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Dissolution of stainless steel welding fumes in the rat
lung: an x ray microanalytical study
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ABSTRACT The dissolution of stainless steel welding fumes produced by manual metal arc (MMA)
and metal inert gas (MIG) techniques was studied by transmission electron microscopy and quan-
titative x ray microanalysis in the lungs of rats after inhalation exposure. Rats exposed to stainless
steel fumes generated by MMA were found to have two particle populations of different behaviour
in their lung tissue. The particles of the principal population (size 100-250 nm) dissolved in both
alveolar macrophages and type 1 epithelial cells in about two months. Fast and slowly dissolving
components of chromium, manganese, and iron were detected within these particles; they obviously
represent different chemical compounds. The particles of the minor population (size 5-100 nm)
showed no signs of dissolution during three months follow up. Rats exposed to stainless steel fumes
generated by MIG had only one particle population in their lung tissue; they were similar to those
of the minor population in the MMA/SS fumes and no solubility could be detected within three
months.

Welding fumes are metal aerosols consisting of sub-
micron size particles and particle aggregates. Most
fume particles are formed through complex vapor-
isation condensation oxidation or oxidation vapor-
isation condensation processes during welding.' The
fumes are therefore heterogeneous in their structure
and composition, and the elemental composition of
single fume particles may differ considerably from
that of the materials welded. Different welding tech-
niques used on the same materials may also produce
different fumes.2 3 When studied by electron micros-
copy and the analysis of single particles, stainless steel
welding fumes have been shown to contain several
morphologically and compositionally distinct particle
populations.45 The question of the importance of
particle populations has arisen when studying the
clearance of the elements of stainless steel welding
fumes in the rat lung by bulk analytical methods.
These studies have shown the half times for the clear-
ance of elements of stainless steel from the lung after
exposure to welding by manual metal arc (MMA)
technique to be about two months, whereas the same
elements are hardly eliminated at all after exposure to
welding by the metal inert gas (MIG) technique.67
The present study attempted to analyse the dis-
solution of the principal populations of stainless steel
(SS) welding fumes in lung tissue by transmission elec-
tron microscopy and quantitative x ray microanalysis.
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Methods

Male Wistar rats were exposed to MMA/SS or
MIG/SS welding fumes generated by an automatic
welding device for "nose only" exposure for one hour
a day (50 mg/m3) over a period of one week or four
weeks.6 The filler metal electrodes DIN
E19123nCR23 (MMA/SS) and DIN 8556SG2Cr-
NiMo1912 (MIG/SS) were nominally similar to the
corresponding base metals in chemical composition,
and recommended welding parameters were used.
Sixteen animals exposed to MMA/SS fume and killed
one, four, seven, 14, 28, 57, or 107 days after the last
exposure and two animals exposed to MIG/SS and
killed one and 107 days after the last exposure were
studied. The right lungs of the rats were fixed intra-
bronchially with phosphate buffered 3% glutaralde-
hyde. Tissue for electron microscopy was taken from
the central and peripheral parts of the lungs, postfixed
in osmium tetroxide, dehydrated in alcohol, and
embedded in an epoxy medium. To study the effects of
specimen preparation on the elemental composition
of the predominant particle population of the
MMA/SS fumes samples were collected on Nuclepore
R filters by suction for 5-10 seconds with an air flow
of 2 1/min for 5-10 seconds and pieces of filters were
processed for electron microscopy in the same manner
as the tissue samples. Sections of 100 nm were cut and
placed on copper grids coated with Formvar and car-
bon. The tissue and fume samples were examined
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Dissolution of stainless steel welding fumes in the rat lung
using a JEOL 100CX TEMSCAN electron micro-
scope fitted with a PGT 1000 energy dispersive spec-
trometer. Macrophages and epithelial cells containing
fume particles were examined in the tissue sections,
and the elemental composition of single particles or
particle aggregates was analysed in situ. Eight to 16
(mean 13) particles of each type and age were anal-
ysed. The characteristic intensities of the elements
detected in the particles were converted to weight
fractions by the method of Cliff and Lorimer,8 9 as
described in our earlier report.10 The elemental
composition of pulmonary fume particles was com-
pared with that of the same particle population in the
fume samples collected from the air directly on
electron microscopic specimen supporting grids
during welding.5

Results

Pulmonary MMA/SS fume particles of the principal
and minor populations are seen in figs 1-3. Particles
were seen by electron microscopy at 1-107 days after
the last exposure in both intra-alveolar macrophages
and type 1 epithelial cells but not in the interstitium.
The most intraepithelial particles were found at one to
seven days after the last exposure (fig 1). The particles
in the epithelial cells were located in membrane bound
vacuoles and in the macrophages within lysosomes
(fig 2). None was clearly seen to be free in the
cytoplasm. Table 1 shows the changes in the com-
position of the principal particle population of the
MMA/SS fumes in the lung. Since aluminium, silicon,
and titanum were the most stable components in these
particles, the amounts of the other elements are indi-
cated in table 2 relative to silicon. The composition of
these particles could still be measured 28 days after the
last exposure, but at 57 days they had dissolved to
transparent structures and the composition was no
longer measurable. Sodium, potassium, and most of
the chromium were not detectable in the particles in
the tissue, but the preparation of the specimens also
had some effect on these elements. Of the remaining
elements, some of the manganese and iron was elimi-
nated faster than the rest. The half times for the two
components of manganese were about five days and
30 days, and those for the components of iron about
nine days and 30 days, as calculated from table 2. The
lysosomes in the macrophages were larger and more
electron dense (dark) the longer the follow up time
extended (fig 2 and 3). The concentrations of metals in
dissolved form in the lysosomes were too low to be
detectable.

Table 3 shows the changes in the composition ofthe
minor particle population of the MMA/SS fumes and
table 4 those in the particles of MTG/SS fumes. On the
first day after exposure to MIG/SS fumes particles

were found by electron microscopy in type 2 epithelial
cells and in macrophages (fig4); after 107 days they
were only present in the intra-alveolar macrophages
(fig 5). The MIG/SS fume particles and the minor
particle population of the MMA/SS fumes were simi-
lar in composition, and no pronounced changes took
place during the follow up period. Only sodium and
potassium were eliminated from the minor particle
population of the MMA/SS fumes. The concen-
trations of manganese and nickel in this population
and the particles of the MIG/SS fumes were
dependent on particle size: the larger the particles the
more manganese they had, and the smaller the par-
ticles the more nickel. The standard deviations for
metals in both populations were large because of the
broad size distribution of the particules (5-100 nm).

Discussion

The solubility or insolubility of particle populations
proved to be an important factor in the pulmonary
clearance of welding fumes. The principal particle
population of the MAA/SS fumes dissolved in the
tissue in about two months, but the minor population
and all the MIG/SS fumes particles did not change at
all. Some of the chromium, manganese, and iron
within the particles of the principal population of the
MMA/SS fumes was eliminated faster than the rest.
Obviously the elements exist in a particle as various
compounds of differing solubility. Thus far about 10
compounds have been found in MMA/SS fumes by x
ray diffraction.4 That part of the chromium which was
no longer found in the tissue and also disappeared in
specimen preparation with sodium and potassium
probably represents the water soluble hexavalent
chromium previously reported to be contained in
MMA/SS fumes." No exact information on the dis-
solution rate of the principal population of MMA/SS
fumes could be recovered as there were particles of
various ages in the lung tissue.The freshest and best
preserved of these soluble particles were most likely to
be analysed, however, and therefore the half times for
the rapidly disappearing components of manganese
and iron may actually be shorter than those calculated
on the basis of the average age of the particles in the
tissue.
The dissolution rate offume particles seemed not to

be dependent on particle size, since the MIG/SS fume
particles and the minor population in the MMA/SS
fumes were much smaller in size than the principal
MMA/SS population, but showed no solubility or
changes in composition. Xray diffraction and selected
area diffraction studies have shown that the predom-
inant crystalline structures in MIG/SS fumes and the
finest particles of MMA/SS fumes are the spinels,
which are stable structures.'2 Admittedly, small
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~~~~~~FigElectron micrograph of a type alveolar epithelial
cell in rat lung tissue seven days after four weeks exposure

to MMA/ISS welding fumes. Particles ofprincipal (empty

arrow) and minor population (black arrow) are seen in a

large vacuole. Some particles offormer type are electron-

lucent, thus showing signs of dissolution. Bar:05 gim.

Fig 2 Electron micrograph of a lysosome in a macrophage
one day after one weeks exposure to MMA/SS welding

_:. fumes. Particles of the principal (empty arrow) and minor
population (black arrow) are seen in electron-lucent
lysosome. Bar = 0 5 pm.

Fig 3 Electron micrograph of a lysosome in a macrophage
57 days after four weeks exposure to MMA/SS welding
fumes. Particles ofprincipal population (empty arrow)
are not as electron dense as in fig 2, but rest of lysosome is
much more electron dense, suggesting dissolution of
particles, Particles of minor population (black arrow) are

still highly electron dense. Bar = 05 gum.

..
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Fig4 Electron micrograph of MIGISS welding fume
particles in a type 2 epithelial cell one day after four weeks
exposure. No membranes are seen around the particles,
most of which are small and gathered into groups, like
particles of minor population ofMMA/SSfumes in figs 1-3.
Bar = 0-5 pm.

Table 1 Composition of the principal particle population in native,* processed,** and inhaled MMA/SSfumes (percentage
by weight, standard deviation in parentheses)

Fumes analysed Na Al Si K Ti Cr Mn Fe Ni

Native* 18(5) 2(2) 23 (6) 35 (4) 2(2) 5(3) 5(1) 9(3) 1
Processed** 3(3) 4(2) 51(11) 6(3) 4(1) 1(1) 11(4) 19(5) 1
Inhaled time in rat lung (days):

3 + 2 - 8(3) 57(10) 1(2) 7(3) 1(1) 7(4) 16(7) 1
15 + 14 - 9(4) 71(6) - 8(3) 1(2) 2(3) 9(6) <1
18 + 14 - 9(3) 66(10) 2(2) 8(4) 3(3) 2(3) 10(7) <1
21 + 14 - 9(2) 69(8) 1(1) 6(3) 2(1) 3(2) 10(6) -
28 + 14 - 12(3) 67(9) 1(1) 8(5) 5(3) 1(1) 5(4) 1
42 + 14 - 10(3) 69(9) 1(1) 8(2) 3(3) 1(2) 8(7) <1

Average composition of inhaled
particles 8 + 3 59 + 16 6 + 2 3 + 2 4 + 4 11 + 5

*Fumes collected from air on electron microscopy grids.
**Fume sample processed for electron microscopy in the same manner as tissue.

Table 2 Relative concentrations of elements in the principal particle population of native,* processed,** and inhaled
MMA/SSfume, as compared with silicon (Si 100%/6)

Fumes analysed Na Al Si K Ti Cr Mn Fe

Native* 86 9 100 158 9 27 23 36
Processed** 6 9 100 12 8 3 22 39
Inhaled time in rat lung (days):

3 + 2 - 13 100 2 13 2 13 28
15 + 14 - 13 100 - 12 1 3 12
18 + 14 - 13 100 3 12 4 4 16
21 + 14 - 13 100 2 10 4 5 14
28+14 - 19 100 2 12 7 1 8
42+14 - 15 100 1 11 4 2 11

*Fumes collected from air on electron microscopy grids.
**Fume sample processed for electron microscopy in the same manner as tissue.
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Table 3 Composition of the minor particle population in native* and inhaled MMA/SSfume (percentages by weight,
standard deviation in parentheses)

Fumes analysed Na Al Si K Ti Cr Mn Fe Ni

Native* 7(7) <1 5(4) 17(9) <1 11(4) 1(1) 48(15) 11(6)
Inhaled time in rat lung (days):

3 ± 2 - 2(1) 9(8) - 1(1) 19(12) 4(5) 49(11) 16(11)
15 + 14 - 2(2) 10(10) - 3(3) 21(10) 8(7) 46(25) 10(11)
18 + 14 - 2(2) 10(15) - 2(2) 24(20) 6(7) 46(25) 10(11)
21 + 14 - 1(1) 6(6) - 2(1) 19(6) 6(5) 58(10) 8(4)
28 + 14 - 3(2) 8(7) - 4(3) 23(8) 2(3) 46(11) 14(10)
42 + 14 - 3(2) 9(6) - 4(3) 22(7) 6(7) 47(8) 9(7)
71 + 14 - 3(2) 6(5) - 4(4) 24(9) 5(5) 48(13) 10(7)
121 + 14 - 3(1) 5(4) - 5(3) 20(8) 3(4) 55(9) 9(5)

Average composition of inhaled
particles 2 8 + 2 3 + 1 22 + 2 5 + 2 49 + 4 11 + 3

*Fumes collected from air on electron microscopy grids.

Table 4 Composition of native* and inhaled-MIGISS
weldingfume particles (percentages by weight, standard
deviation in parentheses)

Fumes analysed Si Cr Mn Fe Ni

Native* 18(9) 23(9) 10(7) 41(5) 8(10)
Inhaled time in rat lung (days):

15 + 14 3(1) 22(7) 13(10) 52(11) 10(6)
121 + 14 2(1) 30(4) 12(3) 50(2) 6(1)

*Fumes collected from air on electron microscopy grids.

changes in the composition of the MIG/SS fume par-
ticles and the minor particle population in the
MMA/SS fumes may not have been detected because
their original composition varied widely. In the study
of Kalliomiiki et al7 based on the same material as this
study the total concentration of metals in the lungs or
animals exposed to MIG/SS fumes remained almost
constant during the follow up period, showing that
the bronchial route of clearance must also have been
impaired. Many particle loaded macrophages were
still seen by electroni*ier ie alveolar spaces

of the lungs exposed to MIG/SS fumes 107 days after
the last exposure. Hicks et al also found numerous
particle laden macrophages in alveoli by light and
electron microscopy 28 days after exposure to
MIG/SS fumes.13 Since ozone is known to inhibit the
mucociliary transport of inert particles,14 and its
concentration in MIG welding fume is relatively
high,'5 16 the effects of ozone might provide an expla-
nation for the poor clearance of MIG/SS fume par-
ticles. On the other hand, the clearance ofthe elements
of MIG/SS fume particles is just as slow after intra-
tracheal instillation as after inhalation of the
fumes.6 '71 Probably the macrophages with MIG/SS
fume particles were too heavy to be eliminated by
mucociliary transport. Similarly, Bowden and
Adamson have reported that macrophages with a
heavy carbon particle load remained in the alveoli for
months after exposure.'8
The location of the particles in epithelial cells or

macrophages did not seem to affect their dissolution.
Intact or partly dissolved MMA/SS fume particles
were seen here by electron microscopy both in type I
epithelial cells and in alveolar macrophages but not in

Fig 5 Electron micrograph of an alveolar macrophage in
rat lung tissue 107 days after four weeks exposure to
MIGISS welding fumes. Groups ofsmall particles are seen
in lysosomes. Electron dense lysosomes without particles
contain granules ofendogenous iron (asterisk).
N = nucleus. Bar = 2pm.
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596
interstitial macrophages or in a free state in the inter-
stitium. Many types of small particles such as asbestos
fibres, quartz, carbon, and iron oxide"8-22 have been
found in type 1 epithelial cells in experimental studies,
and have been observed or thought to move through
these cells into the interstitium. This phenomenon was
not seen here, probably because the exposure was light
and most particles already dissolved in the epithelial
cells. Insoluble MIG/SS fume particles were seen in
type 2 epithelial cells one day after the last exposure,
but their later pathways in the lung tissue could not be
studied.

Quantitative x ray microanalysis of inorganic
particles in situ provides a powerful tool for studying
the dissolution of particles in tissue. The method is
fairly accurate, and the relative error is only 5-10%,9
the most important source of error being found to lie
in the fume particles themselves, for particles in the
same fumes may vary appreciably in their original
composition.5 The preparation of the specimens may
also alter the composition of highly soluble particles.
The advantages of performing the analysis by trans-
mission or scanning transmission microscopy rather
than scanning electron microscopy lie in the possibil-
ities for analysing extremely small particles separately
and for studying the ultrastructure of the particles and
surrounding tissue.

I thank Dr P-L Kalliomiiki, Dr K Kalliomaki, Dr S
Sutinen, Mr A Grekula, and Mr J Sivonen for their
valuble advice during this work and in the preparation
of the manuscript.
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