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Preface

This literature review 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 formulation of a research program in this area, as part of an ongoing program
sponsored by the Committee. Previous work has included studies of fumes and gases, radiation, and
noise generated during various forms of arc welding. Conclusions based on this review and
recommendations for further research are presented in Section 5 of the report. Section 1 summarizes
the occupational exposures. Sections 2 and 3 contain information related to the effects of exposure to
byproducts of welding operations on humans and laboratory animals. Section 4 covers in vitro studies.

Referenced materials are available from the Franklin Institute.
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Introduction

The American Welding Society (AWS) has been
concerned about the possible health hazards due to the
exposure of welders to fumes, gases, radiation, and
noise from various welding processes. Although much
has already been learned about welding processes and
technology, the effects of welding on human health
have not been fully understood.

To help the studying and understanding of the
welding environment and its effects on health, the
AWS has undertaken a literature review entitled
"Effects of Welding on Health" that was published in
1979, and has been updated to cover the period of
January 1978 to May 1979.

Since then, interest in studying the effects of the
welding environment on the various physiological

systems has continued and many articles have ap-
peared in the published literature. The present effort
represents a continuation of assessing the effects of
welding on health and presents an update to include
information published from June 1979 to December
1980.

The reader is cautioned that the papers reviewed
were examined only for consistency. No independent
checks of the experiments or findings were performed.
This report must be read in conjunction with "Effects
of Welding on Health" by Villaume et al., and the
update by Zakhari and Anderson (Vol II). References
are listed at the end in alphabetical order based upon
first author.
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Technical Summary

The objective of this report is to evaluate and pres-
ent the state-of-knowledge of the effects of welding
on health, to point out gaps in this knowledge, and to
provide recommendations to the American Welding
Society for future studies. This report covers the
period of June 1979 to December 1980, and must be
read in conjunction with the previous literature review
(Villaume et al. 1978) and the update which covers the
period January 1978 to May 1979 (Zakhari and And-
erson, 1981).

This report, as is the case of the previous two
reports, is divided into 4 sections entitled: 1) The
Exposure, 2) Effects of Welding on Human Health, 3)
Toxicologic Investigations in Animals, and 4) In Vitro
Studies.

The Exposure
In this chapter, studies performed on welding

fumes, gases, radiation, and noise are summarized.

Fumes
During welding, particulate matter is generated

from the base metal, welding rod, the flux, any coat-
ings or contaminants of the metal surface, or any com-
bination of these. The rate of fume generation and the
composition and particle size distribution of the fumes
vary according to the metal being welded and the
welding method used. The components that are of
special concern to welders include silicon compounds,
chromium, nickel, fluoride, copper and manganese.
Because of the potential health hazard of hexavalent
chromium to man, several efforts have been made

either to minimize the amounts of chromium in weld-
ing fumes, or to develop sensitive methods of continu-
ously monitoring its concentrations in the ambient
atmosphere of welders and in their biological fluids.

Potential health hazards from welding fumes are
determined not only by the composition of the fumes
and their concentration in air, but also by the duration
of exposure as well as the particle size distribution.
Fortunately, these hazards can be overcome by the use
of appropriate protective devices and by engine-
ering controls.

Gases
Contrary to the common belief that ozone is found

in high concentrations in the vicinity of welding areas,
studies conducted by Press (1978) revealed that very
low concentrations of ozone are formed during plasma
arc cutting. These low concentrations were ascribed to
the reaction of ozone with nitrous oxide and the disin-
tegration of ozone due to the presence of dust particles.

Radiation
Welding produces electromagnetic radiation that

can be divided into visible, ultraviolet, and infrared.
Radiation of wavelength shorter than 175 nm are
rarely encountered during welding due to their absorp-
tion by atmospheric oxygen(Lunau, 1967). The use of
thoriated tungsten welding electrodes (GTAW pro-
cess) could result in the exposure to thorium and
daughters contained in these electrodes. The magni-
tude of the radiation to which welders may be exposed
was estimated to be between 20 millirem and one rem.
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Noise
Dixon (1978 a) found that the noise of an electron

beam welding machine was directly proportional to
the beam voltage and current.

Effects of Welding on
Human Health

In this chapter, the effects of welding on human
physiological systems are discussed. Data about carci-
nogenicity of welding fumes and gases, and epidemio-
logical studies are summarized.

Toxicity to Various Organs

Respiratory System
Keskinen et al. (1980) reported on two asthmatic

patients in whom attacks were precipitated by welding
fumes. Examination of the occupational history of
these patients revealed previous employment at a
cement factory and an iron foundry where cement
dust, clay dust, and iron fumes were prevalent. Chronic
exposure to gases and particulates in welding atmos-
phere could result in interstitial fibrosis of the lungs
(Loriot et al. 1979). On the other hand, Gola et al.
(1980) found that only 7 persons out of a group of 73
arc welders, exhibited symptoms of chronic non-
specific bronchopulmonary disease. Chronic bronchi-
tis was also reported in welders with up to 30 years of
exposure to welding fumes (Candarella et al., 1979).
Other chronic effects reported included inflammatory
changes of the mucosa(Kup, 1979), and pneumoconi-
osis (Rabenda, 1980).

Lung function tests have been used to assess the
effects of acute and chronic exposure to welding
fumes. However, results of the lung function tests were
inconsistent and contradictory. For instance, Oxhoj et
al. (1979) found that welders showed a significantly
higher closing lung volume and capacity than the con-
trols; on the other hand, McMillan and Heath (1979)
found that welders showed obstructive lung diseases,
whereas controls showed restrictive lung diseases.
However, individuals with most abnormal patterns
were smokers. The degree of contribution of smoking
or welding fume to the condition is unknown. Al-
though McMillan and Heath's study was well designed
and executed, the statistical significance could vary by
changing the size of the population. Ross (1978) exam-
ined 926 welders and controls for lung function tests
and found that, on several occasions, welders had
significantly better results than the controls.

Radiographic changes in lungs of welders have
been studied by Attfield and Ross (1978) who found
very few abnormalities until the worker had been

employed for 15 years; the prevalence of pneumoconi-
osis steadily increased thereafter.

Ear and Hearing
Jarzebski (1979) reported on cases of middle ear

burns due to sparks or foreign bodies.

Eyes and Vision

Alkali fumes produced during welding can cause con-
siderable eye irritation. Exposure to ultraviolet radia-
tion causes very little immediate discomfort on expo-
sure but might, in severe cases, cause irreversible
photochemical reaction in the pigment layer. Perman-
ent damage could be caused by thermal effects which
might be aggravated by the simultaneous photochemi-
cal reaction due to ultraviolet radiation.

Lovsund et al. (1979 b) found no evidence of any
"alarming" effect on the visual system from short term
exposure to magnetic fields generated during welding
processes. Effects of welding on readaptation time
(RAT, time that elapses from the moment of exposure
to a bright light until a certain object reappears) was
studied by Linde (1980) who found a marked increase
in RAT with fumes from basic electrodes but not from
rutile electrodes. Welders who wear contact lenses
should use other means for adequate safety protection,
and a qualified person should be available to remove
the lenses in an emergency.

Skin
Most of skin injuries are caused by flying hot metal

particles and exposure to ultraviolet radiation. Con-
tact eczema was reported in unprotected electric
welders (Weiler, 1979). An Epidemiological study of
200,000 cases of skin cancer failed to link this condi-
tion to welding.

Musculoskeletal System
An epidemiologic study was conducted by Nau-

wald in 1980 on 100 welders in the shipbuilding indus-
try. Although the sample is too small to allow any
significant conclusion, the author claimed that welders
are at an increased risk of developing knee joint
diseases.

Biochemical Effects
Heavy metals were found in various biological

fluids and tissues of welders in higher concentrations
than the control group. Grund (1980) found high
manganese contents of hair samples obtained from
shipyard welders; Bernacki et al. (1976) found high
nickel concentrations in the urine of arc welders; expo-
sure to welding fumes also resulted in a decrease in
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plasma proline, alkaline phosphatase, and lactate
dehydrogenase; and an increase in plasma hydroxy-
proline (Mlynarczyk and Senczuk, 1980; Wysocki et
al., 1980).

Mutagenicity and
Carcinogenicity

Bloom (1979) studied the effects of ozone on human
chromosome response in blood samples taken from
247 welding trainees. A slight rise in the percentage of
cells with single chromatid and isochromatid gaps was
demonstrated after 6 weeks of exposure, but declined
by the twelfth week. However, no statistically signifi-
cant increases were seen in any category of other
chromosome-type abberations studied.

Epidemiologic Studies
Beaumont (1980) studied the mortality of welders

and other trade workers in the Greater Seattle area.
No definitive conclusions could be reached by Beau-
mont as to the cause and effect relationship of various
diseases in welders; higher incidence of cancer of the
respiratory system and pneumonia was found in
welders. Since records of these welders showed that
they performed various jobs (e.g. in shipyard, metal
fabrication, field construction, etc.) in the same year,
Beaumont's findings cannot be ascribed to a given
occupational exposure.

McMillian (1979, 1980) conducted an epidemiologic
study on the health of welders in the Royal Dockyards
and found no evidence of an excess of chronic respira-
tory diseases.

Toxicologic Investigations
in Animals

Rats were exposed to 1,178 mg/ m3 of fumes gener-
ated by SMAW process using flux coated electrodes
for 45.8 minutes. The concentration of iron in the lung
tissue was 2,185 ug/ g of lung tissue immediately after
exposure. This concentration was reduced to 1,085
ug/g 30 hours later, and 657 ug/g 30 days later. The
overall elimination rates of iron was less than those of
chromium and cobalt. However, the high concentra-
tions of fumes used did not simulate the actual occupa-
tional exposure. For instance, in this experiment the
average lung deposit in rat's lungs was 1.5 mg in 45.8
minutes (equivalent to 83 mg in human lungs); Kalli-
omaki et al. (1980) found an average deposit of 139 mg
in welder's lungs after 9.9 years of welding.

Other studies performed in this period focused on the
pattern of deposition and the elimination rate of fume
particles from lungs (Lam et al., 1979; Alshamma et
al., 1979 a,b).

In Vitro Studies
In 1980, Knudsen used the mammalian spot test to

study the mutagenicity of fume particles. Knudsen
found that intraperitoneal injection of pregnant female
mice with 100 mg/kgof fume particles, collected from
SMA welding of stainless steel, resulted in the devel-
opment of grayish spots in the fur of offspring. The
dose used seems to be very large, and the fact that the
intraperitoneal route of administration does not repre-
sent the inhalation route by which welders are exposed
to fumes. Therefore, the relevance of this study to the
effect of welding on health is very questionable.
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Effects of Welding on Health

1. The Exposure

Welding is a materials joining process which pro-
duces coalescence of materials by heating them to suit-
able temperatures, with or without the application of
pressure or by the application of pressure alone, and
with or without the use of filler metal. During this
process a welder is exposed to different factors which,
in the absence of appropriate protective measures,
might affect his or her health. These factors include the
production of fumes, gases, radiation, heat, and noise.
The potential hazards are well-known, and by exercis-
ing precautions and alertness, the possibility of endan-
gering the welding operator is remote. Hazards asso-
ciated with welding can be overcome by the appropri-
ate use of protective devices and engineering controls
(Eaton, 1977). Fumes generated during welding pose
least hazard to welders compared to burning, cutting
or mechanical injury (Tierney, 1977), although it is of
major concern to industrial hygienists. This update of
the effects of welding on health which covers the
period of June 1979 to December 1980, will be organ-
ized as previously submitted reports (Villaume et al.,
1978; Zakhari and Anderson, 1979).

1.1 Fumes
There are four major factors that influence the level

of fumes and level of risk to the welder's health. These
factors are:
A) The welding process, current settings, and the

metal being welded. This will affect the quantity
of the fumes, their composition, and particle size
distribution: the AWS laboratory test method
(AWS Fl.2-1979) is recommended for the col-
lection of fumes and for determining the compo-
sition and the generation rates of fumes pro-
duced during welding.

B) The duration of exposure to fumes and en-
vironmental aspects (Boekholt 1977 a,b).

C) The use of personal protective equipment and
safety engineering.

D) Personal work characteristics such as posture,
and speed of work (Evans et al., 1979).

Paniculate matter and gases are generated from the
base metal, the welding rod, the flux, any coatings or
contaminants of the metal surface, or any combina-
tion of the above. Over 80 different welding processes
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in commercial use have been identified by the Ameri-
can Welding Society (1976). However, the most widely
used processes are the following:

1) Arc welding, including
• Shielded metal arc welding
• Flux-cored arc welding
• Submerged arc welding
• Gas metal arc welding
• Gas tungsten arc welding
• Plasma arc welding
• Arc stud welding
• Percussion welding

2) Electroslag and electrogas welding
3) Resistance welding
4) Flash and friction welding
5) Electron beam welding
6) Oxyfuel gas welding
7) Thermal spraying

For details of these methods, the reader is referred to
technical publications of the American Welding
Society and others.

In the case of arc welding, the rate of fumes genera-
tion is dependent upon the welding electrode, the weld-
ing current, the arc voltage, the electrode polarity and
diameter, and welding practices (Akbarkhanzadeh,
1979). Fumes are generated at a high rate in the flux-
cored arc process. The oxyfuel gas process generates a
significant amount of fumes only when welding gal-
vanized steel or aluminum. New interest has been
expressed in the submerged arc welding process, in use
since the 1930's, (British Patent, 1976; Prosperi, 1979;
Wilkinson, 1979; Pinfold et al., 1979; Weymueller,
1979a,b; Post, 1980), and other methods have been
developed for electric spot welding and for totally
confined explosive welding (Bement, 1978).

The rate of fume generation, the nominal hygienic
air requirement, and the threshold limit value index
for the electrodes are the three major ciriteria for the
classification of electrodes in Sweden. Each of these
values has been determined for a variety of electrodes
by Miller and Jones (1979). Gobbato et al. (1979)
found that all electrode coating components are pres-
ent in the welding fumes to a varying degree; however,
three types of characteristics were shown for covered
electrodes with carbon steel core wires: a) elements
that have similar concentrations in the fumes and coat,
which include iron, magnesium, and calcium, b) ele-
ments that are more concentrated in the fumes, which
include manganese, copper, zinc and lead, and c) ele-
ments that show lower concentrations in the fume
include chromium and nickel. Fewer fumes were
found to be generated from flux-cored electrodes or
electrodes in which the core or filling contained larger
than normal amounts of certain basic oxides and
limited amounts of other fluxing ingredients such as

acids, amphoteric oxides, or fluorides (Frew, 1979).
Kobayashi et al. (1979) claimed that seven new elec-
trodes have been developed that have low emission
rates. The chemical composition of fumes and the
mechanical properties were given.

The composition and particle size distribution of
the fumes vary from one metal to another, and as
previously mentioned, depend on the welding method
used. Some components of the fume may pose more
potential health hazards than others do. The relative
hazard depends on the form of the component present
and its concentration in the air vs. the concentration of
other components in the welding environment. Com-
ponents that are of special concern to welders include
silicon compounds, chromium, nickel, fluorides, cop-
per, and manganese.

Silicates are present in the coating of shielded metal
arc electrodes and the core of flux-cored arc elec-
trodes. Only the crystalline forms of silicon dioxide are
responsible for the induction of silicosis. However,
crystalline phases of silica have not been found in
welding fumes (Buckup, 1973; Patter et al., 1978).

Chromium, in the form of hexavalent, trivalent,
and divalent states, is present in the fumes produced by
welding stainless and high alloy steels.

Mutagenicity and carcinogenicity of chromium
compounds have been associated only with the hexa-
valent form (NIOSH 1975; Maxild, 1978). Stern
(1977) found that the concentration of hexavalent
chromium in welding fumes varies not only with the
nature of the metal being welded but also with the
method of welding itself. Thus the hexavalent chro-
mium concentration was higher in fumes produced by
welding stainless steel than those from welding mild
steel; gas metal arc welding yielded higher chromium
content than shielded metal arc welding. These find-
ings were in contrast to those of Virtamo and Tuomola
(1974), who found that the gas metal arc process pro-
duced fumes with lesser hexavalent chromium content
than those produced by the shielded metal arc process.

Because of the potential health hazard of hexavalent
chromium to man (Langard and Norseth, 1975), sev-
eral efforts have been made either to minimize the
amount of chromium in welding fumes, or to develop
sensitive methods of continously monitoring the chromi-
um concentrations in the ambient atmosphere of
welders and in their biological fluids. Furthermore,
the position of the American Welding Society in rela-
tion to occupational exposure of welders to chromium
is explained in a letter to NIOSH (DeLong, 1979). In
that letter, AWS challenged the sensitivity of the
method of chromium determination advocated by
NIOSH. This opinion was shared by Thomsen and
Stern (1979), who recommended the use of a carbo-
nate leaching technique for the determination of both
soluble and insoluble chromium.
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A U.S. Patent by Kimura(1978) describes a coated
welding electrode that contains at least 0.5% of chro-
mium and is composed of a metal core and a coating
flux composition where the contents of sodium and
potassium components is reduced below 1% based on
the total weight of the coating flux and lithium com-
pounds are used in the coating. When welding is car-
ried out using these electrodes, soluble chromium in
the generated fumes is claimed to be substantially
reduced.

Efforts to develop selective and sensitive methods
for the determination of hexavalent chromium are
triggered by the fact that the current OS HA Permissi-
ble Exposure Limit (PEL) is expected to be substan-
tially lowered to 1 ug/m3 (NIOSH, 1975). A method
for the separation and determination of trivalent and
hexavalent chromium in welding fumes was described
by Naranjit et al. (1979). In that method anion- and
cation-exchange resins were used to separate both
forms of chromium, and quantification was then car-
ried out by the use of atomic absorption spectrometry.
Many potential interferences were found to be present
in the aqueous extract of welding fumes. The use of a
very fuel-lean flame to overcome this problem resulted
in a five-fold loss in sensitivity.

An analytic procedure for the determination of
chromium in welding fumes advocated by Bohgard et
al. (1979) involves four steps: a) total chromium is
measured by the use of proton-induced X-ray emis-
sion; b) the oxidation state of the particle surface is
measured by electron spectroscopy for chemical anal-
ysis; c) water-soluble hexavalent chromium measured
by electron microscopy is used to provide information
about the size and shape of the particles.

Infrared spectrometry was used by Kimura et al.
(1979) to detect hexavalent chromium in solid fume
samples. The authors used this method to compare the
composition of fumes obtained by two welding
methods. Fumes produced during welding of stainless
steel using the shielded metal arc method contained
3% - 7% chromium, 60% - 90% of which is water
soluble (hexavalent chromium). Fumes generated
using gas metal arc welding contained 15% chromium,
of which water soluble hexavalent chromium consti-
tutes a very little fraction (unspecified).

Nickel is usually present in fumes produced by weld-
ing stainless steel and nickel alloys.

Fluorides in welding fume are mainly generated
from the covering on shielded metal arc electrodes and
the core of flux-cored arc electrodes. Fluoride com-
pounds constitute 5%-30% of the total fume pro-
duced from basic covered electrodes and are present
mainly as sodium, potassium, and calcium fluorides.

Copper is present in fumes produced from welding
copper alloys and to a lesser extent from copper-

coated gas-metal arc electrodes. Studies by Shutt
(1979) showed that electrodes containing 0.18% copper
did not result in excessive copper in the fumes.

Manganese, present in the fumes mainly as manga-
nese oxides, is present in the coating of some shielded
metal arc electrodes, and in the core of flux-cored arc
electrodes (Patteeet al., 1978). Steels containing a high
manganese content are another source of oxides of
manganese in the welding fumes (Moreton, 1977).

Other components of welding fumes such as zinc
(National Safety Council Data Sheet, 1978) cadmium
(Hughes, 1980; King, 1980), cadmium oxide (Kaplan
et al., 1977), and beryllium (Heiple and Dixon, 1979)
were also discussed.

Potential health hazards from welding fumes are
determined not only by the composition of the fumes
but also by the particle size distribution. The latter is
an important factor because it determines the locus in
which various particles are deposited in the respiratory
tract. The bulk of particles that range in size from 0.5
to 0.7 um could reach the alveoli; larger particles are
mainly trapped in the upper respiratory passages.
Clapp and Owen (1977) found that an appreciable
amount of welding fumes is in the 1 to 7 um diameter
range, whereas Stefanescu et al. (1968) found that 50%
of the particles are of a size less than 0.1 um.

Others found the welding fume particles to be
essentially less than 1.0 um in diameter (Akselsson et
al., 1976; Hedenstedt et al., 1977). Clapp and Owen
(1977) ascribed the larger size of particles to agglomer-
ation and size growth of the particles by time. Particles
deposited in the respiratory system could induce pul-
monary irritation or systemic toxicity (lead, chro-
mium, nickel, fluorides, zinc, titanium, vanadium, and
manganese), pulmonary fibrosis (crystalline silica), or
simply pneumoconiosis (iron and aluminum).

1.1.1 Rate of Fume Generation

Measurement of the fume emission rates of arc
welding is important for the investigation of various
factors including ventilation requirements, welder
exposure, and fume composition. Various methods
used to measure the rate of fume generation are gravi-
metric and depend on the weight of a filter used to trap
certain amounts of the fumes. Details of various
methods adopted by British, Swedish, Japanese, and
American scientists are mentioned in articles by Oak-
ley (1979) and Gonzales and Gomez (1979). Other
methods of sampling were discussed by various
authors (Wilson et al., 1981; Krieg, 1979; and Magnus-
son, 1977). Furthermore, measurements of lung con-
tamination with welding fumes were accomplished by
Kalliomaki et al. (1980 a,b).
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Efforts to reduce the amount of fume in the welding
environment were concentrated in three areas: a) the
use of electrodes that produce less fumes (Kobayashi
et al. 1979; Miller and Jones, 1979; Riedinger and
Beaufils, 1978; Gonzales and Amato, 1979),b)recircu-
lation of industrial exhaust air without loss of heat by
using an electrostatic air cleaning system (Schubert,
1979) or other system (Hagopian, 1980; Anonymous,
1980; Sterling, 1979), and c) engineering measures
designed to reduce the amount of fume in the brea-
thing zone (Anonymous, 1979 a; Birchfield, 1980 a, b;
NIOSH, 1979; Head and Silk, 1979; Honavar, 1979;
Van Wagenen, 1979; Bartley et al., 1980; Astrop,
1980).

1.2 Gases
Gases generated during welding have their origin in
• atmospheric gases, e.g., ozone and nitrogen

oxides
• shielding gases, e.g., argon and CO2

• decomposition of solvents and coatings on
surfaces

Studies conducted by Press (1978) to determine the
concentrations of gases in plasma arc cutting revealed
that very low concentrations of ozone are formed dur-
ing welding. These low concentrations were ascribed
to the reaction of ozone with nitrous oxide and the

disintegration of ozone due to the presence of dust
particles. It was claimed that by proper selection of
working conditions (such as cutting speed, current,
and plasma gas mixture), it is possible to keep the
concentrations of noxious substances within low limits.

The formation of nitric oxides in gas welding and
cutting processes is influenced by several factors. It
was shown that the torch size and the distance of the
torch from the workpiece are the main factors that
affect the formation of nitric oxides (Commission VIII
Health and Safety of IIW, 1980). Similar findings were
previously reported by Ulfvarson et al. (1978).

1.3 Radiation
Welding is known to produce electromagnetic radi-

ation which can be divided into visible, ultraviolet, and
infrared. The degree of radiation exposure differs
according to the welding process used and the metal
being welded. The known human biological effects of
radiation are summarized in Table l-l (NIOSH 1978).
The adverse effects categorized by wavelength are
shown in Table 1-2 (Hinrichs, 1978). Hinrichs (1978)
found that gas metal arc welding produced the most
radiation and plasma arc welding the least radiation.
The intensity of radiation was found to be parallel to
that of the welding current. Bartley et al. (1979) found

Table 1-1
Effect of electromagnetic radiation exposure

Microwave and radio-
frequency radiation Optical radiation Ionizing radiation

Genetic effects
Teratogenic
Behavioral changes
Cataract
Headache
Nervous system disorders
Loss of memory
Dullness
Sleepiness
Sinus arrhythmias

Skin cancer
Squamous cell epithelioma
Basal cell epithelioma
Herpes Simplex lesions
Cataract
Retinal damage
Genetic alteration
Erythema
Kerato conjunctivitis
Heart stress
Cutaneous burns
Asthenopia

Cancer
Leukemia
Sterility
Cataract
Radiodermatitis
Ulcerations
Erythema
Genetic alteration
Blood cell changes
Malaise
Fever
Nausea
Weakness
Shock
Diarrhea
Life span shortening
Anorexia
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Radiation

UV-C
UV-B
UV-A

Visible

IR-A

IR-B

Table 1-2
Adverse biological effects

Wavelength (um)

100-280
280-315
315-400

400-700

700-1,400

1,400-3,000

due to radiation

Adverse biological effects

Arc flash and slight erythema
Arc flash and slight erythema
Arc flash, erythema, cataracts, and
skin cancer

Photochemical or thermal retinal
injury, and thermal skin burns

Retinal burns, thermal skin burns,
and cataracts

Thermal skin burns

that the presence of magnesium in aluminum alloys led
to the formation of considerably higher radiation lev-
els than did non-magnesium alloys. This was ascribed
to the ease of vaporization of magnesium into the arc.

Thoriated tungsten welding electrodes containing
l%-2% radioactive thoria were introduced in 1952
(Breslin and Harris, 1952; Gibson and Seitz, 1952) for a
variety of arc welding situations. The advantages of
using thoriated tungsten rather than tungsten are ease
of starting, less weld metal contamination, and greater
arc stability. Welders are potentially exposed to the
thorium and daughters contained in these electrodes.
The magnitude of the radiation to which welders may
be exposed was estimated to be between 20 millirem
and 1 rem for a bone dose (2.4 - 88 millirem whole-
body dose) (McDowell-Boyer, 1980 a,b). Welders who
may receive such doses were assumed to use thoriated
electrodes for an average of 100 hours/year in a shop
(4 hours/day) and 200 hour/year welding at home.
Since this is a typical situation, a more realistic esti-
mate based on welding in shop only, was calculated. A
bone dose was estimated to range between 0.9 and 160
millirem.

Radiations of wavelength shorter than 175 nm are
rarely encountered during welding due to their absorp-
tion by atmospheric oxygen (Lunau, 1967). The inten-
sity of ultraviolet radiations are also attenuated by the
presence of welding fumes (Emmett and Horstman,
1976).

Research performed by NIOSH (1978), Campbell
(1979),and Moss(1978, 1980) to determine the degree
of protection against radiation offered by transparent
curtains, showed that a gray curtain would appear to
be the best choice. In almost every curtain tested,
wavelengths of less than 340 um were greatly supres-
sed. This means that most transparent curtains would
give adequate protection in the UV region. Yellow
curtains appeared to give better visibility of the
workplace.

1.4 Noise
Welders are invariably exposed to noise that is

produced not only by welding processes but also that
produced by other operations in the workplace. The
permissible 8-hour noise exposure level established by
OSH A is 90 dB. Dixon (1978 a) studied the noise of an
electron beam welding machine and found that noise
is directly proportional to the beam voltage and
current.

The overall measures that ensure the safety of
welders in the workplace have been discussed in detail
(OSHA, 1976; National Safety Council Data Sheets
1965, 1978 a,b, 1980). The use of welding curtains
(Shumay, 1978) to reduce radiations and the use of
safety glasses (Sherr, 1980; Horstman and Ingram,
1979) were discussed elsewhere. The OSHA standards
for safety and welding have resulted in various authors
discussing their merit (Betz, 1978,1979; Speight, 1978;
Weymueller, 1979, 1980 a,b; Westgate, 1979).

2. Effects of Welding on
Human Health

Recently, several reviews have been published on
the effects of welding on human health (Ross, 1978;
Sloan, 1978; Villaume, et al., 1978; Zakhari and And-
erson, 1979). This update of the effects of welding on
health which covers literature published during the
period of June 1979 to December 1980 will follow the
same pattern of the earlier report (Zakhari and Ander-
son, 1979).

2.1 Toxicity to Various Organs
The effects of Welding fumes on various physiolog-

ical system will be discussed.
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2.1.1 Effects on The Respiratory System
During welding, a variable amount of gases and

fumes are present in the welding area. In the absence of
adequate ventilation and if protective equipment is not
used, these gases and fumes may find their way to
welders' lungs, where they can precipitate acute or
chronic effects depending on the concentration and
the duration of exposure. The gases normally present
in welding environments include nitrogen oxides,
ozone, carbon monoxide and carbon dioxide. Fumes,
or suspended particulates, that reach the lungs might
produce pneumoconiosis or pulmonary irritation and
systemic toxicity.

Acute respiratory insufficiency might be precipi-
tated by fumes and gases (metal fume fever will be
discussed concomitantly with respiratory effects
because lung damage is presumed to play an important
role in the etiology of fever). Chronic obstructive air-
way diseases could be further enhanced or compli-
cated by smoking tobacco or non-tobacco products
(Antti-Poika et al., 1977).

In order to detect early any effect of welding fumes
on welders' lungs and to screen potential welders (pre-
employment examination), several methods are used
to assess respiratory function. These methods include
a preliminary medical examination, respiratory ques-
tionaire, clinical examination (the frequency of occur-
rence of certain lung diseases), lung function tests, and
radiography. The discussions that follow will be
arranged under the following topics: acute respiratory
diseases, chronic respiratory insufficiency, and
methods of detecting respiratory effects.

2.1.1.1 Acute Respiratory Diseases
For a given inhalant to produce lung injury, it must

be I) in the form of very small particulates that are
capable of reaching the lower respiratory tract, 2)
deposited or absorbed on the bronchial or alveolar
surfaces, and 3) retained long enough to induce dam-
age (Jones and Wiell, 1978). This is true with all
agents, whether they exist as gases or particulates.
Allergic reactions also might occur and result in the
precipitation of asthma. Keskinen et all. (1980) re-
ported on two such asthmatic patients in whom
attacks were induced by welding fumes. One patient
had an earlier contact dermatitis due to chromium.
Examination of the occupational history of that
patient revealed 6 years of mild steel welding, preceded
by 4 years in the concrete products industry, where he
was exposed to cement dust containing chromium. He
had also spent 6 years in an iron foundry where sand
and clay dust and iron fumes are prevalent. This
patient experienced a delayed type of asthmatic reac-
tion after welding stainless steel. The other patient, 50
years old, spent 25 years in mild steel and stainless steel
welding and showed an immediate type reaction.
Asthmatic attack in both patients was prevented by
pretreatment with disodium chromoglycate and bec-

lomethasone. Provocation with fumes from mild steel
welding failed to induce any asthmatic response. The
authors ascribed the effect to the chromium and nickel
content of fumes from stainless steel welding.

2.1.1.2 Chronic Respiratory Diseases
Fumes and gases generated from the welding pro-

cesses can gain access to the respiratory system of
welders especially in the absence of proper protective
measures. These fumes and gases contain elements or
compounds that could be harmful to health. An
understanding of what fumes and gases are present in
each welding process and consumable, and under what
welding conditions or plant environment, is impor-
tant. The following paragraph lists most of the com-
ponents which should be considered. Most of the
components are present only under special conditions
and only in a few limited consumables and processes.

Gases are classified as primary pulmonary irritants
such as ozone, nitrogen oxides, phosgene, and phos-
phine or nonirritants such as carbon monoxide and
carbon dioxide. Particulates are subdivided into those
that produce pneumoconioses such as copper, beryl-
lium, tin, iron, and aluminum and those that produce
pulmonary irritation such as cadmium, chromium,
lead, fluorides, manganese, mercury, magnesium,
nickel, molybdenum, titanium, vanadium, and zinc
(Weymueller, 1979). Using proton-induced X-ray emis-
sion, Akselsson et al. (1976) analyzed the particle size
distribution and human respiratory deposition of
trace metals. They found that for respiratory deposi-
tion, there was no significant difference between var-
ious elements. After deposition, the defense mecha-
nisms of the respiratory membranes were activated to
rid the body of these foreign elements. These defense
processes are depicted in Figure 2-1 and are detailed in
a review by Green et al. (1977).

Continuous exposure to these gases and particu-
lates could result in the overwhelming of the clearance
mechanisms and hence chronic respiratory diseases.
Loriot et al. (1979) reported a case of an arc welder
with diffuse interstitial fibrosis of the lungs. The case
involved a 43-year-old welder who had spent about 10
years in arc welding. There appeared to be negligence
on the part of the welder in using protective measures.
Insufficiency of the right ventricle of the myocardium
might ensue in such cases. The examination of a group
of 73 arc welders by Gola et al. (1980) revealed that
only 7 persons, all under the age of 50, showed symp-
toms of chronic non-specific bronchopulmonary dis-
ease. However, none of these patients showed any
significant change in serum alpha-I-antitrypsin. These
observations are in support of findings by Candarella
et al. (1979), who examined 95 welders with up to 30
years of exposure to welding fumes. Results revealed a
high incidence of chronic bronchitis and of impair-
ment of lung function, mostly the obstructive type.
Cytological examination of sputum showed squamous
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metaplastic cells possibly due to the presence of
alleged carcinogens in the welding fumes.

Funahashi et al. (1979) used energy dispersive X-
ray analysis (EDXA) to analyze lung biopsies of
patients with welders' pneumoconiosis. Pulmonary
siderosis commonly seen in welders is usually non-
fibrotic with minor clinical symptoms, and histologic
examination reveals iron particle-filled macrophages.
In case with significant clinical symptoms, there is
generally considerable interstitial fibrosis; it has usu-
ally been assumed that inhaled crystalline silicon diox-
ide caused the fibrosis. However, this study found that
the technique of EDXA failed to show a higher than
normal content of silicon dioxide compounds in the
biopsied lungs examined in 8 cases of pulmonary side-
rosis. The responsible agent was not identified. Kup
(1979) studied the occupational effect of welding on
the upper respiratory tract mucosa of welders and
found that 70% of workers examined had inflamma-
tory changes of the mucosa.

Particulate matter is usually present in welders'
lungs, especially in the absence of proper ventilation,
and may lead to pneumoconiosis. Rabenda (1980)
found no significant difference between the prevalence
of pneumoconiosis among welders operating auto-

matic or semiautomatic systems. However, the epide-
miological study performed by Rabenda did not spec-
ify the exact conditions of exposure and whether these
welders were previously employed in other "dust"-
producing jobs. The exact amount and distribution of
fume contaminants in the lungs of a 35-year-old male
arc welder was investigated by Kalliomaki et al.
(1979). The arc welder had worked for 11 years in a
shipyard welding mild steel plates using mainly basic
coated electrodes. He had never smoked and had been
in good health without respiratory symptoms until he
died suddenly of myocardial infection. His lungs were
removed and investigated by morphological methods,
including gross pathology radiography, histological
and ultrastructural examination, chemical analysis of
lung tissues, and sensitive magnetic measurements.
The technique of the measurement of the magnetic
lung contaminants was later used for the in vivo mea-
surements, and details were given by Kalliomaki et al.
(1980 a,b). The amount of welding fume contaminants
found was 110 mg, of which 10% was iron. This
amount is much less than the average value of 700 mg
reported by Kalliomaki et al. (1978) for welders in the
same shipyard. No explanation was given. Contami-
nants tended to collect in two concentration centers of
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the lungs. One anterior and one posterior. Transmis-
sion electron micrographs showed that enlarged lyso-
somes of macrophags contained electron-dense
granules.

In contrast to the magnetic field measurements
used by Kalliomakietal., Kujawskaand Marek(1979)
used simple radiological examination to detect pneu-
moconiosis in welders' lungs. Radiological examina-
tion of 35 welders with pneumoconiosis showed that
changes in welders' lungs may be reversible. Cessation
of exposure to welding fumes resulted in complete
remission of radiological changes in 9 cases, clear
reduction in 16 cases, and no change in the other 10
persons.

2.1.1.3 Preliminary Medical Examination and
Respiratory Questionnaire
Although a periodic comprehensive physical exam-

ination of welders would have far-reaching effects on
occupational health, it is argued that greater benefits
for welders and their employers would be achieved if
routine clinical examinations were replaced by health
screening (McMillan, 1979). This hypothesis is based
on the fact that singling out certain employees for
more careful medical examination might be inter-
preted by these employees as an indication that they
are being exposed to more health hazards than others.
Moreover, acute effects such as metal fume fever and
arc eye, that are due to negligence in the use of protec-
tive measures and hence overexposure to fumes,
gases, and radiation, will be neither detected nor pre-
vented by a comprehensive medical examination.
Even with the strictest adherence to threshold limit
values, there is a small percentage of welders who are
more sensitive to compounds in fumes than others and
who might be adversely affected by low concentra-
tions. Welders who have pre- or co-existing chronic
obstructive airways, especially tobacco smokers, might
be overlooked in a routine medical examination.
McMillan (1979 a) maintained that welders required
health surveillance designed specifically to detect
obstructive airways disease. The suggested scheme is
shown in Figure 2-2. The scheme is based on the
detection of chronic lower respiratory tract diseases
before and each year following employment. This is
carried out by 1) a pre-employment or an initial health
interview, 2) laboratory determination of lung func-
tion test, 3) ongoing monitoring, 4) review of sickness
absence, and interviews on return from absence at-
tributed to lower respiratory tract.

Laboratory examination includes dynamic lung
volumes (e.g. FEV and FVC) and eye-to-work dis-
tance. The latter is important because welders with
defective vision may have to bring their eyes and hence
the breathing zone closer to the plume than they would
if their vision were normal or properly corrected.

McMillan (1979) suggested that the frequency of
administering the questionnaire be a period of three

months for all new employees and at the end of first
year. For experienced welders, an interval of 5 years
was suggested.

Keskinen et al. (1980) reported on occupational
asthma due to fumes generated from welding stainless
steel by the manual metal arc method. One patient had
had earlier contact dermatitis due to chromium, and
another patient was atopic, since he showed an imme-
diate type reaction. Chromium and/ or nickel in the
welding fumes was described as the etiological factor
for the precipitation of asthma. The role of various
factors in the genesis of asthma and different lung
diseases was discussed by Jones and Weill (1978) and
Carta and Sanna-Randaccio (1977).

2.1.1.4 Lung Function Tests
Lung function tests have been used to assess the

effects of acute (Anthony et al., 1978; McMillan and
Heath, 1979) and chronic (Ross, 1978; Akbarkhan-
zadeh, 1980) exposure to welding fumes. While these
tests are commonly used in clinical medicine, signifi-
cant deviation from the so-called "normal" values
might occur in advanced cases, especially those with
restrictive or obstructive lung diseases. Investigators
reported conflicting results in lung function. Unfortu-
nately, no conclusion can be reached on the basis of
these studies. Variations in study design and parame-
ters measured prevent direct comparison or accumula-
tion of results; for instance, co-existing or previous
exposure to asbestos was considered only by Ross
(1978) and McMillan and Heath (1979). Different lung
function parameters were studied by various investiga-
tors, and it is not clear whether changes in lung func-
tion were due primarily to welding fumes or to
smoking.

Welding fumes are comprised of various gases and
particles that range in diameter from 0.01 to 1 um
(Villaumeetal., 1978). Particles of that size are usually
deposited in the peripheral non-ciliated broncheoli
and in alveoli (Task Group on Lung Dynamics, 1966;
Lippmann, 1972). If welding fumes are hazardous to
the respiratory system, it is expected that pathological
changes will presumably be located mainly in the peri-
pheral airways and in the alveoli. Since resistance to
air flow is very small in the peripheral airways, consti-
tuting as low as 10% of the total airway resistance,
obstruction located in these peripheral airways could
not be detected by conventional spirometry. It is,
therefore, not surprising to have conflicting results of
spirometric studies. Changes in small airways could be
measured by the simple single-breath test that was
introduced a few years ago (McCarthy et al., 1972;
Buist et al., 1973; and Oxhoj et al., 1977). Oxhoj et al.
(1979) used this method to study the lung function of
119 electric arc welders who spent 5-38 years at a
shipyard where new ships were being built. Welding
was mainly performed indoors using HT steel and
basic electrodes (similar to AWS 7018). Half of the
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welders worked in a mean total dust concentration
exceeding 10 mg/m3. Analysis of dust composition by
energy-dispersive Roentgen-Fluorescence showed a
higher concentration of copper, lead, gallium sele-
nium, rubidium, strontium and potassium in particles
of the order of 0-1 m in size. In comparison with the
mean of 90 controls, welders showed a significantly
higher closing lung volume and capacity. The total
lung capacity was significantly lower in the welders
who were smokers or ex-smokers. These findings were
attributed to the deposition of welding fume particles
in peripheral small airways or alveoli.

In contrast to the Oxhoj study, McMillan and
Heath (1979) studied the acute changes in respiratory
function of 25 welders with 6-25 years of experience
during which the exposure was monitored. A group of
25 electrical fitters matched to welders by age, sex, and
smoking habit was used as the control group. Each
participant from the welders and the control group
was clinically examined, had a chest radiograph, and
performed a number of pulmonary function tests at
the beginning and end of a shift. Each welder worked
for 1 day, giving a total of 25 separate test days over a
5-week period. Each welder worked on welding the
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seams of dock blocks using general purpose rutile
electrodes (4 SWG Vordex) in a box-like metal struc-
ture with only natural ventilation; no respiratory pro-
tection was worn. McMillian and Heath's study was
designed such that it eliminated several uncontrollable
variables encountered in a random sample. However,
acute affects could be overshadowed by superimposi-
tion on chronic effects of welding.

No significant differences in the frequency of occur-
rence of respiratory signs and symptoms on clinical
examination were found between welders and con-
trols. Nine welders (six smokers) and eight controls
(seven smokers) reported one or more respiratory
symptoms as follows:

Symptom

Chronic bronchitis
Rales or ronchi
Absent from work for more

than a week due to respiratory
disease

With radiographic abnormalities

No. of
welders

5
5
8

9

No. of
controls

2
3
11

4

No siderosis could be detected in welders. However,
eight welders and two controls showed plural abnor-
malities that were ascribed to previous exposure to
asbestos.

Lung function tests revealed no significant differ-
ence between the overall prevalence of abnormal pat-
terns (13 welders and 14 controls). However, qualita-
tive differences between welders and controls were
observed; the degree of obstruction was greater in the
welders, and the degree of restriction was greater in the
controls. Most of those with abnormal patterns were
smokers. Although acute changes in lung function
reflected no significant differences between the group
means of welders and controls or those of smokers and
nonsmokers, a positive correlation between changes in
residual volume and total fume, respirable fume, iron
oxide fume, and NOX was found. This correlation
could be ascribed to obstructive changes in the small
airways.

Although McMillan and Heath's study is well
designed and executed, the statistical significance
could vary by changing the size of the population
studied. Extrapolation from this study to welders in
general could be misleading. At least theoretically,
welding fumes and gases contain a mixture of bron-
chial and alveolar irritants which could give rise to
obstructive lung diseases, especially in the smokers.

Spirometric examination of 1,232 of workers ex-
posed to dust and welding smoke (Juniczak, 1979)
showed a decrease in the ventilation efficiency of lungs
of 39 workers (3.2%) with at least 16 years of exposure.
Of these workers, 38 showed an obstructive pattern of

ventilation abnormality. Concomitant exposure to
asbestos and history of smoking were not given. These
results are in sharp contrast to those of Ross (1978)
who examined 926 welders and controls for Forced
Vital Capacity (FVC), Forced Expiratory Volume for
one second (FEV 1.0) and the Peak Expiratory Flow
(PEF). In fact, he found that on several occasions,
welders had significantly better results than the con-
trols. The only group of welders that showed restric-
tive ventilatory capacity compared with the controls
were those who smoked and were in the 40-49 age
group. Overall, 8.4% of smoking welders and 6.6% of
non-smoking welders had some restrictions to their
ventilatory capacity.

To study the long-term effect of welding fumes and
of cigarette smoking on the respiratory system,
Akbarkhanzadeh (1980) compared the spirometric
measurements of 209 welders with those of 109 non-
welder control. The two groups were matched for age,
height, smoking habits, residence, and social class.
Results showed that the prevalence of respiratory
symptoms increased with age and was greater among
the welders than among the controls, and was greater
among smokers than among non-smokers. Although
welders generally did not show serious pulmonary
insufficiency, they experienced larger reductions in
pulmonary function parameters with increasing age
than did the controls.

In 1978, Ross reported the results of respiratory
examinations on welders and controls to determine
possible health differences due to exposure to welding
fumes. Physical examinations were performed on 926
welders between the ages of 20 and 59 and on 755
"other available" non-boilermaker workers. A com-
parison of welders and controls for respiratory illness
as a whole and pneumonia and bronchitis specifically
showed that, the only significant difference exists
among smoking welders in the 50-59 age group who
showed higher percentage of the above three condi-
tions. The only significant difference found between
the welders and the control group when tested for
FVC, FEV, and PEF was that welders had better mean
values than the controls. When tested for restrictive
ventilatory capacity, smoking welders aged 40-49
showed a significantly higher prevalence of problems
than did controls; conversely, non-smoking controls
of the same age group had significantly more cases of
restrictive capacity than did welders. Non-smoking
welders aged 40-49 were significantly more affected by
obstructive ventilatory capacity (i.e., FEV/FVC was
below 0.75), whereas the controls aged 50-59 were
more affected. Differences between welders and con-
trols were infrequent and did not always favor the
control group. Overall, 8.4% of smoking welders and
6.6% of non-smoking welders had restricted ventila-
tory capacity and 24.4% and 20.3% had some obstruc-
tion to their ventilatory capacity, respectively. Also,
7% of the welders had X-ray evidence of siderosis, and
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7% had other abnormalities. Those retired welders
with over 15 years of exposure had a 30% prevalence of
siderosis.

Anthony et al. (1978) reported on a 26-year old man
with 9 years of oxyacetylene welding experience who
developed a hacking cough soon after having begun a
new job. Shortness of breath, a dry cough, and chills
began after the first day of soldering brass with a silver
solder. Upon analysis, the solder was shown to contain
high percentages of zinc (18%) and cadmium (6%).
The condition persisted despite medical treatment,
and 4 days after exposure, the man had to be taken to
an emergency room. While in the hospital, lung func-
tion and other tests were performed. Within 3 days the
patient's symptoms subsided without treatment. Table
2-1 shows the results of lung function tests on the day
after admission and 6 weeks thereafter. Urinalysis by
atomic absorption spectroscopy revealed concentra-
tions of 4 mg/dL for zinc and 1.5 mg/dL for cadmi-
um on the tenth day after admission and concentra-
tions of 0.18 mg/dL and 0.53 ug/dL 3 months after
exposure. No evidence of airway obstruction was
found. X-rays showed pulmonary edema and hemor-
rage upon admission, but this condition cleared up
entirely 6 days later.

Anthony et al. stated that the initial course of this
illness, i.e., respiratory difficulties and high urine zinc
concentrations, was consistent with metal fume fever.
However, metal fume fever is usually self-limiting and
lasts no more than 48 hours. The persistence of clinical
symptoms for 5 days, elevated urine concentration of
cadmium 15 days after exposure, and the finding of
substantial concentrations of cadmium in the solder
suggested a diagnosis of acute toxic pulmonary reac-
tion to cadmium.

Table 2-1
Results of pulmonary function tests

on man with toxic reaction to cadmium

Variable

Total lung capacity, L
Functional residual capacity, L
Vital capacity (VC), L
Residual volume, L
Forced expiratory volume in 1

second, L
Maximum expiratory flow at

50% VC, L/s
Maximum expiratory flow at

50% VC, VC/s
Airway resistance, cm H2O/L/s
Diffusing capacity of carbon

monoxide, *mL/min/mm Hg

Observed

Day after
admission to

hospital

3.4
2.4
1.8
1.7
1.6

2.7

1.5

1.5
13.7

values

Six
weeks
later

5.5
3.0
4.1
1.4
3.9

7.6

1.4

0.9
27.8

'Measured by single-breath method.

2.1.1.5 Radiographic Examination
Attfield and Ross (1978) reported the results of the

examination of 661 chest X-rays of electric-arc welders.
All welders were currently employed or had retired
from welding in a heavy industrial plant. Their ages
ranged from 16 to 73 (average of 36.8 years) and
posteroanterior radiographs taken between March
1970 and October 1973 were obtained for all men.

Welding dust and fume concentration were not re-
corded so length of exposure was used as an index of
exposure. Because welders of the subject plant gener-
ally began their apprenticeship at age 16 and remained
in that occupation for life, length of working life was
estimated to be present age minus 16 years. The types
of electric-arc welding done by these men included
GMAW and GTAW processes. Oxides of nitrogen,
manganese, nickel, chromium, zinc, iron, and lead
were among the contaminants encountered. The vast
majority of men welded full-time and approximately
40% of them had, at one time, been exposed to
asbestos.

Three physicians with experience in evaluating
radiographs read the films; 649 X-rays were read by all
three and no one reader read all 661 films. Films were
classified on the basis of the amount of small, rounded
opacities, according to the 12-point increasing scale of
the International Labor Organization(ILO); the scale
ranged from 0/ - to 3/4, in increasing severity. Mean
scores for each film were calculated and rounded for
the judgments of the three readers. Also, the greatest
diameter of the predominant opacities were classified
as p, q, or r, (less than 1.5 mm, 1.5-3.0, and over 3.0
mm, respectively).

It was determined that, based on mean readings,
7.9% of the film scores were judged to be in category
0/1 or greater. The boundary between 0/0 and 0/1 was
taken to be the dividing line between the absence and
presence of small opacities. The readers agreed on the
classification of 576 films; all of these were of category
0/0. There was over 93% agreement on the presence or
absences of radiologic opacities. However, 3 to 12% of
each pair of readers agreed on those films categorized
as 0/1 or greater. Paired agreement ranged from 60-
80% in opacity size; 15-23% were classified as "p,"
63-85% as "q" and 0-13% as "r." Approximately 90%
of the films read in common were classified identically
when examined for abnormalities other than pneumo-
conioses. Tuberculosis, pleural changes and bronchitis
were among the conditions reported.

Attfield and Ross also examined the relationship
between opacity prevalence and length of working life.
Very few abnormalities were noted until the worker
had been employed 15 years, and the prevalence of
pneumoconiosis steadily increased thereafter until it
passed 30% with 50 years of experience. An analysis of
length of experience by severity of the opacities yielded
an approximately direct relationship until age 50 when
no such increase continued.
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Several limitations of this study cloud the applica-
bility of the results. Reader bias may have been intro-
duced by the fact that all readers read the films in the
same order and that more than one film was obtained
on some workers. It is possible that those welders not
in this study, i.e., those who left the industry after
suffering adverse effects of welding fumes, may have
biased the results. The biggest disadvantage of this
study was the use of length of exposure as a measure of
fume exposure. Undoubtedly, conditions varied for
welders individually and for the occupations as a
whole.

2.1.2 Effects on the Ear and Hearing
Jarzebski (1979) reported on 19 cases of middle ear

burns, due to sparks or foreign bodies, that occurred in
metal welders in Poland during the period of 1970-
1976. No discussion was given on the use (or lack of
use) of protective devices.

2.1.3 Effects on Eyes and Vision
Welding is associated with five potential sources of

hazard to eyes and vision. These sources are fumes,
radiation, heat, magnetic fields, and flying sparks.
Appropriate protective measures for the eyes and face
are available and widely used (NIOSH, 1978, 1979).
However, approximately two incidents of eye injury
per welder per year have been reported (Tengroth and
Vulcan, 1977). Pollak and Romanchuk (1980) main-
tained that most of the accidents happen to semipro-
fessional or untrained personnel who do not fully
appreciate the hazard of exposure to high intensity
radiation and visible light. In the absence of protective
measures, welders might experience eye irritation,
corneal and conjunctive injuries, arc eye, retinal dam-
age, cataracts, sluggishness of eye adaptation.

2.1.3.1 Eye Irritation
Several factors can contribute to the eye discomfort

experienced by unprotected welders. These factors
include gases, fumes, and radiation.

Ozone, if present at high levels, might produce eye
irritation. However, studies by Bloom (1979) showed
that in the respirable zone of welders, ozone never
reaches high concentration because of the formation
of nitrogen oxides.

Fumes, on the other hand, especially those contain-
ing basic materials, have been proven to cause consid-
erable eye irritation. Bases react with lipids in the
corneal epithelial cells, forming soluble soap that can
quickly penetrate the corneal stroma and enter the
anterior chamber of the eye. Acid mists or vapors are
generally more tolerable than are basic ones.

There is consideable disagreement on the use of con-
tact lenses by welders.

2.1.3.2 Retinal Damage
Any biological consequence of exposure of the

human eye to intense light or optical radiation is
caused by thermal and photochemical effects. Ther-
mal damage is caused by visible and infrared radia-
tion, whereas photochemical lesions are due to ultravi-
olet radiation and are dependent upon photon energy.

The retina is the most sensitive structure in the eye
to the thermal effects of visible and infrared radiation.
A major part of the absorbed energy is converted to
heat. Exposure to a relatively high intensity beam for
some time is needed to bring about serious injury to
the retina.

On the other hand, exposure to ultraviolet radia-
tion causes very little initial discomfort and might, in
severe cases, cause irreversible photochemical reaction
in the pigment layer. Permanent damage, however, is
mostly caused by thermal effects which might be
aggravated by the simultaneous photochemical reac-
tion due to ultraviolet waves.

Pollak and Romanchuk (1980) reported on the use
of several mathematical equations for the determina-
tion of the thermal effects of optical radiation. The
authors applied these equations to the calculation of
the temperature of the retina of a postman who had
been welding an implement without eye protection.
Details of this accident are mentioned by Romanchuk
et al. (1978). The postman had been welding a piece of
steel without any protection for his eyes except for his
regular eyeglasses. The welded object was about 1 foot
away from his eyes; and the victim used a class 6013
rod with 220 volt, 95 ampere current. The metal elec-
trodes were 3 mm in diameter.

Calculations made by Pollak and Romanchuk
(1980) showed a possible temperature increase of
10.3° C, which was sustained for about 10 seconds.
Clinical examination of the patient revealed retinal
burns that could not possibly be produced by such a
temperature for this short duration. Pollak and
Romanchuk maintained that since the final expression
of calculating the temperature increase of the retina
involved the use of estimated values, the calculated
values are only "crude" approximations.

Lovsundetal. (1979 b) studied the effects on vision
of a phenomenon called magnetophosphenes, the
result of an extremely low frequency (ELF) magnetic
field produced during welding. The studies included
are on welding [manual metal arc (SMAW) and sub-
merged arc welding] and resistance welding (flash
welding, seam welding, and spot welding). The weld-
ing processes generated magnetic fields in the range of
10-50 Hz and 0-40 mT. A sensitivity maximum was
found at 20-25 Hz. The authors found no evidence of
any "alarming"effect on the visual system from short-
term exposure to these magnetic fields. However, their
results do not permit any definite conclusions on the
chronic effects (due to long-term exposure) of welding.
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2.1.3.3 Effects on Readaptation Time
The light sensitivity of an eye adapted to a certain

luminous level decreases abruptly when the eye is
exposed to a bright flash of light. Since welders are
usually exposed (especially when proper protective
measures are not used) to bright lights, gases, and
fumes, the readaptation time (RAT) of their eyes
might be affected. The RAT is the time that elapses
from the moment of exposure to a bright light until a
certain object reappears. Whether this effect on RAT
is due to gases or fumes or both and whether RAT
changes can be correlated to the content of certain
substances in the electrodes was studied by Linde
(1980). He reported that professional welders usually
experience greatest discomfort when using two types of
electrodes: copper- and fluoride-containing rods. This
discomfort is partly due to the effects of fumes on the
respiratory system and partly due to visual and central
nervous system effects. The method of measurement
was dependent on the determination of the recovery
time for optokinetic nystagmus following a bright
flash of light. Welding fumes, produced by different
electrodes, were analyzed for particles. Blood samples
were analyzed for trace metal contents just before
exposure to welding fumes and immediately after-
ward. A marked increase in RAT was observed with
fumes from basic electrodes similar to AWS 7018 and
alloyed versions (which contain high amounts of cal-
cium and fluorides and sometimes copper). Fumes
from rutile electrodes, on the other hand, produced no
marked increase in RAT. These fumes usually contain
low levels of calcium and fluorides. The author
ascribed the prolongation of RAT to the fluoride con-
tent of the fumes. However, blood analysis failed to
show any changes that could be correlated with the
effect on RAT. Headaches and nausea experienced by
welders were found to correlate with the prolongation
of RAT.

2.1.3.4 Welding and Contact Lenses
Dixon (1978 b) traced the history of contact lenses

and their industrial use, made recommendations, and
stated precautions about their use in the working
environment. Regarding their use in welding opera-
tions, Dixon discounted the story of the welder who,
following an arcing episode, "removed part of his cor-
nea as well" when he attempted to remove his contact
lenses. No arc injury to the cornea occurred, and it was
simply a case of superficial corneal irritation from
continuous wearing of the lenses. It was recommended
that adequate safety protection in addition to the con-
tact lenses being worn required a qualified person be
immediately accessable to remove the lens in an emer-
gency and that the wearer quickly be able to obtain
clear vision either with glasses or if his uncorrected
vision is adequate.

In a letter to the British Medical Journal 1 year
earlier, Kersley (1977) presented viewpoints of various
professionals on the potential risk of arc welding flash
on the eyes of the contact lens wearer. One ophthalmo-
logic surgeon was stated to have favored the use of
contact lenses in conjunction with safety glasses in
welders exposed to arc flashes due to the added protec-
tion they provide. Another surgeon felt that contact
lenses offered the wearer adequate protection. Kersley
stated that adverse attitudes toward contact lenses are
the result of misreporting of a 1967 incident involving
a welder who reportedly lost his sight following an arc
flash. However, according to the medical director of
the involved plant, the damage, which was reversed
within a few days of the injury, was caused by neglect
of the worker and continuous wearing of lenses.

2.1.4 Effects on the Skin
Most skin conditions in welders are caused by fly-

ing hot metal particles and exposure to ultraviolet
radiation. Skin conditions reported in welders were
always due to lack of protective measures. For in-
stance, Jirasek (1979) reported on ten cases of occupa-
tional hyperpigmentation that has the same features as
siderosis of the skin. These pigmentation which con-
sisted of disseminated rusty brown minute macules
similar to freckles, occurred on the bare arms and fore-
arms of 10 women employees whose work involved
spot welding of car parts. No pigmentation were
noticed on their hands and wrists which were pro-
tected by leather gloves. There were no complaints of
any pain or hinderance in work due to this condition.
However, it was only a matter of cosmetic significance.
The smaller macules disappeared within three years of
cessation of exposure, whereas larger macules persisted
for as long as 8 years after giving up welding. Contact
eczema due to nickel was reported in unprotected
electric welders (Weiler, 1979).

No skin cancers attributable to welding were re-
ported. Epidemiological analysis of 200,000 cases of
skin cancer conducted by MacDonald (1976) was not
occupationally oriented. However, the author attrib-
uted the cancer conditions to several factors such as
hereditary, exposure to ultraviolet radiation, latent
virus etc. There is a potential exposure of welders to
ultraviolet radiations; however, the contribution of this
exposure to the incidence of skin cancer is unknown.

2.1.5 Effects on the Gastrointestinal Tract
No article was published in the 1979-80 period of

updating the previous report on welding.

2.1.6 Effects on the Cardiovascular System
Various cardiovascular myopathies have been

ascribed to exposure to welding fumes (Abramovich-
Poliakov et al., 1979; Suvorov et al., 1980). No details
were given.
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2.1.7 Effects on the Central Nervous System
According to our best knowledge, no article on this

subject has been published in the 1979-80 period.

2.1.8 Effects on the Liver
No article on this subject could be located in the

1979-80 period.

2.1.9 Effect on the Musculoskeletal System
An epidemiologic study on the effect of welding on

the knee joint was conducted by Nauwald in 1980 on
100 welders working in the shipbuilding industry.Al-
though the number of workers is too small to allow
any significant conclusions, the author claimed that
welders are at an increased risk of developing knee
joint diseases. The study was stratified by age, and
bursa changes were found in all age groups, especially
the 46 - 55 group. No details were given on previous
occupation or the factors that predisposed to the knee
joint ailments.

2.1.10 Effects on Reproductive System
No article dealing with this subject has been pub-

lished in the 1979-80 period.

2.1.11 Effects on the Urinary System
No article on this subject has been published during

this period of updating (1979-1980).

2.1.12 Effects on the Endocrine System
No articles on this subject could be located.

2.1.13 Effects on the Teeth and Oral Cavity
No article dealing with these effects has been

published.

2.1.14 Metal Fume Fever and Allergic Reactions
Calnan (1979) described the condition of a 42-year-

old man who had a 4-year history of a recurring rash
(diagnosed as endogenous eczema) on his left leg and
the backs of his hands. The man had been a welder in a
small shipyard for about 10 years. He had welded both
galvanized water pipes and mild steel, which occasion-
ally was treated with red lead. Welding galvanized
metal was reported to have generated zinc fumes, as
the surface zinc vaporized. Over the 2 years prior to
examination, he had had and quickly recovered from,
malaria-like attacks of a "shivering illness." Calnan
described the illness as typical of metal fume fever.

2.1.15 Biochemical Effects of Heavy Metals in
Welding Fumes

The term "heavy metals" denotes those metals that
have a density greater than 5 gm/cm3. It covers about
40 elements, some of which are highly toxic. The toxic-
ity of heavy metals in general was discussed by Louria
et al. (1972) and Clarkson (1977).

Since fumes generated by welding contain particles
of various metal oxides, several authors have tried to
determine the extent of exposure to welding fumes by
determining the level of metals in different biological
specimens. Thus, Grund (1980) and Grund et al. (1980)
analyzed the manganese contents of hair samples
obtained from 254 shipyard welders and 237 control
persons by neutron activation method. The manga-
nese content in welders' hair was five times as high as
that of the control group. Furthermore, correlation
was found between welding technique and the amount
of contamination. However, no correlation could be
established between the serum and hair contents of
manganese. Since manganese is preferentially stored
in bradytropic tissues such as hair, it seems that hair
analysis, which is a non-invasive test, would be a suit-
able test for early identification of exposure to manga-
nese. The major drawbacks of this test are that (1) no
correlation could be established between manganese
content and years of exposure or age and (2) that no
correlation between manganese content in the hair and
lung function data could be found (Grund etal., 1980).

Bernacki et al. (1978) analyzed the nickel concen-
tration in the urine of nickel-exposed workers and
unexposed controls. Using electrothermal atomic ab-
sorption spectrometry, urinalyses were performed on
10 groups (101 total workers) exposed to nickel
(including a group of 10 arc welders) and two groups
(42 workers) of unexposed controls. When the mean
urine nickel concentrations of the 10 arc welders (7
men and 3 women) were compared with those of a
control group of 19 hospital workers, it was found that
the calculated nickel concentration of 6.3 ug/1 of urine
for welders was significantly greater than that of con-
trols. The nickel concentrations per gram of creatinine
were not significantly different. It was claimed that
measurement of urine concentrations of nickel are
valuable assessments of workplace exposure and are
more sensitive and convenient procedures, even though
no significant correlation was observed for the welders
between atmospheric concentration of nickel in the
workplace and its concentration in the urine.

Tola and Karskela (1976) reported the results of a
survey of lead exposure in 568 Finnish workers,
including 84 welders, in three shipyards. Using Hes-
sel's method of determining blood lead concentra-
tions, it was found that none of the shipyard workers
had blood lead concentrations above the Finnish
highest recommended concentration of 70 ug/100 ml.
The mean blood lead concentration of the welders was
approximately 26 ug/100 ml. The hemoglobin levels
of all workers studied fell within the normal range, and
no statistically significant differences between any
subgroups were noted. It was concluded that these low
lead concentrations indicated a low risk of lead poi-
soning in the workers studied.
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Bergert and Voigt (1980) and Mutti et al. (1979)
estimated the urinary content of fluoride and chro-
mium, respectively, in welders. Experiments per-
formed by Bergert and Voigt (1980) utilized 8 persons;
each was given 1-2 mg of fluoride orally. About 10% of
administered fluoride was excreted in the urine in 4
hours. The authors concluded that the estimation of
fluoride content in urine of welders, especially those
using potassium-containing electrodes, may act as an
indicator of the respiratory load of welding fumes. It
should be pointed out that in Bergert and Voigt's
experiment, the number of persons used is inadequate
to draw any meaningful conclusion. Furthermore, the
conditions of the experiment did not simulate the real
atmosphere of welding, since fluorides were given
orally; inhalation route would have been a closer
approximation of the actual exposure.

Experiments performed by Mutti et al. (1979) were
designed to measure the chromium content in urine of
welders during the actual exposure to welding fumes.
Twenty-two welders using high chromium alloyed elec-
trodes were examined. Measurements were made of the
hexavalent hydrosoluble fraction of chromium in the
welding environment and also in the urine of the
welders. A correlation between the amount of airborne
and urinary chromium was found. Urinary excretion
of chromium was higher in individuals with greater
chromium body burden. These findings led the authors
to conclude that if the urinary excretion of chromium
is not significantly increased after a single working
period, then it could be assumed that significant
absorption of the hexavalent chromium did not occur.

The correlation between the atmospheric level of
chromium and nickel and their biological half-life of
urinary excretion was further investigated by Tossa-
vainen et al. (1980). It was found that a linear one-
compartment model gave estimates of half-life ranging
from 15 to 41 hours for chromium in urine and 17 to 39
hours for nickel.

Mlynarczyk and Senczuk (1980) claimed that the
decrease in plasma proline and the concomitant
increase in plasma hydroxyproline could be used as an
early indication of exposure to welding fumes.

Wysocki et al. (1980) studied the effect of welding
on serum enzyme levels in two groups of welders who
averaged 3.5 and 7.2 years of experience, respectively.
They found a significant decrease in the alkaline phos-
phatase level in both groups and a significant decrease
in the lactate dehydrogenase enzyme.

2.2 MutagenicityandCarcinogeni-
city of the Fumes and Gases

Because of the intense ionization of the air during
welding, ozone is formed to a variable degree. There is
growing evidence that ozone induces both point and

chromosomal mutations. A concentration of 0.2 ppm
of ozone brought about an increase in chromosomal
aberrations in Chinese hamsters lymphocytes (Zelac et
al., 1971). Chromosomal aberrations due to exposure
to ozone have been reported in chick embryo fibro-
tolsis (Sachsenamier et al., 1965) and in Vicia fava
(Fetner 1962). Point mutation was demonstrated by
Prat et al. (1968) who found that ozone alters the
pyrimidine bases thymine and uracil in E. coli DNA.

These findings have prompted an in vivo study of
the effects of ozone on human chromosome response
(Bloom, 1979). A total of 247 welding trainees were
involved in Bloom's study, each serving as his own
control. Blood samples were taken prior to ozone
exposure, and 6 and 12 weeks after the start of a
12-week training period. Seventy-four percent of the
trainees were between the ages of 18 and 21 years, and
almost half of the trainees had had previous school or
job welding experience. Only 131 trainees completed
the program and thus provided the third blood sam-
ple. The maximum ozone level detected during weld-
ing was 0.015 ppm both in the ambient air of the
welding sheds and in the respiratory zone within indi-
vidual welding booths. A slight rise in the percentage
of cells with single chromatid and isochromatid gaps
was demonstrated in the 6 week samples, which de-
clined by the twelfth week. However, no statistically
significant increases were seen in any category of the
chromosome-type aberrations studied. The slight in-
creases in the single and isochromatid gaps do not
indicate any permanent damage and are well known to
be a less reliable indicator of chromosomal damage
than any other aberration type. The strikingly low
level of ozone detected appears to be due to the rapid
conversion of ozone to the oxides of nitrogren.

An in vitro study was conducted by White et al.
(1979) to study the effects of components, other than
ozone, generated during welding, namely fumes. Be-
cause hexavalent chromium may be linked to the
increased incidence of cancer in workers from chromi-
um-associated industries (Langard and Norseth, 1975;
Royle, 1975), including the welding industry (Milham,
1976), White used an established human cell line
NHIK 3025 (originating from cervix carcinoma) to
study the possible effects of welding fumes. Fumes
were obtained by welding stainless steel plates (23.5%
chromium and 21.5% nickel) with a stainless steel
electrode (18% chromium and 11% nickel) at 90
amperes in a specially constructed chamber; fume par-
ticles were collected on an Acropore AN 1200 filter
(mean pore size 0.2 um). Fume particles were then
suspended in normal saline and were added to the
culture medium of the cells. The addition of fume
particles resulted in a reduced cell proliferation and
substantially increased the fraction of abnormally
large cells. The soluble part of fumes produced the
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same effect, and it was found that hexavalent chro-
mium constituted 3.5% of the total welding fume
material. The insoluble particle fraction showed no
activity. It was concluded that the hexavalent chro-
mium content of the welding fume particulates is
probably the main cause of the toxic effects observed
with NHIK 3025 cells.

2.3 Epidemiologic Studies
Beaumont (1980) studied the mortality of welders,

shipfitters, and other metal trade workers in the
Greater Seattle area. That study, though a sincere
effort, could not reach definitive conclusions on the
cause and effect relationship of various diseases in
welders because of different uncontrolled factors. For
example, the Boilermakers Union in the Seattle local
includes workers who perform 16 different jobs; these
workers usually perform more than one type of work
during each year. Beaumont exemplified this hete-
rogenicity by stating that "one welder, will often work
for a shipyard, a metal fabrication shop, and a field
construction job, all in the same year." Furthermore,
in 1958, the Welders and Boilermakers Unions merged,
and records from the merged unions were pulled
together and used to represent welders. Exposure to
hazardous substances such as asbestos, as well as
smoking, might have been contributing factors in the
occurrence of diseases in welders. In fact, Beaumont
stated that most of the welders might have been
exposed to asbestos in shipyards where they worked at
one time or another. He also maintained that welders
smoke cigarettes more than other occupational groups
and the nation as a whole. Beaumont's results showed
that cancer of the respiratory system was higher than
expected (31%) in welders; however, this increase was
not statistically significant. The lack of detailed expo-
sure data on individual workers did not allow the
association of the increased risk with any particular
substance. Beaumont found that persons engaged in
welding for 20 years or more are at higher risk of lung
cancer than others.

Concerning pneumonia in welders, Beaumont
found a 67% excess of pneumonia death (19 observed
and 11.4 expected). The author associated the occur-
rence of pneumonia with the "considerable amounts"
of nitrogen dioxide and ozone involved during welding.

Exposure of welders to ultraviolet radiation might
affect the lens of the eye, causing the so-called "arc
eye," and can also cause skin burns. In this epidemio-
logic study, mortality from skin and eye cancers
among welders was not unusual (2 observed and 2.1
expected). Beaumont also found that the occurrence
of prostatic carcinoma among welders was in the nor-
mal range.

Preliminary results of an epidemiologic study con-
ducted by McMillan (1979 b,c; 1980) on the health of
welders in the Royal Dockyards have been presented
to the British Occupational Hygiene Society. Although
the study took into account a series of factors such as
morbidity, mortality, and clinical studies on chronic
respiratory disease, data analysis was incomplete and
results may not represent the final findings.

The preliminary findings of McMillan showed that
British welders included a high percentage of smokers;
there was no evidence of a significant excess of chronic
respiratory diseases. A high rate of musculoskeletal
disability in welders was also noticed. This was attrib-
uted to the fact that welders comprised a high propor-
tion of older men; whether this was due to welding or
simply aging was not clear.

3. Toxicologic
Investigations in Animals

Experiments performed on various animal species
are an important source of our knowledge of the toxic
effects of different chemicals. A well-designed experi-
mental study on animals should simulate, as much as
possible, the normal atmosphere of exposed workers,
as well as the route of entrance into the body. There-
fore, conclusions derived from experiments in which
welding fumes are administered, say, intraperitoneal-
ly, are questionable.

To assess any potential health effect of welding,
experiments have been focused on fumes and radia-
tion generated during welding. Several animal species
have been exposed to welding fumes, e.g., rats (Hewitt
and Hicks, 1972; Samoilova and Kireev, 1975; Gus-
kova and Komovnikov, 1974; Arutyunov et al., 1976),
guinea pigs (Kawada et al., 1964), mice (Von Haam
and Groom, 1941), cats (Titus et al., 1935), and rabbits
(McCord et al., 1941; Garnuszewski and Dobrynski,
1966).

These previous studies were mainly concerned with
the local effects (such as irritation and pulmonary
edema) of welding fumes on the lungs; recent investi-
gations, however, have focused on the pattern of depo-
sition and the elimination rate of fume particles from
lungs (Lam et al., 1979; Alshamma et al., 1979a,b).

In all these studies, fumes were generated by weld-
ing various metals using different welding methods.
Animals were exposed to fumes by inhalation or
received certain amounts of the fumes by intratracheal
instillation. Although these experiments are pivotal in
our understanding of the effects of welding on health,
data should be interpreted with extreme caution for
the following reasons:
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1. The diameter of the respiratory passages of man is
different, usually larger, than those of experimen-
tal animals. This will affect air velocity and hence
the deposition pattern of particulates. The site of
deposition, in turn, determines the degree of
absorption of compounds leached from particles
and hence their systemic toxicity, the severity of
local effects, and the clearance mechanisms of
these particles (Doull et al., 1980).

2. The respiratory rate in man (about 12/minute) is
different from that in other experimental animals
e.g., 100/minute in rats).

3. Intratracheal administration of welding fumes in
experimental animals will result in the introduc-
tion of a much wider range of particle sizes and a
much deeper penetration by particles in lungs
than would normally occur by inhalation.

4. In some experiments, total body exposure of
animals was performed, while in others, nose only
exposure was carried out. Both techniques have
their limitations. Deposition of fume particles in
the fur of animals exposed by the former method
might change the toxicity profile and the outcome
of the study. In the latter case, viz., when animals
are restrained in a confined space to have only the
nose exposed, exposure might result in a change in
respiratory rate and pattern. An animal holding
its breath could change the amount and locus of
fume deposited in lungs.

5. Fume concentrations in animal experiments are
usually much higher than those normally encoun-
tered by welders. This may result in "poisoning"
or saturation of the elimination channels and
hence could give a totally misleading pattern of
excretion of fume particles.

An attempt to study the deposition and elimination
of inhaled particles of welding fumes was carried out
by Lam et al. (1978). Because it highlights some of the
above-mentioned reservations, this study will be dis-
cussed in detail. Experiments were performed on
Sprague-Dawley male albino rats and Dunkin-Hartley
albino guinea pigs. The latter were used because gui-
nea pigs are appropriate for hypersensitivity studies; it
was suspected from elemental analysis that GMAW
fumes could induce hypersensitivity. Guinea pigs were
exposed to a concentration of 990 mg/m3 of welding
fumes produced by the metal-inert gas process
(GMAW) using stainless steel wire. Exposure con-
tinued for 256 minutes when animals displayed signs
of respiratory distress; in fact, two animals died soon
after. The fractional deposition (the ratio of the
amount of fume deposited in animal lungs to the total
amount generated) of GMAW welding fumes in gui-
nea pigs was 0.17.

Rats, on the other hand, were exposed to 1,178
mg/m3 of fumes generated by the manual metal arc
(SMAW) process using flux-coated electrodes for 45.8

minutes. Exposure was terminated because of "undue
rise of atmospheric temperature." The average lung
deposit was 1.5 mg*, and the fractional deposition was
0.23. The particle size and composition of the fume
were as follows:

Particle size (count
median diameter)

Composition (ug/g)

Antimony
Chromium
Cobalt
Iron
Nickel
Zinc

GMAW
(guinea pig)

0.064 urn

22
110,000

170
609,000
56,000
1,500

SMAW
(rat)

0.125 urn

-
940
89

319,500
-

660

The amount of the fume deposited in the lungs was
determined immediately after the termination of ex-
posure and at intervals up to 30 days in the rat study
and 80 days in the guinea pig study. A marked decrease
by time in the lung concentrations of all elements
studied was observed. The concentration of iron in the
lung tissues of rats decreased from an initial level of
2,185 ug/g of lung tissue immediately after the expo-
sure to about 1,085 ug/g (50%) 30 hours later. A
concentration of 657 ug/g was found 30 days later.
The figures for cobalt, in the same intervals, were 0.28,
0.12, and 0.09 ug/g, respectively. Those of chromium
were 32, 10, and 2, respectively. Overall, iron was
retained longer than chromium or cobalt. Similar
decreases were obtained with guinea pigs. However,
unlike the rat experiments, about 40 days were needed
for the elimination of 50% of the iron content of guinea
pigs lungs. The results of various elements were as
follows:

Mean value (ug/g) of freeze dried lung

Time after
exposure

0 hour
10 hours

5 days
40 days
80 days

Fe

10,563
9,008
6,792
5,207
4,441

Co

17.1
13.6
10.9
7.2
5.0

Ni

135
101
81
52
35

Cr

3928
3118
2288
1367
908

*On the basis of the relative surface area of man and rat, a
deposit of 1.5 mg in rat lungs is equivalent to 83 mg in human
lungs. Kalliomaki et al. (1980) measured the amount of dust
in 34 welders' lungs and found an average of 139 mg after 9.9
years of welding. The duration of exposure in Lam's experi-
ment was 45.8 minutes.
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To determine the biological fate of the fumes once
they entered the lungs, Lam et al. (1978) injected 10 mg
of radioactive GMAW fume particles (total radioac-
tivity used was 1 u Ci) into the trachea of anesthetized
guinea pigs. The elimination pattern was similar to
those of inhalation studies; that is, chromium was
eliminated quickly and cobalt and iron less rapidly.
Three phases were distinguishable in the elimination
process of welding fumes. Phase I is characterized by a
short half-life and was ascribed to the elimination of
particulates by the mucociliary escalator. In this phase
particles were transported in their entirety without any
leaching of various constituents. Phase II, which is
slower than Phase I, accounts for longer half-life con-
stants and is due mainly to phagocytosis and transport
of particulates by macrophages. Phase HI is much
slower, has a biological half-life of several weeks, and
is achieved mainly by leaching. The biological half-life
periods of the three phases for different metals were as
follows:

Biological half-life (days) of radioactive
GMAW fumes

Biological half-life

59Fe

60Co

51Cr

Phase

0.61

0.81

0.68

I Phase II

6.5

8.3

5.6

Phase III

318

229

135

It is noteworthy that iron was found only in the feces of
animals, whereas chromium and cobalt were detected
in both feces and urine.

Ideally, radioactive fumes should be inhaled by
animals. However, intratracheal administration was
performed by Lam et al. (1978) and Al-Shamma et al.
(1979a) for safety reasons, and to be sure of the dose
administered. A dose of 10 to 15 mg of neutron acti-
vated GMAW welding fumes was instilled intratra-
cheally in guinea pigs in the Al-Shamma study. Four-
teen days later, the highest concentration of iron,
cobalt, and chromium was found in lungs, followed by
liver and kidneys. Radioactivity was also found in
other organs such as spleen, heart, testis, brain, and
pancreas.

Experiments performed by the same authors on
rats Al-Shamma et al. (1979b) used a more reasonable
concentration of welding fumes (380-400 mg/m3).
Male Sprague-Dawley rats were exposed to MIG
fumes for a continous period of 184 minutes. Animals
were then sacrificed at different time intervals up to 7
days post exposure. Another group of rats was
exposed to GMAW fumes for 30 minutes/day for 6
days. After a period of 40 days, animals were again
exposed to the fumes for 30 minutes/day for 8 days.
The total exposure time was 431 minutes. Significantly
high levels of iron, cobalt, and chromium were found

in the lung tissues of exposed animals. The concentra-
tion of these elements progressively and rapidly de-
creased over a period of 7 days post-exposure. An
increase in the spleen content of iron and cobalt was
observed in the exposed animals as early as 3 hours
after cessation of exposure. This indicates a rapid
translocation of the soluble fractions of these ele-
ments. Most importantly, the authors found that the
rate of elimination of these elements from the lung is
slower following the intermittent inhalation than in
single exposure. This phenomenon might be caused by
the cumulative deposition of these elements, or due to
interference with the pulmonary clearance mechanisms.

4. In Vitro Studies
In view of the fact that cancer usually develops in

humans after a latent period of 5-40 years, several
"short-term" screening techniques have been deve-
loped to test for potential chemical carcinogens.
Among these tests are those for mutagenesis, or the
ability to induce permanent change in genetic material
in bacteria. These procedures depend upon the assump-
tion that cancer is related to genetic alterations; how-
ever, this assumption was not true for some chemicals.
The value of the short term tests, therefore, is to raise a
red flag when results, especially from more than one
species, are positive.

Mutagenicity of fumes from different welding opera-
tions has been studied in bacteria (Hedenstedt et al.,
1977; Maxildetal. 1978) and culture cells (Hedenstedt
et al., 1977). Both Stern (1977,1978) and Maxild et al.
(1978) found that the water-soluble portions of fumes
obtained by welding stainless steel are mutagenic;
those obtained from mild steel are not. The mutagenic
effect in these in vitro systems was found by Maxild et
al. (1978) to be particularly associated with particles
produced by welding stainless steel using the manual
metal arc (SM A W) method. Those obtained using the
metal inert gas (GMAW) method were less mutagenic.
The difference in mutagenicity was attributed to the
particle size and water solubility of these fumes.

Cytogenic effects of welding fumes were further
studied in 1979 by Koshi. The frequencies of sister
chromatid exchange (SCE) and chromosome aberra-
tions were examined in culture Chinese hamster cells
exposed to welding fumes collected from SMA and
GMA welding. Particles from SMA welding were 100
times more mutagenic than those from GMA welding.
Fumes from SMA welding contained 60 times more
soluble hexavalent chromium than those from GMA
welding. It was assumed, therefore, that hexavalent
chromium may be involved in the mutagenic effects of
the fume particles from stainless steel welding. This
supports the conclusion derived earlier by Hedenstedt
etal. (1977).
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In 1980, Knudsen used the so-called mammalian
spot test to study the mutagenic effects of welding
fume particles. This test, which depends on the devel-
opment of colored spots in the fur of the offspring 2-5
weeks after pregnant female mice are treated with a
given compound, is in an early stage of validation as a
useful tool for the detection of mutagenicity. Knudsen
found that intraperitoneal injection of pregnant female
mice with 100 mg/ kg of fume particles, collected from
SMA welding of stainless steel, resulted in the devel-
opment of grayish or brownish spots in the fur of
offspring. Apart from the questionable validity of this
test, the dose seems to be very large, and toxicity might
be due to a host of effects in both the dams and the
offspring. Furthermore, intraperitoneal injection of
welding fumes does not represent the inhalation route
by which welders are exposed to fumes. So, the rele-
vance of this study to the effect of welding on health is
questionable.

In addition to the fact that not every mutagen is a
carcinogen, mutagenicity of filter-collected mutagens
could be artifactual (Chrisp and Fisher, 1980). Because
of the potential for chemical reaction of the collected
particles, great caution should be exercised in inter-
preting these results. For instance, perylene, a non-
mutagenic compound in the Ames test, was converted
to the mutagenic derivative 3-nitroperylene after ex-
posure to nitrogen dioxide on fiberglass filters.

5. Conclusions and
Recommendations

Protection of welders from the adverse health
effects of fumes and gases generated during welding is
a major concern of the American Welding Society
(AWS). For this reason, the AWS has entrusted the
Franklin Research Center to review the world litera-
ture on welding and its effects on health. Two previous
reports have been submitted, and the present report is
concerned with the literature published from June
1979 to December 1980. The health of welders was the
major topic at recent AWS conferences (Milwaukee
1979, and Little Rock, 1980).

Because of the difference between the susceptibility
of various individuals to the effects of compounds in
the welding environment, McMillan (1979, 1980)
emphasized the importance of medical surveillance to
detect any ill effects in welders, as well as a pre-
employment examination for the welding trainees.

Despite the vast amount of published literature, a
host of questions are still unanswered. Research con-
ducted in these "gray" areas will aid in the assessment of
health hazards, if any, to welders. The following topics
for research are recommended, based on the gaps that
have been identified.

1. The threshold limit values for several com-
pounds that are present in the welding envir-
onment have been established based on exper-
iments that were conducted several decades
ago. Because of the different standards of
todays toxicology, as well as the varying sensi-
tivity of individuals, the allowable limits of all
compounds present in welding fumes should be
scrutnized.

2. Epidemiological studies conducted to date have
unfortunately added to rather than helped to
clear up the confusion. The problem stems
from the fact that no two groups of welders are
exactly comparable; even an individual welder
could use various electrodes or methods of
welding that are inconsistent during his work-
life. Social habits such as smoking, drinking, or
exposure to other chemicals such as pesticides,
insecticides, paint removers, etc., might intro-
duce a new factor that could change the out-
come of the study. Interpretation of epidemio-
logical studies should therefore be done with
great caution. It would be essential in any
future epidemiological studies to account for
factors such as smoking, previous exposure to
asbestos, previous type of work, familial his-
tory of diseases, genetic factors, etc.

3. The lung function test is not a very sensitive
method for the detection of any early changes
in the respiratory system due to exposure to
welding fumes. Methods recently developed,
such as magnetopneumography, for the deter-
mination of the amount of fume deposited in
the lung could be a more accurate measure for
determining the extent of exposure. Further-
more, the lung function test should be stand-
ardized if it is to serve as an important test.

4. What happens to the fume particles after depo-
sition in the lungs is still unclear. The fate of
inhaled particles should be studied in well-
designed pharmacokinetic studies that take
into account the complexity of the fume com-
position and the possibility that one compo-
nent in the fume might affect the fate of
another.

5. The alleged presence of chemical carcinogens
in welding fumes is a highly controversial issue
and needs to be settled. The development of
"short-term" tests for carcinogenicity has re-
duced the time and effort necessary to detect
carcinogenic agents. It is recommended that at
least three short-term tests be performed in
fumes from welding different metals using var-
ious operations. It should be pointed out, how-
ever, that positive results do not necessarily
mean that the fumes are carcinogenic. It would,
nonetheless, raise a "red flag" for more testing.
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6. A pre-employment screening for health prob-
lems could be helpful in eliminating persons
with inherent diseases that would be errone-
ously ascribed to welding. Periodical medical
examination and administration of medical
questionnaires are advisable.

7. Efforts should be continued toward reduction
of the exposure of all those in the welding
environment through

a. improving industrial hygiene practices
b. use of processes or consumables that

produce less fumes
c. improving ventilation practices

8. The use of protective measures and more
extensive safety training of welders and super-
visors, and more aggressive supervision and
monitoring cannot be emphasized enough. The
majority of ill effects were reported when
welders neglected the use of safety devices.

9. Development of new methods for the analysis
of trace amounts of metals in air and in biologi-
cal fluids could be helpful.

10. The use of non-invasive techniques such as the
use of the metal content in hair or nail to assess
exposure is still in its infancy. Further valida-
tion of these techniques is necessary.
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