron. Sub-
stantial quantities of phosphorus and lesser quanti-
ties of other elements were also found in particles in
the lungs. The close proximity of macrophages with
engulfed particles and fibroblasts supported the the-
ory that macrophages proliferate mediators which
stimulate fibroblast division and fibrosis.

Fibrosis, emphysema, and other respiratory dis-
eases may cause measurable changes in lung func-
tion. Pulmonary function tests are used to detect dis-
ease processes which restrict lung expansion or
reduce pulmonary elasticity, or both. These tests
measure the air volume which can be inhaled or
expelled either forcefully or under normal breathing
conditions. The types of measurements made in lung
function tests include the forced vital capacity
(FVC), the forced expiratory volume during the first
second of exhalation (FEV,), and the maximal expir-
atory flow rate (MEF).

The FVC is a measure of the volume of air that can
be expelled forcefully following a maximal inspira-
tion. This measure reflects resistance to airflow in the
lungs. The FEV! and MEF measure the percent of the
total volume or the rate of air expelled during a por-
tion of the respiratory cycle. These measurements all
serve as indicators of resistance to air flow. [The
reader is referred to Appendix C of the Effects of
Welding on Health, Volume I (Ref. 161) for a
detailed explanation of the terms used in this
section.]

Lung function tests are frequently used to monitor
industrial workers for damage to the respiratory
tract, such as changes in pulmonary compliance and
airway obstruction. These measurements are not
always sensitive to early changes in the lungs and
irreversible damage may occur before noticeable
reduction in pulmonary function is detected.

Sjogren and Ulfavorson (Ref. 139) examined lung
function and the incidence of respiratory symptoms
in 64 gas metal arc and gas tungsten arc welders of
aluminum, 46 shielded metal arc welders of stainless
steel, and 149 welders of railroad tracks who per-
formed SMAW with basic electrodes as well as with
electrodes containing 3.2 percent chromium. Breath-
ing zone concentrations of ozone were frequently
above the Swedish standard of 0.1 ppm during
GMAW of aluminum, and chromium levels were
above the standard of 20 ug/m3 during SMAW of
stainless steel. Concentrations of nitrogen oxides
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were usually below the standard of 5 ppm with all
welding methods.

There were no differences in FVC and FEV,
between welders and controls. Welders complained
of greater occurrences of cough, phlegm, and respi-
ratory irritation than did nonwelders. Among weld-
ers performing GMAW of aluminum, the frequency
of respiratory symptoms increased with increasing
exposure to ozone. There was no relationship
between exposure to total particulates and respira-
tory symptoms, but a nonsignificant tendency for the
incidence of respiratory symptoms to increase with
exposure to chromium was observed. The investiga-
tors concluded that ozone, rather than aluminum
particulates, was responsible for respiratory symp-
toms in gas metal arc welders of aluminum.

For stainless steel and railroad track welders, respi-
ratory symptoms correlated better with exposure to
chromium than to total particulates. The investiga-
tors suggested that variations in plant ventilation
may have accounted for differences between their
findings that welding emissions did not cause changes
in pulmonary function and other studies which
showed the opposite effect.

Mur et al. (Refs. 105 and 106) determined the inci-
dence of abnormalties in pulmonary function and
symptoms of respiratory disease in 536 arc welders
and 427 control workers employed at three French
factories. SMAW of mild steel was the most common
welding method used at one of the plants while
GMAW of mild steel and aluminum were used
almost exclusively at the remaining plants.

Industrial hygiene measurements of welding fume
components and gases were made at thirty represent-
ative welding sites within these factories (Ref. 30).
TLV's were exceeded for at least one substance in
twenty seven of the thirty work areas. In most cases,
source ventilation was not used. However, in the
three work posts where local exhaust was available,
one or more of the measurements were still above the
TLV. Ozone was exceeded in one work area during
argon-shielded GMAW of aluminum, and carbon
monoxide was elevated in one area where carbon
dioxide shielded GMAW was performed. Pulmonary
function and X-ray abnormalities did not correlate
with the metals welded or the welding procedures.

Recurrent bronchitis and breathlessness were more
frequent among shielded metal arc welders than gas
metal arc welders. Shielded metal arc welders also
had significant reductions in the ventilatory func-
tions MEF and FVC. A significant reduction of lung
diffusion capacity for CO and in the lung diffusion

coefficient was observed among gas metal arc weld-
ers at one factory.

At this same plant, welders who worked in con-
fined spaces had lower maximal expiratory flow at
twenty five percent vital capacity than did welders
who worked in well ventilated areas. Radiological
abnormalities were more frequent in welders who
worked in confined spaces, and also in shielded metal
arc welders. As expected, tobacco smoking had a
marked adverse effect on respiratory symptoms and
lung function in all workers (welders and non-
welding controls). Smoking apparently interacted
with welding emissions since CO lung transfer was
more impaired in smoking welders than in smoking
controls.

In summary, the effects of welding exposures on
lung function and chest X-rays differed among the
plants studied, and greater changes were observed in
the lung diffusion capacities for CO than in spirome-
tric measures of lung volumes. Because radiographic
and lung function abnormalities were observed
among the welders in this epidemiologic study, Mur
et al. (Ref. 105) concluded that industrial hygiene
measures at welding workshops should be enforced
and chest X-rays and CO transfer tests should be
used to monitor the respiratory state of welders.

Schneider (Ref. 137) compared the pulmonary sta-
tus of 433 welders and 421 nonwelders who worked
at the same factory. SMAW and CO2-shielded
GMAW were used. Breathing zone dust levels were
under 10 mg/m3 in eighty eight percent of the weld-
ing areas. Chest X-rays indicated that twenty five
percent of the gas metal arc welders had siderosis
(iron deposits in the lung) which he concluded was a
benign disease. Bronchitis was more frequent in
welders, and a synergistic effect between smoking
and welding was apparent. A reduction in FEV was
noted among welders and appeared to be related to
the duration of welding exposure.

Schellhas (Ref. 136) examined the health status of
sixteen grinders and seventeen stainless steel welders
performing argon-shielded GTAW using filler mate-
rials containing nine percent nickel and nineteen per-
cent chromium. Urinary chromium and nickel con-
centrations were equal to or less than that of a
nonexposed population and were substantially lower
than maximum acceptable values. Breathing zone
levels of chromium and nickel were also well below
permissible levels. Pulmonary function test results
were normal, and no health effects were attributable
to chromium or nickel exposure in any of the work-
ers. These results were attributed to the excellent
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local exhaust and general ventilation at the plant
studied.

In 1982, Zober reported that gas tungsten arc weld-
ers had a notably lower incidence of respiratory tract
abnormalities than welders who used other tech-
niques. This was presumably related to the low con-
centrations of fumes produced by GTAW (Ref.
167).

A follow-up study by Zober et al. (Ref. 171) exam-
ined a group of ten welders with an average welding
experience of twenty years. Of the metal welded by
these workers, seventy percent was stainless steel con-
taining eighteen percent chromium and ten percent
nickel. Exposures to welding emissions tended to be
low. The average breathing zone concentration of
total solids was 2.7 mg/m3, while that of nickel was
2.3 ug/m3, and the value for chromium was 9.8 ug/
m3. Hexavalent chromium, in concentrations of 0.1
and 0.3 ug/m3 respectively, was only detected in
breathing zone samples collected from two welders.
The mean concentrations of chromium and nickel in
all urine samples were well within normal limits.
Nickel and chromium levels did not change during
the work shift.

Chronic bronchitis occurred only among heavy
smokers. Examination of the upper respiratory tract
indicated no work-related inflammation or lesions.
Lung function tests and chest sounds were normal.
Shadows and irregularities were seen in chest X-rays
of five of the welders. Three of these cases were per-
sons who, previous to this study, had worked exten-
sively with welding methods that generate considera-
bly more fumes than GTAW. Zober et al. concluded
that no clinical or medical findings could be related
to GTAW of stainless steel.

In another study, Zober and Weltle (Ref. 172)
examined respiratory effects of arc welding among
305 welders from twelve different companies who
had an average of twenty one years experience with
SMAW and GMAW of mild and stainless steel.
Breathing zone concentrations were measured in
seven of the twelve plants. Airborne levels of total
dust, nickel, zinc, lead, manganese, copper, and
chromium, but not ozone, nitrogen oxides, or hydro-
gen fluoride, had occasional excursions above
acceptable limits, especially in confined spaces.
Acceptable urine levels of chromium, nickel and cad-
mium were exceeded in seventy six percent, forty
seven percent, and ten percent, respectively, of the
samples.

An excess of bronchitis was related to smoking
rather than welding, and there was no excess of pneu-
monia among welders. FVC and FEV! were signifi-

cantly lower in welders than controls. The most
notable changes in pulmonary function were
observed in non-smoking welders above forty three
years of age, which correlated with the duration of
welding experience. The filler metal, welding proce-
dure and work in confined spaces did not influence
the results of pulmonary function tests. Small round
opacities characteristic of siderosis were twenty seven
percent more frequent in chest X-rays of welders
than in controls. The incidence of these opacities was
greatest in CO2-shielded gas metal arc welders and
was lowest in gas tungsten arc welders. There was no
relationship between pulmonary f ibrosis and welding
or changes in pulmonary function and the incidence
of shadows in chest X-rays.

Barnhart et al. (Ref. 15) compared respiratory
symptoms between 113 welding fume-exposed pipe
fitters and 86 refrigeration mechanics with minimal-
to-no history of exposure to welding fumes. Despite
being younger and having worked fewer years in the
trade, pipefitters had a significantly greater preva-
lence of chronic bronchitis than did the refrigeration
mechanics. Differences in pulmonary function (FVC
and FEV,) were not observed except after inhalation
challenges with isoetharine mesylate, a bronchodila-
tor. The investigators suggested that this change in
bronchodilator responsiveness indicates that welders
may have an increased risk for bronchial
hyperreactivity.

Radiographic chest lesions were studied in welders
from the Dalian shipyard in China (Ref. 88). In 1960,
chest X-ray revealed signs of pneumoconiosis in 28.5
percent of 400 welders. Of these, 204 persons who
had worked in the shipyard for at least seven years
were selected for follow-up study over the next
twenty two years. During this time, three died; two
from complications of extensive pneumoconiosis and
the third from lung cancer. The number of cases of
pneumoconiosis increased from fifty observed in
1960 to ninety at the conclusion of the study. Ten
participants with pneumoconiosis were removed
from dust exposure within three years after the study
began. With time, the disease progressed from Stage
II to Stage III in three of these persons. The FEV was
significantly lower in persons with pneumoconiosis
whereas there was no difference in the vital capacity
or the maximum voluntary ventilation.

Lung function, clinical symptoms and chest X-rays
were examined at five-year-intervals for twenty years
in a group of 216 shipyard welders (Ref. 85). At the
end of the twenty-year study period, 55 welders
remained in the study population. Work conditions
were less than standard, and dust concentrations
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between 20 and 95 mg/m3 were measured at various
times during the study. Chronic bronchitis was diag-
nosed in forty to sixty one percent of welders
throughout the course of the study. However the
number of welders who smoked (forty four to sev-
enty five percent) was also very high.

Pneumoconiosis developed early in the career of
welders, but tended to be minimal and without con-
current abnormalities in lung function. After fifteen
years of exposure, thirty three of seventy six had
signs of pneumoconiosis. During the next five years,
radiologic lesions progressed in seven welders (twenty
one percent) and regressed in thirteen (thirty nine
percent). Total regression was seen in a small number
of welders. Of lung function tests performed in 1976,
FEV] was significantly lower, but functional residual
capacity and total resistance were normal. The
authors concluded that the most serious lung changes
observed in this welding population was bronchitis.
However, the influence of smoking on the develop-
ment of bronchitis cannot be excluded since seventy
five percent of the study population were smokers
during the first decade of the study.

Reichel (Refs. 130 and 132) surveyed the health
status of the respiratory tract in 166 welders
employed at three steel engineering plants. No statis-
tically significant differences in the prevalence of
cough or pulmonary function were seen between
welders and controls. X-rays revealed minimal
changes that could not be positively characterized as
pneumoconiosis. These changes were seen in all study
participants, but radio-opaque shadows were more
frequent in welders than in controls. Welders who
were heavy smokers had the greatest increase in the
frequency of lung opacities. No signs of massive
fibrosis or progressive pulmonary fibrosis were seen
in either group. Based on this investigation as well as
a literature survey (Ref. 131), Reichel concluded that
the fibrosis associated with the small X-ray opacities
seen in arc welders lungs do not cause changes in the
function or integrity of the lung and therefore should
not be considered to be a disease condition.

Stanulla and Liebetrau (Ref. 144) examined lung
biopsy material from thirty six welders who had been
referred to a heart and lung clinic in East Germany.
Mild dyspnea and chronic bronchitis were found in
seventy one percent and fifty two percent of the
patients, respectively. Small opacities with slight
fibrosis were evident in chest X-rays of twenty eight
and extensive fibrosis was detected in four individ-
uals. The extent of siderosis and fibrosis did not cor-
relate with years of exposure. Because there were
only minimal changes in lung function and clinical

lung symptoms, these investigators concluded that
the observed "siderofibrosis" characteristic of arc
welders lungs cannot be considered to be a disease
state.

To assure that epidemiologic studies of occupa-
tional groups are unbiased, persons forced to leave
the working population as advanced age or decreased
health status develops must be considered. A Japa-
nese study of lung function among dust-exposed
workers demonstrated that workers remaining in the
area of exposure are typical healthy survivors or per-
sons whose disease state has not progressed to the
point where it is disabling (Refs. 66 and 44). An
intensive effort is necessary to trace dust-exposed
workers who are no longer on the job to obtain vital
statistics about the entire workforce. Thus, in epide-
miologic studies of welders, a lack of correlation
between age and abnormalities in lung function may,
in part, reflect the disappearance from the work
force of diseased or older workers, or both.

In a study of 486,000 male death records of nine
occupations in the State of Washington (see below),
Milham reported excess mortality from bronchitis
with emphysema (fourteen deaths observed, six
expected) and chronic interstitial pneumonia (nine
deaths observed, five expected) among welders (Ref.
92).

In summary, half of the twelve studies cited above
in which pulmonary function was examined, found
no significant abnormalities in the results of these
tests (Refs. 85, 130, 136, 139, 142, and 171). Mao
(Ref. 88) reported an association between pneumoco-
niosis and abnormal pulmonary function tests, but a
negative correlation was found by three other investi-
gators (Refs. 85, 142 and 172). In two studies (Refs.
139 and 135), the absence of effects on pulmonary
function among welders was attributed to good venti-
lation in the work area. A third study (Ref. 171)
attributed the overall good health status and lack of
pulmonary function abnormalties to the use of
GTAW which generates little fume compared with
most other commonly used welding methods. Mur et
al. (Refs. 105 and 106) found that shielded metal arc
welders had significant reductions in pulmonary
function compared with gas metal arc welders. In
addition, in one plant, welders who worked in con-
fined space had reduced lung function compared
with those in well ventilated areas. Although the
results are not consistent among studies, this research
suggests that welding may affect some parameters of
pulmonary function, and that fume emission rates
and ventilation in the work area are influential
factors.
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Bronchitis was found in welders in nine studies.
Zober et al. (Refs. 171 and 172) attributed bronchi-
tis exclusively to tobacco use. A substantially ele-
vated frequency of bronchitis among welders was
also found by Mal'ik et al. (Ref. 85). However, no
attempt was made to account for the high rate of
tobacco use among the welding cohort. A syner-
gism between smoking and welding in the induc-
tion of bronchitis was suggested by Schneider (Ref.
137) which is consistent with previous reports (see
past volumes of the Effects of Welding on Health).
Mur et al. (Ref. 105 and 106) observed bronchitis
more frequently in shielded metal arc welders than
in gas metal arc welders, which implies that bron-
chitis may be related to the extent of exposure.
Whether or not welding alone produces bronchitis
remains unclear.

8. Alveolar Macrophages
Macrophages increase in number in the lungs in

response to inhalation of irritant gases or particu-
lates. Gullvag et al. (Ref. 55) examined sputum sam-
ples collected from aluminum plant workers and
found that the numbers of macrophages present in
the samples were related both to occupational expo-
sures and smoking.

Bariffi (Ref. 13) obtained alveolar macrophages by
bronchiolar lavage from persons with pneumoco-
niosis caused by exposure to asbestos, silica and
welding fumes. The paniculate content of macro-
phages reflected the occupational exposure of the
subject from whom they were obtained. He con-
cluded that the presence of specific minerals in mac-
rophages in bronchiolar lavage fluids can be used to
confirm diagnosis of dust-related pneumoconiosis as
indicated by X-rays, pulmonary function tests, and
clinical examination.

9. Cancer
Whether or not welders have an increased risk for

lung cancer remains uncertain. Results of cancer epi-
demiology studies of welders have been inconsistent,
but several suggested the incidence of lung cancer
may be elevated. Potential human carcinogens, in the
form of nickel and hexavalent chromium, may be
present in significant quantities in stainless steel
welding fumes. Past studies have neither refuted nor
supported the hypothesis that the lung cancer risk is
elevated in stainless steel welders (Ref. 145). In this
regard, it has been strongly suggested (Ref. 80) that

available research funds be focused on the popula-
tion of welders (e.g. welders of stainless steel and
nickel plated mild steel) who, on the basis of current
knowledge, might have the greatest risk for develop-
ing lung cancer.

In 1977, NIOSH (Ref. 113) concluded that, even
though the evidence was limited, all inorganic nickel
compounds should be considered to be carcinogens.
However, they indicated that the recommended stan-
dards would be considered for revision should future
studies demonstrate that some nickel compounds are
not carcinogenic. In light of this, Mastromatteo (Ref.
90) reviewed the epidemiologic studies of nickel pub-
lished since 1977. He found that studies of nickel
exposures in welders were confounded by exposures
to other potential carcinogens, such as hexavalent
chromium or asbestos. Mastromatteo concluded that
there is insufficient evidence to consider nickel to be
a cause of respiratory cancer in nickel welders. In
addition, he found that studies of nickel exposures
among workers in the nickel-producing and nickel-
using industries showed no clear association between
respiratory cancer and exposure to nickel.

Stokinger (Ref. 147) reviewed published epidemio-
logic and animal studies of the carcinogenicity of
iron oxide (including hematiate (Fe2O3), magnetite
(Fe3O4), and the gamma form of ferric oxide
(Fe2O4). Investigations which indicated an associa-
tion between cancer and iron oxide in welding fumes
did not take concurrent exposures, such as radiation,
asbestos, and smoking, into consideration. In light of
more recent epidemiologic and animal studies, in
which exposures to iron dusts and fumes did not
cause cancer, he concluded that iron oxides are not
carcinogenic.

Langard and Stern (Ref. 80) reviewed twenty one
cancer epidemiology studies of welders published in
the international literature before 1984. Only five of
these studies showed a significantly elevated cancer
risk among welders, and only one examined a cohort
of stainless steel welders. They stressed, as did Zober
in an earlier critique (Ref. 169), that the variations in
the design of epidemiology studies and insufficient
background information (e.g, data on tobacco smok-
ing or asbestos exposure) make it difficult to com-
pare data between studies. To enable inter-study
comparisons, they reemphasized earlier recommen-
dations that a standard protocol, to be uniformly
applied to studies of welders, be developed by a cen-
tral scientific body.

Two epidemiologic studies of nickel- and
chromium-exposed welders were published in 1985.
Gerin et al. (Ref. 45) used the case-referent approach
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to examine the relationship between lung cancer and
nickel exposure. This approach allows data to be
obtained directly from participants in the study and
eliminates the bias and misinformation which may be
interjected when data about deceased persons is
obtained from third parties. Interviews were con-
ducted with all living male cancer patients who could
be identified throughout the city of Montreal. A total
of 246 lung cancer cases were found among the 1343
cancer patients participating in the study. Of these,
29 had been exposed to nickel. Persons with nickel
exposure exhibited a threefold increase in lung can-
cer, while there was no statistically significant associ-
ation between nickel exposure and the risk of cancer
development in other organs.

The group with the lowest nickel exposure had a
lower risk for developing lung cancer than did those
with medium or high exposures. There were no dif-
ferences in the lung cancer risk associated with nickel
dust, nickel fumes, or stainless steel dust. Of the
occupations with nickel exposure, welding had the
most "remarkable association" with lung cancer.
However, an elevated lung cancer risk was also found
among workers in other nickel-exposed occupations.
Welders without nickel exposure had little or no
increased lung cancer risk.

The association between nickel exposure and lung
cancer could not be successfully investigated in this
study because all of the twenty nine lung cancer cases
associated with nickel exposure also had chromium
exposure. When the cancer site and incidence was
analyzed with regard to chromium exposure, the
results were similar to nickel exposure, though the
risk was somewhat lower. Gerin et al. acknowledged
that the observed association between lung cancer
and nickel could equally have been due to chromium
or to both chromium and nickel. Although the objec-
tive to separate nickel from other exposures was not
achieved, this study represents an important contri-
bution to the analysis of risk associated with com-
bined exposures to nickel and chromium.

A retrospective epidemiologic study of the cancer
risk from exposure to nickel and chromium in weld-
ers was conducted by Becker et al. (Ref. 18). The
study group consisted of 1221 welders employed in
twenty five German factories whose cancer rates were
compared with those of 1694 machinists who worked
in the same factories as well as with the general male
population in the Federal Republic of Germany.
Mortality statistics were collected from death certifi-
cates. Seventy seven welders and 163 machinists died
during the study period. The cancer mortality rate
was significantly increased in welders. Two mesothe-

liomas occurred in the welding group, but none was
found in the machinists. The total number of deaths
available for analysis at the time of this report was
too small to allow statistical evaluation of the inci-
dence of cancer in specific organs.

Milham (Ref. 92) examined the number of deaths
from cancer among the death records of 486,000
adult men filed in the State of Washington between
1950 and 1982. Welders were among nine occupa-
tions included in the study. No significant increases
in cancer were observed among welders.

Newhouse et al. (Ref. 110) calculated mortality
rates of 1027 welders, 235 caulkers, 557 platers and
1670 electricians who worked in a British shipyard
between 1940 and 1968. About fifteen percent had
died by the end of the study period. The number of
deaths from all causes was slightly, but significantly,
higher than that expected for the welders. There were
thirteen deaths from mesotheliomas; nine among
electricians, two among platers, and one each among
caulkers and welders. Welders and caulkers experi-
enced a nonsignificant increase in mortality from
pneumonia and lung cancer. When the rates for the
welders and caulkers were combined, the increase in
deaths from lung cancer became statistically
significant.

Esnault et al. (Ref. 38) examined the mortality and
causes of death among 100 welders who worked at a
French shipyard for a period of sixteen years. Venti-
lation was poor during much of this time. Twenty
welders died during the study period compared with
thirty eight expected deaths. An excess of deaths
from hepatic cirrhosis, prostate cancer, and cancer of
the larynx were observed, but the differences were
not statistically significant. The standard mortality
ratio (calculated by comparing the number of actual
deaths from specific causes with those expected on
the basis of death rates in sex- and age-matched con-
trols) for lung cancer was 0.8.

Spacilova and Hykes (Ref. 142) noted that of
eleven deceased welders who had been hospitalized at
the Clinic for Occupational Diseases in Prague, four
died from lung cancer and three from cancer of other
organs. The eleven deceased welders were part of a
total group of eighty seven welders who were treated
at this clinic. Although the authors recognized that
these numbers were too small to be conclusive, they
contended that these cases might lend support to the
hypothesis that welders have an increased risk for
lung cancer. However, the presumed association
between lung cancer and welding is rather weak since
all four welders who died from lung cancer were
habitual cigarette smokers.
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Exposures incidental to the welding process may
increase the welder's risk of developing cancer. The
now classic example of this is the development of
lung cancer and mesothelioma in asbestos-exposed
shipyard welders. A possible combined effect of
exposure to tars and welding emissions was investi-
gated by the United Automobile Workers Union in
their epidemiologic investigation of the cause of
death of ninety one millwrights and welders
employed between 1966 and 1982 in a metal stamp-
ing plant (Ref. 138). The work area was poorly ven-
tilated during the time of the study period. The
floor in the plant consisted of wood blocks set in
and protected with coal tar. Millwrights were
exposed to tars and vapors while laying the floor
tar. Both millwrights and maintenance welders were
exposed to emissions produced while welding or
flame cutting floor-bolts.

The twenty two observed cancer deaths were
nearly twice the 14.82 expected (PMR = 189). Two-
to-fivefold excesses in the number of deaths from
cancer of the lung, digestive organs, testes, and leu-
kemia accounted for most of the excess cancer cases
among the millwrights and welders. Ambient air
measurements showed an excessive exposure to car-
cinogenic polycyclic aromatic hydrocarbons, which
most likely derived from the coal tar used on the
floors. The investigators concluded that the excess
cancer deaths may have been related to the airborne
polycyclic aromatic hydrocarbons as well as to
welding emissions.

Of the six cancer studies discussed above, three
showed a significant excess of cancer in welders.
Silverstein et al. (Ref. 138) found an excess of cancer
of the lung, digestive organs, testes, and leukemia in
persons exposed to welding fumes and polycyclic aro-
matic hydrocarbons. A significant excess of lung can-
cer in welders exposed to nickel and chromium was
found by Gerin, (Ref. 54) and an increase in the over-
all cancer rate in stainless steel welders was demon-
strated by Becker et al. (Ref. 18).

Mortality studies performed by Milham (Ref. 92),
Newhouse (Ref. 110), and Esnault (Ref. 38) did not
indicate an elevated cancer rate among welders. The
latter studies investigated death rates of welders as a
group and did not separate out cases on the basis of
specific fume components. Although none of these
studies allow the firm conclusion that welding fumes
are carcinogenic, they do support the premise of
Langard and Stern (Ref. 80) that epidemiologic stud-
ies should focus on populations of welders exposed
to fumes containing known or suspected carcinogenic
components.

10. Metal Fume Fever

Metal fume fever, a common occupational illness
among welders, is caused by inhalation of metal
oxides including zinc, copper, aluminum, antimony,
iron, manganese, nickel, and cadmium. Fever, chills,
general malaise, joint pains, cough, sore throat, chest
tightness, and fatigue usually appear four to twelve
hours following exposure and last from one to two
days. Symptoms may reappear after several days
away from work; hence, workers frequently refer to
it as "Monday fever". Diagnosis of metal fume fever
is sometimes difficult because the symptoms resem-
ble those of a number of upper respiratory tract
illnesses.

The early symptoms of acute exposure to cadmium
fumes may resemble metal fume fever, but the clini-
cal course of the disease can differ markedly. Severe
cadmium poisoning can cause chemical pneumonitis
with extreme breathing difficulties, cough, wheezing,
abdominal pain, and headache. Kidney failure, pul-
monary edema, and respiratory failure may develop
in cases of severe poisoning. Chronic exposure to
cadmium may cause emphysema, pulmonary fibro-
sis, renal insufficiency, and possibly cancer.

Because of the similarities between metal fume
fever and the initial stages of acute cadmium poison-
ing, Barnhart and Rosenstock (Ref. 14) stressed that
possible exposure to cadmium fumes should be con-
sidered whenever patients show symptoms of metal
fume fever. They reported the case of a welder who,
after working with silver solder in an enclosed area
for one hour, developed shortness of breath, cough,
fever, and muscle pain. He was diagnosed as having
metal fume fever although the cough and shortness
of breath persisted for four weeks. Because of the
potential seriousness of cadmium poisoning, the
authors concluded that the "diagnosis of chemical
pneumonitis secondary to cadmium fume exposure
should be suspected in any patient complaining of
shortness of breath following exposure to metal
fumes."

The pathogenesis of metal fume fever is poorly
understood. An immune reaction to metals, resulting
in inflammation of respiratory tract tissue and
release of histamine or histamine-like substances, is
the most widely accepted theory concerning the etiol-
ogy of this malady (Ref. 104). Pantucek (Refs. 124
and 125) attempted to explore mechanisms of metal
fume fever by measuring body temperature following
exposure to zinc oxide through spot welding and
open flame welding of galvanized steel, and galvaniz-
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ing small objects in an open zinc bath. Fever was not
produced by exposure to any of these processes.
However, zinc levels in urine or serum were not ele-
vated in any of the workers. Thus, in this investiga-
tion, the zinc levels to which workers were exposed
may have been too low to adequately test whether
zinc oxide fumes can produce elevations of body tem-
perature in the absence of other symptoms of metal
fume fever.

11. Effects on the Ear and Hearing
Most forms of welding, and particularly plasma

arc cutting, can generate noise in excess of permissi-
ble levels. Welders may suffer hearing loss as a result
of exposure to high noise levels generated by welding
and by other operations carried out in their vicinity.

Studies of the effects of occupational noise per-
formed under the auspices of the Academy of Fin-
land indicate that impulse noise may be more harm-
ful than continuous noise. As part of this project,
Mantysalo and Vuori (Ref. 87) compared hearing
thresholds (minimum detectable sound levels) in
shipyard workers exposed to impulse noise and in
workers from a cable factory exposed to continuous
steady state noise.

In this study, damage to hearing occurred after
shorter exposures to impulse noise than to continu-
ous noise. Exposure to impulse noise for three to
four years produced effects similar to those resulting
from exposure to an equivalent level of continuous
noise for five years. The frequencies most sensitive to
impulse noise were between 4000 and 6000 Hz. The
longer the duration of exposure to impulse noise, the
wider the range of frequencies which showed raised
thresholds. Because of the differences in effects on
hearing, the investigators noted that hearing protec-
tors may require different qualities for protection
against impulse noise than for continuous noise.

12. Effects on the Eye and Vision
Arc welding generates electromagnetic radiation in

the infrared (IR), visible and ultraviolet (UV) range,
all of which can affect the eye. Short intense expo-
sure to visible and near IR radiation may injure the
retina. Infrared radiation of longer wavelengths may
cause thermal damage to the cornea and aqueous
humor and has also been associated with the develop-
ment of lenticular cataracts. Short-wave UV light
(270 to 290 nm) is absorbed by the outer layers of the
cornea and can cause photokeratitis (arc eye, welder's

flash, photophthalmia); long-wave UV light reaches
the inner layer of the cornea and the lens. Possible
effects of UV light on the corneal endothelium (Ref.
72) and the lens (Ref. 84) are discussed below.

Photokeratitis, a marked inflammation of the cor-
nea, is the most common eye problem encountered
by welders. The symptoms, which include blurred
vision, tearing, acute pain, and headache, may last
up to two days and usually have no sequelae. The
symptoms of photokeratitis are preceded by a latent
period of four to five hours during which time there
is no pain. To investigate reasons for the lack of
symptoms during this characteristic, long latent
period, Millodot and Earlam (Ref. 93) measured the
sensitivity of the cornea to touch during the first five
hours after exposure. Seven volunteers were sub-
jected to the arc from a portable electric-arc welding
set. One eye was kept closed during the three second
exposure and served as a control.

The corneal touch threshold (CTT-the lowest
pressure on the eye that can be felt by the subject)
increased an average of seventy three percent in the
exposed eye. It peaked at 1.75 hours and returned to
normal by 4.25 hours after exposure (Figure 4). The
period of diminished sensitivity corresponded to the
latent period between exposure to UV radiation and
appearance of symptoms of photokeratitis. The
authors postulated that this reduced sensitivity is
responsible for the lack of symptoms during the first
few hours after exposure to the welding arc. An alter-
native explanation is that the altered sensitivity to
pain is part of a series of complex biochemical and
physiological responses to UV exposure which even-
tually lead to the appearance of symptoms of
photokeratitis.

Prolonged exposure to reflected sunlight at high
altitudes can cause photokeratitis. Blumthaler et al.
(Ref. 23) calculated that the total dose of reflected
sunlight required to produce photokeratitis is sub-
stantially higher than that from the electric welding
arc. He reasoned that the threshold dose depends on
the intensity of the radiation and increases with
decreasing intensity. With a less intense UV light
source, such as reflected sunlight, repair processes
may have more time to operate, providing some mea-
sure of protection during exposure.

Among other eye lesions thought to be caused by
ultraviolet radiation are pterygia, membranous
growths which extend across the outer eye from the
conjunctiva to the cornea. To determine if this lesion
can be caused by exposure to the welding arc, Karai
and Horiguchi (Ref. 71) studied the incidence of
pterygia in welders. Slit lamp examinations of the
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conjunctiva and corneas of 191 welders from three
Japanese factories were compared to 214 nonwelders
who worked in the same plants. Pterygia were found
in 17 welders and only one worker from the control
group (p<0.001). In addition, there was a significant
relationship between the duration of employment as
a welder and the incidence of the lesion. Karai and
Horiguchi concluded that there is a significant rela-
tionship between the incidence of pterygia and expo-
sure to UV radiation in welders.

The corneal endothelium is a monolayer of multi-
sided cells covering the posterior surface of the cor-
nea. The activity of these cells is essential to mainte-
nance of the thickness of the cornea. With age, the
cells enlarge and become more multi-sided, while
there is a decrease in the total cell number. These
changes with age have no known effects on corneal
function.

The possible role of UV light on these cellular
alterations in the corneal endothelium was examined

by Karai et al. (Ref. 72) in 118 welders and 85 non-
welders. There were no differences in mean cell size
between the two groups, and the only significant dif-
ference was a decrease in the number of hexagonal
cells in the welding population. Although Karai con-
cluded that UV light is involved in the aging of the
endothelium, the data did not indicate that welding
has deleterious effects on the function of the corneal
endothelium.

The relationship between short-wave IR radiation
and cataract formation was investigated by Lydahl et
al. (Ref. 84) who examined the eyes of 208 IR-
exposed workers from six iron and steel manufactur-
ing plants. An increased prevalence of wedge-shaped
lenticular opacities, considered to be senile cataracts,
was found in the lenses of IR-exposed workers over
fifty nine years old as compared to age-matched con-
trols. Lydahl concluded that exposure to IR radiation
may accelerate changes in the lens that normally
occur with aging.
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Conflicting results were obtained by Dvorak et al.
(Ref. 34) who examined the eyes of thirty eight
shielded metal arc welders to investigate whether
welding exposures cause chronic or permanent dam-
age to the eye. No permanent deterioration of the
lens specifically attributable to welding was found.

The effect of welding on the function of the retina
was examined by Dobromyslov et al. (Ref. 31) using
the photo-stress test. This method measures the time
required to restore visual acuity following illumina-
tion of the retina. After visual acuity was measured
under normal conditions, one eye was illuminated
with an electro-ophthalmoscope for thirty seconds.
The time required for restoration of initial visual acu-
ity (TRIVA) was measured separately in each eye of
persons with over ten years welding experience and in
controls. The welders in this study used either argon-
shielded GTAW or CO2-shielded GMAW of stainless
steel. The TRIVA was longer in welders than in con-
trols (Table 5). This difference was greatest in
GMAW welders thirty one to forty years of age. With
the exception of a small decrease in the field of
peripheral vision, no other welding-related eye
abnormalities were observed.

A glare test, similar to the photo-stress test used by
Dobromyslov, was included among other vision tests
administered by Gos et al. (Refs. 51 and 52) to sev-
enty four welders and forty office employees from a
plant in Poland. No significant differences in stereo-
scopic vision or in the TRIVA were observed between
welders and controls. Differences in the results of the
glare tests obtained by Dobromyslov and Gos et al.
are not explainable with the available data. Gos et al.
did not address the types of welding methods used by
their subjects. Hence, it is possible that differences in

Table 5
Effect on Welding on Time Required for

Restoration of Initial Visual Acuity (Triva)
Following Exposure to Light

Subject

Control

Welders
GTAW
GMAW
GMAW

Number
Persons

34
NG
NG

22
8

32

Age
(Years)

26-40
26-30
31-40

31-40
26-30
31-40

TRIVA
(Seconds)

67.6 ± 1.09
67.4 ± 1.14
68.4 ± 1.05

75.6 ± 7.44
76.9 ± 4.6

100.8 ± 4.47

NG — data not given
Data from Dobromyslov et al., Ref. 31

results may be related to the different radiation spec-
tra produced by different welding procedures.

Gos et al. (Ref. 52) observed a statistically signifi-
cant increase in the ability of welders to differentiate
shapes at minimum illumination. The investigators
surmised that the welders' superior performance in
the latter test may have resulted from their continual
adaptation to rapid changes of illumination during
welding. Degenerative changes in the retina and
symptoms of conjunctivitis were found more fre-
quently in welders than in controls.

During the last fifteen years, there have been sev-
eral reports in the popular press of accidents resulting
from persons wearing contact lenses while welding.
Presumably, the radiation emitted by the electric arc
caused the lacrimal film covering the surface of the
eye to evaporate resulting in adhesion of the cornea
to the contact lens and loss of vision. Considering
physical principles involving the radiant spectra gen-
erated by the electric welding arc, the behavior of
electromagnetic radiation, and the absorption of
electromagnetic radiation by water, biological tissues
and synthetic materials, Preusz and Geyer (Ref. 128)
demonstrated that sufficient radiation could not
physically reach the eye from the electric arc to cause
this effect. They concluded that the dangers of radia-
tion to the eye are the same for persons who wear
contact lenses as for those who do not.

13. Skin

Skin lesions experienced by welders include allergic
dermatitis, resulting from exposures to materials
such as chromium compounds, and ultraviolet-
induced erythema (sunburn). Burns can result from
flying sparks, and less frequently from molten slag or
contact with open flame. Eun et al. (Ref. 39)
reported that 8.8% of 4325 industrial workers exam-
ined in South Korea in 1981 had signs of skin burns.
Most of the skin burns observed among welders were
first or second degree burns and few required
hospitalization.

14. Sensitivity to Fume
Components

Allergic contact sensitivity to chromium among
welders is well documented. In 1985, four cases of
allergic dermatitis were reported by Morris et al.
(Ref. 102). Four stainless steel welders developed
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skin lesions and other symptoms following a period
of frequent and intensive use of high-chromium
welding rods. They developed itchy rashes on the
ankles, hands and forearms, severely fissured lip
lesions, bloody nasal discharge, muscle and joint
pain, and inflammation of the esophagus. Plasma
and urinary chromium were elevated at the time of
the initial examination. The chromium levels
returned to normal and clinical symptoms improved
after they stopped using high-chromium electrodes.
Plasma and urinary chromium were normal in a
fifth, asymptomatic welder who had used high-
chromium electrodes for six years.

15. Effects on the Cardiovascular
System

The use of respirators can place physiological and
psychological strain on the worker. The most impor-
tant factors that contribute to this are the weight of
the apparatus and the inspiratory or expiratory
breathing resistance, or both. Louhevaara et al. (Ref.
82) investigated the burden imposed by the regular
use of respirators on the cardiovascular and respira-
tory systems. The effects of industrial respirators on
the heart rate, oxygen consumption and ventilation
rate of twenty one workers were measured. Filtering
devices, air-line (supplied-air) devices, and self-
contained breathing apparatuses were studied. Of
these, the filtering devices used by welders and other
workers caused hypoventilation, retention of carbon
dioxide, and elevated heart rates. Supplied-air
devices had smaller effects on heart rate and gas
exchange and hence were recommended for use in
preference to air filtering devices. The investigators
further recommended that the continuous use of res-
pirators be limited to the shortest periods possible
(less than thirty minutes) and that proper rest pauses
be taken.

16. Effects on the Nervous System

Anatovskaya (Ref. 7) surveyed the neurological
status of 180 persons suffering from chronic bronchi-
tis (54 welders, 92 foundry workers, and 34 grinders)
at an occupational health clinic in Russia. Similar
neurological symptoms were seen among the three
occupational groups. These included weakness,
exhaustion, fatigue, apathy, headache, dizziness,
imbalance, numbness or pain in the extremities, irri-

tability and memory loss. The degree and frequency
of nervous system changes increased with the severity
of the pulmonary insufficiency and were thought to
have resulted from inadequate oxygen supply to the
brain.

17. Effects on the Musculoskeletal
System

Muscular strain in industrial work can cause a vari-
ety of pathologic processes and work disability. The
underlying pathophysiology of chronic shoulder pain
is poorly understood. In 1984, Herberts et al. (Ref.
60) published a study of the prevalence of shoulder
pain in shipyard platers and welders which was
largely a recapitulation of material published in 1981
(Ref. 59). Briefly, their working hypothesis was that
specific working postures induce heavy shoulder
muscle load which increased the risk for sustaining
chronic shoulder pain and disability. They found that
shoulder pain, or more specifically supraspinatus
tendonitis, was significantly more prevalent in weld-
ers and platers than in office workers. Supraspinatus
tendonitis was equally common in the welders and
platers but it appeared at an earlier age in welders.
The most important difference between the two occu-
pations is that welding can be characterized as almost
exclusively static whereas more dynamic movements
are used by platers. Thus, static work may entail a
higher risk for chronic shoulder pain. Stone (Ref.
148) also reported that the most common repetitive
strain injury among welders is caused by static load
strain.

18. Effects on the Urogenital Tract

Chronic low-level exposure to cadmium fumes can
lead to kidney damage which is first manifested by
urinary excretion of low molecular weight serum pro-
teins (proteinuria) such as beta-2-microglobulin. The
incidence of proteinuria increases with years of expo-
sure to cadmium. It may be present with little other
evidence of kidney damage. Previous studies and
those described below (Refs. 35 and 36) indicate that
measurement of levels of urinary beta-2-
microglobulin or other low molecular weight proteins
is a useful tool for identifying early adverse health
effects and for prevention of the more serious kidney
damage that can be caused by cadmium exposure.

Chiesura et al. (Ref. 24) examined urine specimens
from sixteen persons in four workshops where braz-
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ing was performed with high-cadmium alloys. Ambi-
ent cadmium levels in the brazing areas ranged from
0.15 to 1.16 mg/m3. Blood and urine cadmium levels
were related to the duration and severity of exposure.
Urinary beta-2-microglobulin was high in two of the
workers while other proteins, also indicative of tubu-
lar dysfunction, were found in urine samples from
other workers. One case of nephropathy was attrib-
uted to cadmium exposure (Ref. 159).

Elinder et al. (Refs. 35 and 36) characterized the
cadmium-induced renal effects in sixty workers who
were exposed to cadmium-containing solders for four
to twenty four years at a factory which produced
radiators and heat exchangers. The cumulative dose
received over the entire exposure period was esti-
mated for each participant and ranged from 0.35 to
9.9 mg/m3 per year. Slightly elevated urinary beta-2-
microglobulin levels were seen in forty percent, and
more pronounced levels occurred in twenty three per-
cent, of the participants. Urinary beta-2-
microglobulin levels correlated well with urinary cad-
mium and with the estimated cumulative cadmium
dose. Among cadmium-exposed workers, those with
a history of kidney stones had a significantly higher
urinary cadmium concentration and tended to have
higher levels of urinary beta-2-microglobulin than
those with no history of stones.

Urinary beta-2-microglobulin levels were followed
in nineteen of the workers over an eight year period.
After the first two years, the factory was cleaned up
and renovated. Cadmium was not used during the
remaining six years of the study period. Urinary beta-
2-microglobulin remained elevated in most of the
subjects even six years after exposure had ceased,
suggesting that cadmium-induced proteinuria is of
long duration, if not irreversible.

The exact nature of the kidney dysfunction caused
by cadmium is somewhat controversial. Cadmium
intoxication is generally thought to damage the kid-
ney tubules. However, this has been challenged by
some investigators who observed urinary excretion of
high molecular weight proteins such as albumin,
transferrin, and immunoglobulin (IgG) in persons
with high cadmium exposures. The controversy
revolves around the issue of whether elevations in
high molecular weight proteins reflect an increased
permeability of the glomeruli or a decreased resorp-
tion of high molecular weight proteins through the
kidney tubules.

During normal kidney function, low molecular
weight proteins are filtered through the glomeruli
and resorbed through the tubules. Since only mini-
mal quantities of high molecular weight proteins can

pass through normally functioning glomeruli, an ele-
vation of high molecular weight proteins would indi-
cate glomerular dysfunction. If the glomeruli are
functioning properly, but the tubules are not, then
the low molecular weight proteins would not be
resorbed by the tubules and abnormally high levels of
low molecular weight proteins would appear in the
urine.

Using high resolution cellulose acetate electropho-
resis, Falck et al. (Ref. 40) observed both high and
low molecular weight proteins in urine samples from
seven cadmium-exposed workers. They concluded
that both glomerular and tubular damage can result
from cadmium exposure.

Elinder et al. (Ref. 36) found that urine concentra-
tions of the low molecular weight proteins beta-2-
microglobulin and orosomucoid were substantially
elevated while albumin (a high molecular weight pro-
tein) was only minimally elevated in workers with
high cadmium exposures. Since small amounts of
high molecular weight proteins can normally pass
through the glomerulus, Elinder et al. interpreted this
data to indicate a decrease in tubular resorption
rather than an increased glomerular permeability for
larger proteins. In this way, tubular impairment
could also result in the excretion of larger proteins.
The question of whether only tubular function, or
both tubular and glomerular function, are affected
by cadmium exposure remains unresolved. Because
of the value of urinary proteins in indicating the
extent and type of injury that can result from cad-
mium exposure, this remains an important and active
area of scientific investigation.

19. Effects on the Endocrine
System

Smirnov et al. (Ref. 141) determined urinary levels
of 17-hydroxycorticosteroids (17-OHC), adrenaline
and noradrenalin as a measure of strain and physical
stress. Urine samples were collected over twenty four-
hour periods from healthy males working in the fol-
lowing occupations: university staff; thermal power
station operators; electric welders with generally sat-
isfactory work conditions; electric welders with poor
work conditions; and brick work inspectors. No sig-
nificant differences in total urine production or 17-
OHC levels were observed. Adrenalin and nora-
drenalin levels were significantly higher in power
plant operators and in welders working in poor con-
ditions than in the other occupational groups. The
investigators speculated that these increases were
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related to emotional stress in the former group and to
heavier work loads and less favorable working condi-
tions among the welders. With the exception of
abnormally high levels of adrenalin and noradrenalin
in thermal power station operators and welders
exposed to poor work conditions, the mean levels of
17-OHC, noradrenalin and adrenalin excretion in all
five groups were within physiologically normal
limits.

20. Effects on the Teeth and Oral
Cavity

A survey of Swedish commercial divers indicated
that thirty six of sixty six who performed underwater
electric arc welding experienced a metallic taste in
their mouth, possibly derived from degeneration of
dental amalgams, when working with electrical
equipment under water. This sensation was not expe-
rienced by twenty four divers who did not work with
such equipment (Ref. 122). This effect, as well as an
unusually high replacement rate of dental amalgams,
was noted previously (Ref. 25). Clinical examination
showed that the appearance of dental amalgam resto-
rations in twenty nine divers who performed under-
water welding or cutting during the last two years
differed significantly from those of eleven divers who
had not worked with underwater electrical equipment
during this time period. This difference could not be
related to salivary secretion rate, buffering capacity,
secondary caries, or cultures of S. mutans and Lacto-
bacillus (Ref. 122).

21. Effects of Hyperbaric Pressure

In a report released by the Foundation of Scientific
and Industrial Research at the Norwegian Institute of
Technology, Bjorseth et al. (Refs. 20 and 21) dis-
cussed the need for research on the toxic effects of
gases and fumes at great oceanic depths as underwa-
ter welding becomes more extensive with the growth
of off-shore oil exploration. Divers are used for
installation, welding and maintenance of equipment
at depths greater than 300 meters. Under such high
hydrostatic pressure, the toxic effects of chemicals
may change and the exposures may alter the physio-
logical stress already inherent in deep sea diving.

Previous studies indicated that adverse physiologi-
cal effects may result from exposure to hyperbaric
conditions even in the absence of chemical exposures.
These effects include nervous excitation, and changes
in pulmonary function and CO2 sensitivity. In vitro

studies revealed changes in macromolecular synthe-
sis, enzyme activity, membrane structure and func-
tion, and cell division. How these observations relate
to hyperbaric effects on the intact organism is
unknown.

It is quite possible that the stress already imposed
upon the body by hyperbaric pressure will alter the
toxic effects of chemicals. Studies of a few medica-
tions, anesthetics and breathing gases have shown
that effects seen at normal atmospheric pressures
cannot be extrapolated to hyperbaric conditions.
Such studies are few, and the combined effects of
hyperbaric pressures and exposures to industrial
chemicals have not been studied.

In addition to possible modification of the chemi-
cal toxicity of welding fumes, hyperbaric pressure
may also alter the composition of welding emissions.
Preliminary experiments with helium-shielded
GTAW of mild steel indicated that hyperbaric pres-
sure may cause changes in the chemical composition
and emission rates of welding fumes. The fume gen-
eration rate increased with pressure and was five to
ten times greater at 30 bar helium than at 1 bar
helium. At 30 bar pressure, the ratio of manganese to
iron was reduced and both thorium and tungsten
were detected in fume samples.

Effects of hyperbaric pressure on concentrations
of carbon dioxide, carbon monoxide, ozone and
other gases generated by welding are not known. Fur-
ther research into the fumes and gases produced dur-
ing underwater welding is critical to the development
of safe working conditions in that environment. A
hyperbaric ozone monitor is currently being devel-
oped at the Norwegian Institute of Technology for
research in this area. Currently, analysis of welding
emissions generated within hyperbaric chambers can
only be performed by capturing gases and fumes and
analyzing them outside of the chamber at normo-
baric pressures. Instrumentation should be developed
for enabling analysis of aerosols and gases under
hyperbaric conditions. More studies are needed of
underwater welding emission rates and means for
effective ventilation.

Currently in Norway, chemical exposure guidelines
for normal atmospheric conditions are used for
hyperbaric work. New research into the effects of
exposure to gases and fumes under hyperbaric condi-
tions is necessary for the development of exposure
guidelines appropriate for use in underwater welding.
Bjorseth et al. recommended that investigations be
performed to explore the effects of hyperbaric pres-
sure on lung function, particle deposition, lung clear-
ance, and the organ distribution of chemicals. Meth-
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ods should be developed for toxicity testing under
hyperbaric conditions; in vitro studies of the effects
of high pressure on cell systems should be expanded.

22. Biological Monitoring

22.1 Nickel and Chromium. Many studies have
been performed in which urine or blood levels, or
both, of nickel or chromium were analyzed to deter-
mine their utility for monitoring worker exposure.
Aitio (Ref. 2) reviewed the published literature on
biological monitoring of occupational exposure to
nickel. He concluded that this technique has little
utility for estimating the health risks associated with
nickel exposure.

Several recent studies support Aitio's conclusions.
Akesson and Skerfving (Ref. 4) determined nickel
concentrations in urine samples collected twice
weekly from eleven shielded metal arc welders of
stainless steel. Tests were performed for six succes-
sive weeks during which time the welders were
engaged for an average of 5.8 hours per day in high-
nickel alloy welding. Although the subjects of the
study were seasoned welders of high-nickel alloy
steel, they had not welded nickel-containing alloys
for at least four weeks before the start of the investi-
gation. The average ambient concentration of nickel
in the work area was 0.44 mg/m3 with a range of
0.07 to 1.1 mg/m3 and the airborne concentration of
chromium averaged 0.1 mg/m3.

Figure 5 shows the mean urine nickel levels of the
welders throughout the study period. At the start of
the study, urinary nickel concentrations were signifi-
cantly higher in welders (8.7 ug Ni/1) than in controls
(5.1 ug Ni/1), and there was no correlation between
urinary nickel levels and the number of years experi-
ence welding high-nickel alloy or stainless steel.
Nickel concentrations in urine collected on Monday
mornings increased erratically during the six-week
study period (mean 13 ug/1) and the levels were
slightly, but significantly higher on Thursday after-
noons (mean 18 ug/1). There was no correlation
between ambient and urinary nickel levels. The inves-
tigators concluded that urine nickel levels are of little
use for biological monitoring.

Zober (Refs. 168 and 170) determined levels of
nickel and chromium in the breathing zone and body
fluids of 20 arc welders who worked with filler mate-
rials containing eighteen to twenty percent chromium
and eight to ten percent nickel. Chromium and nickel
were measured in air samples collected for two hours
each day during the work shift for a period of one

week and in urine and plasma collected two or three
times daily for one full week and the following Mon-
day. For the purpose of analysis, welders were
divided into three groups who worked with a) pre-
dominantly GTAW and GMAW with up to 20%
SMAW, (b) occasional GTAW and GMAW with
20-60% SMAW; and (c) 60-100% SMAW.

As expected, exposure to total chromium, hexava-
lent chromium and nickel increased with the propor-
tion of SMAW. Urinary chromium levels tended to
increase during the work shift; average values for the
entire welding group increased progressively from
5.3, to 7.8, to 10.3 ug/g creatinine throughout the
day. A linear relationship existed between exposure
levels and post-shift concentrations in the urine and
plasma for both hexavalent and total chromium
(Table 6). Pre-shift urinary chromium levels
increased throughout the week indicating some accu-
mulation of chromium in the body.

No such patterns could be established for nickel
which varied only slightly in the urine despite sub-
stantial increases in nickel concentrations in the
fume. Median plasma chromium levels in the welders
were approximately ten times higher than the corres-
ponding value for the general population, while
nickel levels were the same among welders and con-
trols. Zober et al. concluded that workplace expo-
sures to chromium, but not to nickel, can be moni-
tored by urine and plasma analysis. Furthermore,
since there is a close correlation between plasma and
urine chromium concentrations, in most circum-
stances it is not necessary to determine plasma chro-
mium levels for biological monitoring.

In his review of biological monitoring of nickel
exposure, Aitio (Ref. 2) cited two reports which indi-
cated that measurements of chromosomal aberration
and sister chromatid exchange rates do not reflect
exposure levels in nickel workers. However, one of
these studies (Ref. 162) did show an increase in the
number of chromosome gaps in nickel-exposed
workers. Although, according to Aitio, the signifi-
cance of such gaps is doubtful and their importance
is not clearly understood, the increase in chromo-
some gaps in nickel-exposed workers may be an area
worthy of further research.

More recently, Koshi et al. (Ref. 75 and 76) mea-
sured the frequency of sister chromatid exchanges,
chromosomal aberrations, and the number of chro-
mosomes in lymphocytes from stainless steel welders
who used both GMAW and GTAW. Welders had
substantially higher urinary concentrations of chro-
mium than did controls. This is of importance since
other studies indicated that the degree of sister chro-
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obtained after four weeks of vacation.

Figure 5 — Nickel Levels in Urine (U-Ni, mean and range) in Seven Welders
on Monday Morning (Open Symbols) and Thursday Afternoon (Closed

Symbols) During Six Weeks of Welding a High-Ni Alloy

Table 6
Urine and Plasma Levels of Metals and Fluoride (Median and 90% Range Exposure

Groups Classified by Extent of Use of Coated Filler Metals

Compound Group 1 Group 2 Group 3

Chromium — urine
Qig/g creatinine)

Nickel-urine
(fig/g creatinine)

Fluoride-urine
O*g/g creatinine)

Chromium-plasma

Nickel-plasma

2.5 (0.2-7.8)

1.7 (0.4-7.4)

0.34 (0.18-0.85)

0.8 (0.4-2.2)

0.4 (0.4-1.8)

5.7 (2.2-17.7)

2.4 (0.2-7.8)

0.47 (0.23-0.96)

2.2 (0.9-4.9)

0.4 (0.4-4.9)

19.1 (3.3-73.2)

3.0 (1.2-9.8)

0.53 (0.2-1.92)

4.9 (1.1-9.6)

1.3 (0.4-5.4)

Zober, Ref. 168
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matid exchange induction correlates well with the
concentration of hexavalent chromium in water
extracts of welding fumes (Ref. 12).

There were no significant differences in the sister
chromatid exchange frequency between welders and
controls. Chromosomal aberrations, including chro-
mosome gaps, aberrant metaphases, and chromatid
and chromosome gaps, occurred slightly, but signifi-
cantly more frequently in welders than in controls.

22.2 Barium. Barium, an essential trace element, is
toxic in high doses. Water-soluble barium com-
pounds are muscle and nerve stimulants and exces-
sive exposure can result in gastroenteritis, slow pulse
rate, and muscle paralysis (Ref. 26). Insoluble bar-
ium is non-toxic by either inhalation or ingestion.

Dare et al. (Ref. 28) measured urine barium levels
in five welders exposed for three hours to fumes gen-
erated from self-shielded flux-cored wire electrodes
containing about forty percent barium carbonate in
the flux. The welding fumes contained twenty five
percent barium. The average urine levels were 126
ug/1 (range 31-234 ug/1) immediately after exposure
and 48 ug/1 the following morning. Levels in three
unexposed persons were under 5 ug/1.

22.3 Manganese. Like barium, manganese is an
essential element which can be toxic under certain
circumstances. Chronic high exposures to this metal
can cause a neurological syndrome similar to Parkin-
son's disease. Manganese levels in plasma samples
from two workers employed in cutting manganese
steel dropped considerably after respirators were
introduced into the work area and improvements
were made in ventilation. Knight et al. (Ref. 73) rec-
ognized that the number of persons in this study and
the number of samples drawn from controls were too
small to enable firm statements about the value of
manganese levels in biological fluids for estimating
exposure risks. They concluded, however, that the
reduction of manganese levels in plasma of exposed
workers following reduction of fume exposure was
encouraging.

22.4 Aluminum. Sjogren et al. (Ref. 140) examined
the relationship between urinary aluminum levels and
exposure to aluminum in fumes generated by GMAW
of aluminum. Nine subjects participated in the study.
Three had no previous experience with aluminum
welding and were exposed to fumes containing thirty
nine percent aluminum for one day. Urinary alumi-
num concentrations increased from 3 ug/1 prior to
exposure to between 15 and 414 ug/1 within twenty

four hours after exposure. The levels returned to pre-
exposure values within a few days.

Of the remaining subjects, three had welded alumi-
num for less than two years and three had over eigh-
teen years experience welding aluminum. These per-
sons were exposed to welding fumes with an
eight-hour time weighted average aluminum level of
2.4 mg/m3 for one week. Aluminum concentrations
in urine from welders with short-term experience rose
during the week and returned to previous exposure
levels over the weekend following the five day expo-
sure period. In those with many years welding experi-
ence, urinary aluminum levels did not change after
the cessation of exposure. Sjogren et al. concluded
that part of the inhaled aluminum is excreted rapidly
in the urine following exposure while the remainder
may be stored in the body and excreted slowly. Thus,
aluminum inhaled from welding fumes may be
retained for a long period of time.

22.5 Lead. Blood lead levels are generally consid-
ered to be more reliable indicators for monitoring
exposure to lead than urine lead levels since the latter
change slowly in response to lead exposure. Diagnos-
tic tests which measure the effects of lead on the
heme system, such as measurement of zinc erythro-
cyte protoporphyrin (ZEP) or urinary copropor-
phyrin, are considered to be useful indicators of the
biological effects of lead absorption by the body, but
are less useful than blood lead levels for monitoring
acute lead exposures (Ref. 17 and 61).

This was exemplified in the case report of a welder
who had a massive lead exposure while performing a
temporary assignment in the lead oxide paste mixing
plant of a lead-acid battery factory (Ref. 164). Blood
lead levels of 240 and 300 ug/dl were measured on
two separate occasions within two weeks after the
initiation of his four-day exposure. (The normal
upper limit for blood lead is 40 ug/dl.) His blood
lead levels dropped steadily and returned to near nor-
mal levels within six months. Urinary lead and copro-
porphyrin concentrations were only slightly elevated
whereas ZEP rose for eight weeks and then slowly
decreaed. It is most surprising that even with the
extraordinarily high blood lead levels, the welder was
asymptomatic and apparently suffered no ill effects
from the exposure.

Kalnas and Alleyne (Ref. 70) reported that ZEP
may be a better biological screening parameter than
blood lead levels for chronic lead exposure. Urine
aminolevulinic acid (ALAU), blood lead (BPb), and
ZEP were measured in 142 lead-exposed radiator
shop workers in Alberta Canada. ZEP, but not blood
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lead levels reflected symptoms of lead exposure in
workers employed two years or less. ALAU levels
tended to be indicative of longer term exposure as
ALAU, but not blood lead levels, were elevated in
workers employed for more than four years.

22.6 Cadmium. A study of environmental causes of
elevated blood cadmium levels in brazers was per-
formed in Sweden (Ref. 83). The 102 brazers who
participated in the the study had worked with
cadmium-containing solders for at least ten percent
of the work day during the preceding three months.
Blood cadmium concentrations were less than 10 ug/
1 (considered in this study to be the maximum accept-
able blood concentration) in 71 and equal to or above
10 ug/1 in thirty one workers. The material brazed,
duration and extent of exposure, age, sex, and smok-
ing habits did not influence blood cadmium levels.
The single most important factor contributing to the
blood cadmium elevation was the length of the splice
being brazed. Blood cadmium levels greater than 10
ug/1 were seen in none of the brazers working with
splices shorter than 2 cm, but were observed in eighty
three percent of the brazers working with splices
longer than 2 cm. This value was related to the use of
exhaust ventilation since local exhaust was rarely
used with longer splices.

22.7 Heavy Metal Monitoring in Hair. The utility of
hair analysis for monitoring exposure to heavy
metals has been actively explored for many years.
Hair samples are easy to collect, and the analyses can
provide an integrated measure of exposure over an
extended period of time. However, contamination
from environmental sources can present significant
problems during hair analyses. Metals in airborne
dusts or vapors making direct contact with the hair
can become incorporated into the hair shaft. Metals
which entered the hair by direct contact are indistin-
guishable from metals which entered the hair after
absorption by the body through other routes (e.g.,
inhalation or ingestion). Only the latter are of value
for assessment of exposure.

A unique approach to this problem was taken by
Huel et al. (Ref. 62). They examined whether cad-
mium and lead absorbed following occupational
exposures are capable of reaching the human fetus by
determining the concentrations of these metals in
newborn hair samples shortly after birth. A unique

feature of this study is that contamination of the hair
of newborn babies by heavy metals in the environ-
ment is negligible. The twenty six experimental sub-
jects were pregnant women whose heavy metal expo-
sures derived mostly from soldering electronic
components.

The concentrations of cadmium and lead in hair
from exposed mothers and of cadmium in hair from
their offspring were more than twice as high as levels
present in hair from unexposed controls. Lead levels
in the hair of newborns were not consistently higher
in the exposed group than in the controls. It was
concluded that systemic cadmium exposure can be
quantified by hair analysis of either the mother or the
newborn. The lack of a correlation between maternal
and newborn lead levels could not be explained. The
investigators suggested that higher levels in maternal
hair could result from external contamination or a
decreased passage of lead through the placental bar-
rier, or both. Other factors such as differences in the
distribution of the two metals in the tissues of the
fetus must be considered as well.

Gorban et al. (Ref. 49) determined the manganese
content in hair samples collected from 228 Russian
welders who performed CO2-shielded GMAW. The
welders were divided into two groups. Persons in the
first group welded low and medium alloy steel. They
worked in open, well-ventilated areas of the factory.
The second group used electrodes with a high manga-
nese content and worked in poorly ventilated areas.
Their manganese exposure was estimated to be seven
to ten-times greater than that of workers in the first
group.

Average manganese levels of less than 2 mg% and
approximately 7.5 mg% were found in the hair of
workers in the first and second groups, respectively.
Early signs of manganese intoxication were seen only
among workers in the second group. The investiga-
tors concluded that a direct relationship exists
between the extent of manganese exposure and the
concentration of manganese in hair. An upper allow-
able limit of manganese in the hair of 3-5 mg% was
recommended. The amount of data provided by
these investigators was very limited; neither statistical
analyses nor concentration ranges were reported.
Hence, it is difficult to judge the validity of the rec-
ommended limit.
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Section Three
Toxicologic Investigations

in Animals and
in Cell Cultures

23. Animal Studies

Many of the animal experiments performed during
this report period investigated the early effects of
welding particles in the lungs and the fibrogenic
response elicited by welding fumes or their
components.

Lam et al. (Ref. 79) studied the effects of inhaled
zinc oxide fumes on the guinea pig lung. Animals
were exposed for three hours per day for six days to 5
mg/m3 zinc oxide, a concentration equivalent to the
TLV. Alterations in pulmonary function were noted
during the first three days after exposure. These
included a reversible increase in flow resistance, and
reduction in lung compliance, carbon monoxide dif-
fusing capacity and lung volumes. The lung weight
was markedly increased and did not return to normal
during the seventy two-hour post-exposure examina-
tion period.

Microscopic lesions observed in the lungs consisted
of inflammation of the alveoli and interstitial thick-
ening which was associated with infiltration of mac-
rophages, lymphocytes, neutrophils and pulmonary
fibroblasts. The elevation in lung weight may have
been due to the cellular infiltrates in the lung, while
the interstitial thickening and the presence of fibro-
blasts among the infiltrate may have caused the
observed change in lung mechanics. The investigators
concluded that pulmonary changes can occur with
relatively few exposures to zinc oxide at the recom-
mended TLV of 5 mg/m3. On the basis of this study,
Lam et al. stated that this standard may not be low
enough to protect exposed workers.

Sylvestre and P'an (Ref. 150) studied the effects of
ozone, CO, NO2, and manganese dioxide (MnO2) on
the mouse lung. Groups of mice were exposed by
inhalation five hours a day for thirty days to (A)
filtered air, (B) a mixture of ozone, CO, and NO2,
(C) a mixture of ozone, CO, NO2, and MnO2, and
(D) MnO2 alone. The concentrations were selected to
simulate actual welding exposures. Animals were sac-
rificed and lungs examined at ten, twenty, and thirty
days after the termination of the exposure.

All experimental groups had emphysema and
dilated alveoli. Emphysematic lesions were less exten-
sive in group C than in groups B and D. In animals

exposed to MnO2, as well as to the mixture of ozone,
CO, NO2, and MnO2, the bronchioles were filled
with mucous. This effect was greatest in mice receiv-
ing MnO2 alone. The mixture of gases and particu-
lates caused the most overall damage. Numerous
areas of inflammation, edema, and dilated blood
vessels were found only in the lungs of animals
treated with the gases and MnO2. This study demon-
strated that the combined effects of mixtures of gases
and particles may differ from the effects of their
individual components.

Gorban et al. (Ref. 50) compared the effects on the
lungs of single exposures to particulates present in
fumes from CO2-shielded GMAW of high alloy and
low alloy steel. Nickel and chromium were present
only in fumes from high alloy steel which also had
three times more manganese than fumes from low
alloy steel.

Fume samples were introduced into rat lungs by
intratracheal instillation (a technique whereby mate-
rials are injected directly into the lung through a can-
nula which is passed into the pharynx and extends
through most of the length of the trachea). Rats were
sacrificed at one, three, and six months after treat-
ment. Changes in the activity of serum enzymes and
nucleic acid contents of the liver and lungs were
observed. None of the welding particulates induced
pulmonary fibrosis, as shown by the absence of dif-
ferences in the hydroxyproline content (a unique con-
stituent of collagen fibers) between the lungs of
treated and control animals.

The LD50's, determined by intraperitoneal injec-
tion, indicated that the acute toxicity of particulates
decreased as the welding current increased and that
fumes from high alloy steel were substantially more
toxic than those from low alloy steel (Table 7). This
data is in apparent conflict with the study of Olah
and Tolgyessy, (Ref. 116 and 120) which indicated

Table 7
Variation of Acute Toxicity (LDSO) of

Welding Fumes with Welding Current

high alloy

low alloy

Current

200-250
300-350
300-350
400-450
300-350
300-350

Electrode
Diameter mm

1.4
1.4
2.0
2.0
1.4
2.0

Species

mouse
mouse
mouse
mouse
rat
mouse

LD50

(mg/kg)

950
1450
2017
1917
1000

>5000

Data from Gorban et al., Ref. 50
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that chromium and nickel concentrations increase
with increasing arc current. Gorban did not provide
information about changes in the chemical composi-
tion of fumes with arc current.

Weller and Reichel (Ref. 163) investigated the
fibrogenicity of welding fume particulates by inject-
ing welding fume samples into the rat peritoneal cav-
ity. Fumes were collected at a steel engineering com-
pany. The welding processes from which fumes were
collected were not specified, but the samples con-
tained 88.5 percent iron, 7.5 percent manganese, 3.2
percent silicon, and 0.9 percent aluminum. Rats were
sacrificed and examined at three, six, and twelve
months after treatment.

Small black granulomas were observed in the
omentum at all three time periods. Dust deposits
were seen in the spleen but not in the liver or lymph
nodes. A large number of macrophages and connec-
tive tissue fibers were associated with dust deposits
after three months. The fibrosis did not progress dur-
ing the remainder of the study. Weller and Reichel
concluded that the discrete fibrotic changes in the
peritoneum parallel changes seen in the human lung,
and that welding dusts cause a limited fibrotic
response which does not progress into massive
fibrosis.

In a similar experiment, Mal'ik et al. (Ref. 85)
observed no signs of fibrosis in guinea pigs injected
intraperitoneally with particulates generated by weld-
ing with basic and acid electrodes. Only pigment dep-
osition without fibrotic reactions were seen.

Olah et al. (Ref. 118) examined the lungs of Wistar
rats twelve weeks after intravenous injection of 50
mg welding fumes collected from SMAW with five
different electrodes and argon-shielded GTAW of
austentitic stainless steel. SMAW fumes produced a
mild to moderate fibrogenic response in the lungs,
but no such reaction followed treatment with GTAW
fumes. Because intravenous injection is so far
removed from the route by which humans are
exposed to welding fumes, the relevance of this data
is not clear.

Kalliomaki et al. (Ref. 69) compared pulmonary
retention and clearance rates of nickel and chromium
in fumes from GMAW and SMAW of stainless steel.
Rats were exposed by inhalation to 40 mg/m3 fumes
for one hour daily for four weeks. At the end of the
exposure period, nickel and chromium generated by
GMAW were present in higher concentrations in the
lung than were nickel and chromium produced by
SMAW (Figure 6). This difference reflects the chemi-
cal composition of the fumes to which the animals
were exposed. Earlier reports by these investigators

indicated that there is about four times as much
nickel and about fifteen times as much chromium
present in GMAW fumes than comparable quantities
of SMAW fumes. Approximately the same ratios of
nickel and chromium were found in lungs from ani-
mals treated with GMAW and SMAW fumes.

Clearance rates were investigated by periodically
measuring concentrations of nickel and chromium in
the lung for up to three months after the end of the
four week exposure period. Nickel concentrations in
lungs exposed to GMAW fumes were too low to yield
reliable results. Nickel from GMAW fumes of stain-
less steel cleared rapidly at first with a half-life of
three days. After several days, a second clearance
pattern with a half-life of forty days was evident.
Chromium from SMAW fumes cleared from the
lungs with a half-life of forty days, but chromium
from GMAW fumes cleared much more slowly, with
a half-life of approximately 240 days. The investiga-
tors could not account for this difference on the basis
of the available information on the solubility of chro-
mium compounds in welding fumes. Nickel was
excreted more rapidly than chromium. Chromium
from GMAW fumes was eliminated in the urine in a
bimodal pattern. At first, chromium levels fell rap-
idly in the urine, with a half-life of eight hours. Two
days after exposure ceased, urinary chromium excre-
tion decreased to a half-life of thirty days.

24. In Vitro Studies

Tests of the genetic effects of substances in bacte-
rial or cell cultures offer a means for identifying com-
pounds or mixtures of chemicals which may possibly
be mutagenic to higher organisms. In addition, cer-
tain tests using cultured mammalian cells can detect
oncogenic (tumor-producing) changes within the
cells. The activity of genotoxic compounds is influ-
enced by many factors within intact organisms, such
as enzymatic detoxification or activation of foreign
chemicals and destruction of genetically altered cells
by the immune system. Therefore, in vitro assays are
only capable of indicating whether or not a chemical
is potentially genotoxic or carcinogenic to animals.
Positive findings must be verified by animal studies
before suspect compounds can be considered to be
potential human carcinogens.

24.1 Bacterial Assays. The Salmonella/Ames test is
widely used as a screening test for mutagenicity and
as a pre-screening test for carcinogenicity studies. In
the past, most such tests performed with welding
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Redrawn from Kalliomaki et al., (Ref. 69)

Figure 6 — Retention of Nickel and Chromium in the Lungs
of Rats Exposed to SMAW/SS and GMAW/SS Welding Fumes

fumes indicated that only stainless steel welding
fumes are mutagenic. Hexavalent chromium has
been implicated as the mutagenic component since
particulates from stainless steel welding fumes con-
taining 15-25 percent chromium were mutagenic
while particulates of fumes from mild steel welding,
containing less than 0.1 percent chromium, were
not.

Unlike previous reports, Biggart (Ref. 19) found
that both the gas phase and the particulates from
mild steel welding fumes contained mutagens. The
mutagenicity of fumes from mild steel welding was
assessed with a modified Salmonella/Ames test,
which purportedly offered increased sensitivity.
Modifications of the test included preincubation of
the bacteria with the test material, toxicity measure-
ments, elimination of the top agar layer, and varia-
tions in cell density. Using these modifications, par-
ticulates from mild steel welding fumes were found to
contain both direct-acting and indirect-acting muta-
gens (i.e., indirect-acting mutagens require activation

by mammalian metabolic enzymes before mutagenic-
ity is expressed.) The gas phase of mild steel welding
fumes was potently mutagenic. According to Biggart,
the mutagenicity was due only in small part to nitro-
gen dioxide in the fumes, but no further explanation
was given. This data could potentially be quite
important but, because only a short abstract with
little detail and virtually no data was published, it is
not possible to judge its significance.

24.2 Mammalian Cell Studies. Hansen and Stern
(Refs. 57 and 105) studied the cytotoxicity and trans-
forming effects of welding fumes and components of
welding fumes on cultured baby hamster kidney cells
(BHK-21) and Syrian hamster embryo (SHE) cells.
Toxicity was measured in terms of the fraction of the
cultured cells which survived exposure to test materi-
als. Cell transformation is an indication of genetic
and possibly oncogenic changes in the cell. It is
detected by alterations in the cell morphology and
growth characteristics of the cell culture. Untrans-
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formed cells usually grow as a confluent monolayer
on the bottom of the culture flask, whereas trans-
formed cells are more irregular and may pile up on
top of each other forming small colonies. Such colo-
nies may be oncogenic. This can be tested by inject-
ing transformed cells into animals to determine
whether they develop into malignant tumors. Animal
tests were not performed in the studies described
below.

When based on the nickel content, the degree of
transformation of BHK-21 cells was the same for a
variety of nickel compounds and for fumes from
GMAW of nickel. Similar tests with chromium com-
pounds and chromium containing GMAW fumes
indicated that only hexavalent chromium compounds
were cytotoxic or transforming; i.e., neither chro-
mium metal nor trivalent chromium caused cell
transformation. The transforming potency and toxic-
ity of fumes from SMAW of stainless steel were ten
times greater than those from GMAW of stainless
steel. Fumes from SMAW and GMAW of mild steel
were only very weakly toxic and did not cause cell
transformation. In the SHE system, the toxicity of
fumes from GMAW of stainless steel was substan-
tially greater than expected on the basis of their hex-
avalent chromium content (Ref. 58). The increased
toxicity was presumably due to the nickel content of
the fumes. The toxicity and transforming effects of
fumes from SMAW of stainless steel, which did not
contain any detectable nickel, corresponded to levels
expected from their soluble hexavalent chromium
content.

As a follow-up to previous studies which indicated
that fumes collected by impingement in water had
higher concentrations of hexavalent chromium than
did those collected with filters (Refs. 53 and 156),
Hansen and Stern (Ref. 57) compared the transform-
ing effects of fumes collected by impingement tech-
niques and by filters. Fumes from GMAW of stain-
less steel collected by impingement in water
contained five to ten times more hexavalent chro-
mium than did fumes collected on filters. When tox-
icity was considered in terms of hexavalent chro-
mium content, fumes collected in water were two to
three times more toxic than fumes collected by
impingement in cell culture medium.

The authors speculated that the difference in activ-
ity between samples collected by impingement in
water and culture medium was due to the sequester-
ing of the active compound(s) by ligand formation
with organic compounds. In addition, Hansen and
Stern (Ref. 57) found that fumes from GMAW of
nickel collected in medium were ten times more solu-

ble than fumes collected in water. However, the solu-
ble nickel fraction is not toxic or transforming. This
is in apparent conflict with earlier reports by
Niebuhr, Stern et al. (Refs. I l l and 112) that the
serum soluble fraction of fumes from GMAW of
mild steel or cast iron using nickel rich electrodes
caused more chromosomal damage per mol nickel in
sister chromatid exchange assays than did the water-
soluble fractions from the welding fumes. How these
different responses to serum soluble nickel in the two
assay systems have been resolved by Stern and his co-
workers is not known.

Potebnia et al. (Ref. 127) tested the toxicity and
co-carcinogenicity of welding fumes in SA7
adenovirus-infected cultured rat kidney cells and
hamster embryo cells. This test system detects the
enhancement of SA7 adenovirus-induced oncogenic
transformation of cultured cells by the simultaneous
exposure to certain co-carcinogens (substances that
may not in themselves be carcinogenic but may
enhance the activity of carcinogenic agents). Three
welding fume samples were tested. The welding pro-
cesses were not given, but the elemental composition
was described (Table 8). The relative toxicity of the
welding fume samples was sample number 2 > num-
ber 1 > number 3.

All three fume samples enhanced the oncogenic
transformation of both cell lines. The optimum con-
centration for the enhancement of cell transforma-
tion was 4 ug/ml. There were no substantial differ-
ences in the co-carcinogenic potency among the
welding fume samples. Transformation of hamster
embryo cells was enhanced between 2.3 to 2.5 times
by all the welding fumes. The transformation rates of

Table 8
Concentration of Elements in

Three Welding Fume Samples Tested
in the SA7-Adenovirus Cell

Transforming System

Element

Manganese
Nickel
Iron
Copper
Trivalent chromium
Hexavalent chromium
Cr2O3

CrO3

Concentration
Sample 1

30
3

20
-

5.5
0.03

Sample

5
36
30
2.7
0.7
—

(Percent)
2 Sample 3

4.4
1.3

14.6
—
7.5
—

21.8
11.5

Data from Potebnia et al., Ref. 127
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rat kidney cells were enhanced by 1.5, 2.1 and 2.6- in animals treated with welding fumes and virus than
fold by welding samples number 1, 2 and 3 respec- in those treated with virus alone. The design of the
tively. No cell transformation occurred when cells experiments did not enable conclusions to be drawn
were treated with welding fume samples in the about the contributions of individual fume compo-
absence of adenovirus. When transformed cells were nents to the co-carcinogenicity of the samples,
injected into animals, tumors developed more rapidly
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