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OCCUPATIONAL EXPOSURES DURING IRON 
AND STEEL FOUNDING 

Iron and steel founding was considered by previous IARC Working Groups in 1983 and 
1987 (IARC, 1984, 1987). Since that time, new data have become available, which have been 
incorporated in this Monograph, and taken into consideration in the present evaluation. 

1. Exposure Data 

1.1 Manufacturing process 

Foundries produce shaped castings from 
re-melted metal ingots and scrap. Although 
foundry work is assumed to start with re-melting 
of ingots and scrap and to end with the fettling of 
castings, the industry is often so integrated that 
the distinction is not obvious. Machine shops 
are not normally part of the work environment 
where castings are produced; however, simple 
and accessory machining may be carried out, 
and these activities may be part of small foundry 
operations. The processes in iron and steel 
founding generally comprise pattern-making, 
moulding and core-making, melting, pouring 
and shake-out, and fettling. A detailed descrip
tion of these production steps can be found in 
IARC (1984). 

1.2 Human exposures 

The iron and steel industry is very diverse 
in materials and processes, resulting in occupa
tional exposures to a wide variety of substances. 
Substantial exposures to silica and carbon 

monoxide continue to occur in many foundries. 
Occupational exposures to airborne polycyclic 
aromatic hydrocarbons (PAHs) are also present, 
resulting mainly from the thermal decomposi
tion of carbonaceous ingredients commonly 
added to foundry sand. In addition, some steel-
foundry workers (e.g. fettlers) are exposed to 
airborne chromium and nickel compounds. The 
introduction of organic binder materials in the 
late 1950s has resulted in exposures of foundry 
workers to other chemicals, including phenol, 
formaldehyde, isocyanates and various amines. 

Earlier exposure studies have been reviewed 
previously (IARC, 1984). More recent studies are 
presented here and summarized in Table 1.1. 

1.2.1 Respirable dust and respirable quartz 

Nearly all production workers in iron and 
steel foundries are exposed to silica dust and 
other mineral constituents of foundry sand 
(IARC, 1984). In a study from Sweden, the 
‘furnace and ladle repair workers’ and fettlers 
were the highest exposed individuals. For the 
furnace workers (n = 33), geometric mean levels 
of respirable dust and respirable quartz were 
1.2 mg/m3 (range, 0.25–9.3) and 0.052 mg/m3 
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Table 1.1 Exposures of workers in the iron and steel founding industry 

Reference, 
Country 

Year of 
study 

Operation/Job/Task No. of 
subjects 

No. of 
samples 

No. of 
smokers 

Exposure Air levels 
(μg/m3) 

Urine levels 
(μmol/mol 
creatinine) 

Geometric 
Mean 

Range Mean Range or 
SD 

Respirable dust and respirable quartz 
Andersson et al. 2005–2006 11 iron foundries 436 Respirable dust 580 76–31000 
(2009) 
Sweden 

435 Respirable quartz 28 3–2100 

Chen et al. (2006) 1990 1234 277 645 Respirable dust 
Taiwan, China Iron making 

Sinter 112 27 90–5080 
Coal preparation 40 9 20–430 
Blast furnace 311 72 90–830 
Steel making 
Steel materials plant 192 30 130–7590 
Basic oxygen furnace 174 47 170–310 
Continuous steel 333 75 320–790 
casting 
Steel slab rectifying 72 17 160–1140 

Binder compounds – methyl isocyanate, isocyanic acid and formaldehyde 
Westberg et al. 2001 Four foundries using 
(2005) the Hot Box core-
Sweden binder system 

Short-term 
samples: 

Total 298 methyl isocyanate 4.9 < 4–68 
297 isocyanic acid 24 < 4–280 

Core maker 179 methyl isocyanate 4 < 4–60 
178 isocyanic acid 22 < 4–130 

Die caster 71 methyl isocyanate 10 < 4–68 
71 isocyanic acid 48 < 4–280 

Others 48 methyl isocyanate 3.4 < 4–12 
48 isocyanic acid 12 < 4–66 
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Table 1.1 (continued) 

Reference, 
Country 

Year of 
study 

Operation/Job/Task No. of 
subjects 

No. of 
samples 

No. of 
smokers 

Exposure Air levels 
(μg/m3) 

Urine levels 
(μmol/mol 
creatinine) 

Geometric 
Mean 

Range Mean Range or 
SD 

Westberg et al. 
(2005) 
(contd) 

8-hour TWA 
samples 

Total 64 methyl isocyanate 5.3 < 4–31 
64 isocyanic acid 27 < 4–190 
64 formaldehyde 120 14–1600 

Core maker 39 methyl isocyanate 4.2 < 4–20 
39 isocyanic acid 24 5.3–84 
39 formaldehyde 200 50–1600 

Die caster 15 methyl isocyanate 12 < 4–31 
15 isocyanic acid 55 6–190 
15 formaldehyde 63 21–220 

Others 10 methyl isocyanate 3.5 < 4–8.2 
10 isocyanic acid 14 < 4–32 
10 formaldehyde 32 14–170 

Iron and steel founding 
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Table 1.1 (continued) 

Reference, 
Country 

Year of 
study 

Operation/Job/Task No. of 
subjects 

No. of 
samples 

No. of 
smokers 

Exposure Air levels 
(μg/m3) 

Urine levels 
(μmol/mol 
creatinine) 

Geometric 
Mean 

Range Mean Range or 
SD 

Polycyclic aromatic hydrocarbons 
Hansen et al. (1994) 
Denmark 

1988–89 Iron foundry workers 
- melters 
- transporters 
- casters 
- machine moulders 
- hand moulders 
- shake workers 
- finishing workers 

- melters 
- transporters 
- casters 
- machine moulders 
- hand moulders 
- shake workers 
- finishing workers 

- melters 
- transporters 
- casters 
- machine moulders 
- hand moulders 
- shake workers 
- finishing workers 

24 
5 
2 
9 
1 
2 
3 
2 

Pyrene 

Benzo[a]pyrene 

Sum of 15 PAHs 

0.02 
0.0 
0.22 
0.12 
0.22 
0.01 
0.0 

0.01 
0.0 
0.02 
0.04 
0.03 
0.0 
0.0 

6.66 
5.78 
10.91 
9.64 
5.63 
11.17 
0.58 
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Table 1.1 (continued) 

Reference, 
Country 

Year of 
study 

Operation/Job/Task No. of 
subjects 

No. of 
samples 

No. of 
smokers 

Exposure Air levels 
(μg/m3) 

Urine levels 
(μmol/mol 
creatinine) 

Geometric 
Mean 

Range Mean Range or 
SD 

Hansen et al. (1994) 
(contd) 

B[a]P exposed 
workers: 
- Foundry 1 – low 19 0.023 
- Foundry 2 – low 13 0.065 
- Foundry 1 – medium 14 0.030 
- Foundry 2 – medium 24 0.046 
- Foundry 1 – high 1 – 
- Foundry 2 – high 18 0.033 
Pyrene exposed 
workers: 
- Foundry 1 – low 19 0.023 
- Foundry 2 – low 5 0.062 
- Foundry 1 – medium 5 0.013 
- Foundry 2 – medium 32 0.044 
- Foundry 1 – high 10 0.036 
- Foundry 2 – high 18 0.046 
PAH exposed 
workersb: 
- Foundry 1 – low 0 – 
- Foundry 2 – low 0 – 
- Foundry 1 – medium 29 0.022 
- Foundry 2 – medium 29 0.041 
- Foundry 1 – high 5 0.043 
- Foundry 2 – high 26 0.053 

a Calculated from short-term samples 
b Sum of 15 PAHs 

Iron and steel founding 
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(range, 0.0098–0.83), respectively. For the fettlers 
(n = 115), geometric mean levels of respirable dust 
and respirable quartz were 0.69 mg/m3 (range, 
0.076–31) and 0.041 mg/m3 (range, 0.004–2.1), 
respectively. Major improvements with respect 
to occupational hygiene in the foundries showed 
maximum average concentrations of respirable 
dust being almost equal to the minimum average 
concentrations for various jobs in the past 
(Andersson et al., 2009). A study from Taiwan, 
China in a continuous steel-casting plant showed 
similar respirable dust levels (Chen et al., 2006). 

1.2.2 Carbon monoxide 

Carbon monoxide (CO) is formed whenever 
there is incomplete combustion of carbonaceous 
material. In the foundry environment, CO is 
mainly produced by cupola melting and casting 
operations. Other sources of CO exposure are 
oil burners used for charge and ladle preheating, 
furnaces for annealing and carburizing, trans
port equipment powered by internal combustion 
engines and fettling operations such as welding 
and flame cutting. Workers in the furnace 
area may be exposed to gases leaking from the 
charging and bottom levels of the cupolas (IARC, 
1984). 

Results of recent measurements of exposure 
levels to CO in iron and steel foundries were not 
available to the Working Group. 

1.2.3 Binder compounds 

Organic binder materials for cores and 
moulds include furan, phenol-formaldehyde, 
urea-formaldehyde and urethane resins as well 
as oleo-resinous oils. These ingredients may 
volatilize into the workplace air during mixing, 
blowing, ramming, drying or baking operations. 
Curing reactions and thermal decomposition 
give rise to formation of additional compounds, 
which are released during pouring and shake
out. When organic binders are subjected to 

high temperatures, pyrolysis may produce gases 
and smoke aerosols. Only a few components of 
these emissions have been identified: aliphatic 
components include methane, ethane, ethylene, 
acetylene, and smaller amounts of high molec
ular-weight compounds; aromatic substances 
include benzene, toluene, xylenes, naphtha
lenes and a variety of PAHs in lower concentra
tions. Nitrogen compounds such as ammonia, 
cyanides and amines may be formed from the 
nitrogen-containing urea, ammonium salts 
and hexamethylenetetramine that are used as 
binder chemicals. Urethane resins may emit free 
isocyanates under moulding and pouring condi
tions. No-bake catalysts, based on arylsulphonic 
acids, may produce sulfur dioxide and hydrogen 
sulphide by thermal processes. If phosphoric acid 
is used as a catalyst, phosphine can be formed 
in the strongly reducing atmosphere of the hot 
emissions. In air, phosphine rapidly oxidizes to 
phosphorus oxide. Furan binders contain free 
furfuryl alcohol, which can volatilize during 
mixing, moulding or core-making. Similarly, 
furan and phenolic resins may emit formalde
hyde, phenol and other derivatives by volatili
zation or thermal decomposition. Core oils and 
alkyd-isocyanate resins are partly composed of 
natural drying oils, and heating of these materials 
gives rise to acrolein, various aldehydes, ketones, 
acids and esters as well as aliphatic hydrocarbons. 
When organic solvents are used in sand binders, 
the vapours may add to the exposure of workers 
(Toeniskoetter & Schafer, 1977; IARC, 1984). 

A study from Sweden by Westberg et al. (2005) 
showed that core-makers had higher average 
exposure to formaldehyde that casters who were 
more exposed to methyl-isocyanate and isocy
anic acid. All four Swedish foundries using the 
Hot Box core-binder system were included in 
this study. 
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Iron and steel founding 

1.2.4 Polycyclic aromatic hydrocarbons 

PAHs result from thermal decomposition 
of carbonaceous ingredients in foundry sand. 
During casting, PAHs are formed and partly 
vapourised under the extremely hot and reducing 
conditions at the mould-metal interface. They 
are then adsorbed onto soot, fume or sand parti
cles and spread throughout the workplace during 
shake-out and other dusty operations. Although 
the mechanism of PAH formation is complex 
and variable, the reactions proceed via pathways 
that involve free radicals. Various radical species 
containing carbon atoms combine in rapid 
fashion at the temperature range of 500–800 °C. 
This pyro-synthesis is influenced by many vari
ables, such as the composition of the gaseous 
atmosphere and the chemical structure of the 
carbonaceous material. Organic binders, coal 
powder and other carbonaceous additives are the 
predominant sources of PAHs in iron and steel 
foundries. In some cases, exhaust gases from 
engines, furnaces and ovens may increase the 
exposure of workers to these compounds (IARC, 
1984). 

Studies from the late 1980s in Denmark 
showed low levels of exposure to PAHs in the 
foundry workplace atmosphere (Hansen et al., 
1994; Table 1.1). 

1.2.5 Metals 

Metal fumes are formed by evaporation, 
condensation and oxidation of metals in air. 
Furnace tenders, melters, casters, ladle-men, 
pourers and crane drivers are exposed to fumes 
from molten metal; fettlers are exposed to metal 
fumes and dusts from grinding, welding and 
flame-cutting operations (IARC, 1984). 

Apostoli et al. (1988) measured concentrations 
of thallium in urine of workers in two cast-iron 
foundries (with 9 and 12 subjects, respectively) 
employed in cupola furnace operating and iron 
casting. These workers were potentially exposed 

to coke dust. The mean urinary thallium concen
trations were higher for the cast-iron foundry 
workers (n =  21; mean, 0.33 μg/l; range, 0.06– 
1.04) than for non-exposed individuals (n = 72; 
mean, 0.22 μg/l; range, 0.06–0.61), but lower than 
those of cement workers (n = 30; mean, 0.38 μg/l; 
range, 0.08–1.22). 

In a study from the United Kingdom, concen
trations of 14 elements in the blood of workers with 
low-alloy steel and stainless steel, and of workers 
exposed to lead- and cadmium-containing dusts 
were measured and compared with values of 
similar measurements in an unexposed control 
group. Concentrations of 20 elements in dust 
samples were also measured. The only elements 
that showed significantly elevated levels in whole 
blood were cadmium in workers with non-ferrous 
metals and lead in all workers. The values for lead 
were 97.2 ± 39.9 ppb in 19 workers with low-alloy 
steel, 74.9 ± 25.1 ppb in 20 workers with stainless 
steel, and 54.0 ± 18.2 ppb in 42 controls. The high 
concentrations cadmium and lead in the dusts 
confirmed the exposure of the workers (Triger 
et al., 1989). 

In a Danish study conducted over a 16-month 
period in 1996–1997, manganese concentra
tions were measured in air, and in blood from 
24 furnace-men employed in three small-size 
foundries and from 21 scrap-recycling workers 
at another plant. Furnace-men who work in 
poorly ventilated smelting departments were 
found to have higher levels of manganese in 
their blood (approx. 2.5 ± 5 μg/L above reference 
values) despite low concentrations of manganese 
in fumes (0.002 ± 0.064 mg/m3) (Lander et al., 
1999). 

In a Taiwan, China study among 63 steel-
production workers, Horng et al. (2003) meas
ured urinary concentrations of cadmium, cobalt, 
nickel and lead by use of differential-pulse strip
ping voltammetry. Mean concentrations of the 
metals were elevated: cadmium: 9.52 μg/L, range, 
3.19–22.07; cobalt: 8.18 μg/L, range, 3.06–23.30; 
nickel: 33.10 μg/L, range, 13.90–78.90; lead: 
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53.50 μg/L, range, 28.90–85.60. Age and duration 
of employment were correlated with the urinary 
concentrations of these metals. [The limited 
information provided on the actual job content 
of the workers did not give insight whether these 
workers were employed in primary steel produc
tion or in the steel foundry.] 

1.2.6 Refractory ceramic fibres 

In a study on refractory ceramic fibres (RCF) 
from Belgium, ferruginous bodies mimicking 
asbestos were detected in nine of 1800 bron
choalveolar lavage samples collected during 
1992–1997 (Dumortier et al., 2001). The nine 
individuals from whom these samples originated 
had been employed either as foundry worker, 
steel worker, or welder and the majority had 
worked on furnace insulation. Mean airborne 
fibre concentrations measured during installa
tion or removal of RCF furnace insulation are 
close to 1 fibre/mL air (Maxim et al., 1997), but 
concentrations as high as 23 fibres/mL have been 
detected (Strübel & Faul, 1994). 

Two Finnish steel plants, three foundries and 
a repair shop were studied for the presence of 
airborne ceramic fibres under normal produc
tion and maintenance conditions (i.e. during 
the replacement of oven insulation). While 
ceramic fibres were found in most production 
phases (range < 0.01–0.29 fibres/cm3), consider
ably higher fibre counts were obtained during 
maintenance work (range <  0.01–14.2 fibres/ 
cm3). Results from nasal sampling were found to 
correlate with the airborne fibre concentrations 
at the group level. The mean fibre concentrations 
varied from 34 to 930 fibres/cm3 of lavage fluid 
(Linnainmaa et al., 2007). 

2. Cancer in Humans 

2.1 Cohort studies 

There are 13 cohort studies available on iron 
and steel founding workers in various parts of 
the world. Nearly all of these show a signifi
cantly increased risk for lung cancer, either in 
the entire cohort or in high-exposed subgroups 
(Koskela et al., 1976; Gibson et al., 1977; Tola 
et al., 1979; Sitas et al., 1989; Andjelkovich 
et al., 1990, 1992, 1995; Moulin et al., 1993; 
Sorahan et al., 1994; Adzersen et al., 2003; 
Hoshuyama et al., 2006; see Table 2.1, available 
at http://monographs.iarc.fr/ENG/Monographs/ 
vol100F/100F-29-Table2.1.pdf). There was a non-
significantly increased lung-cancer risk in one 
study (Decoufle & Wood, 1979). In the cohort 
study from the United Kingdom (Sorahan et al., 
1994) an internal dose–response in terms of years 
of employment was found. A study from the USA 
showed a significantly increased lung-cancer 
risk after adjustment for smoking (Andjelkovich 
et al., 1994). There are two additional cohorts, 
based on proportional mortality, that provide 
supporting evidence for an excess of lung cancer 
in foundry workers (Egan-Baum et al., 1981; 
Silverstein et al., 1986). 

2.2 Case–control studies 

Two population-based case–control studies, 
one from the USA (Blot et al., 1983) and one 
from Poland (Becher et al., 1989), showed a 
statistically significant excess of lung cancer 
in association with foundry work, with adjust
ment for smoking (see Table  2.2, available at 
http://monographs.iarc.fr/ENG/Monographs/ 
vol100F/100F-29-Table2.2.pdf). 
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Iron and steel founding 

2.3 Synthesis 
Considering the consistent findings in the 

available cohort studies and the positive evidence 
from two case–control studies, the epidemio
logical data clearly support the notion that work 
in iron and steel foundries is associated with an 
increased risk for lung cancer. Chance, bias and 
confounding are not likely to explain the excess 
risk. 

3. Cancer in Experimental Animals 

No data were available to the Working Group. 

4. Other Relevant Data 

4.1 Mechanistic evidence relevant to 
the carcinogenic hazards from 
occupational exposures during 
iron and steel founding 

4.1.1 Experimental systems 
In several studies extracts of particulates 

from samples collected at a steel foundry were 
mutagenic in Salmonella typhimurium strain 
TA98 in the presence or absence of an exogenous 
metabolic activation system. In another study 
filter extracts were mutagenic in Salmonella 
typhimurium strains TA98 and TA100 in the 
presence or absence of an exogenous metabolic 
activation system (IARC, 1984). 

Exposures in the iron and steel founding 
industry are complex and include a wide variety 
of known genotoxic and carcinogenic substances 
including PAHs, metals (e.g. nickel, chromium) 
and formaldehyde. These agents have been previ
ously reviewed by IARC (1983, 1990, 1995, 2010). 

4.1.2 Humans 
Workers in a Finnish iron foundry with 

occupational exposure to PAHs and control 
subjects without occupational exposure were 

examined for the presence in peripheral white 
blood cells of aromatic DNA adducts by use of 
32P-postlabelling. There was a significant corre
lation between the estimated exposures and 
DNA-adduct levels (Phillips et al., 1988; Reddy 
et al., 1991). The competitive ELISA assay was 
used to study another population of foundry 
workers with respect to the presence of aromatic 
DNA-adducts, which showed a positive trend with 
exposure (Santella et al., 1993). Foundry workers 
studied over a period of five years were evaluated 
for aromatic DNA adducts in their leukocytes. 
During this time exposure to PAHs decreased 
and the level of DNA adducts decreased also. In 
the total group exposure was related to the level 
of DNA adducts (Perera et al., 1994; Hemminki 
et al., 1997; Perera et al., 2000). 

4.2 Synthesis 

There is moderate evidence that extracts of 
particles collected from a steel foundry act via a 
genotoxic mechanism, based on bacterial muta
tion studies. There is weak evidence for a geno
toxic mechanism of action for exposures during 
iron and steel founding, based on DNA-adduct 
studies. 

5. Evaluation 

There is sufficient evidence in humans for 
the carcinogenicity of occupational exposures 
during iron and steel founding. Occupational 
exposures during iron and steel founding cause 
cancer of the lung. 

No data on the carcinogenicity to experi
mental animals of mixtures present in iron and 
steel founding were available to the Working 
Group. 

Occupational exposures during iron and steel 
founding are carcinogenic to humans (Group 1). 
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