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ABSTRACT. An electrical low pressure
impactor (ELPI) was used to collect weld-
ing fume from E6010 and E308-16 elec-
trodes at two heat input levels, and E7018
electrodes at a nominal heat input level.
This paper describes the collection proce-
dures and presents data on the fume gen-
eration rates (FGR), particle number and
mass distributions as a function of size,
and identifies compounds present in the
bulk fume. Part II of this paper describes
the detailed characterization of this fume
conducted using transmission and scan-
ning electron microscopy, and a surface-
sensitive analysis technique known as X-
ray photoelectron spectroscopy.

Using the ELPI, the fume is separated
by particle size in 13 size ranges from 0.03
to 10 micrometers. Size and mass distrib-
utions were determined over these size
ranges for the three consumables using
this technique. Fume was also collected
using a modified AWS F1.2:1999 bulk col-
lection technique to determine fume gen-
eration rates and provide samples for bulk
X-ray diffraction (XRD) studies. X-ray
diffraction revealed that the predominant
phase in fume generated by all electrodes
was a Fe3O4 compound (magnetite) with
some substitution of Mn and Si for Fe in
the magnetite structure. Fume generation
rates were highest for E6010 followed by
E7018 and E308-16, respectively. Varying
heat input changed fume generation rates
but did not affect the chemical nature of
the fume, nor alter the size and mass dis-
tributions to any great extent. Particle size
distributions of all three electrodes
reached peak concentrations in the fine
(0.1–2.5 μm) particle size regions.

Introduction

Fume generated by the shielded metal
arc welding (SMAW) process may be a

cause for concern due to possible health
problems experienced by individuals in
the welding industry after long-term expo-
sure. Welding fume particles may cause
metal fume fever, and perhaps more im-
portantly, manganese- or chromium-
related poisoning after inhalation and in-
gestion into the human body. For exam-
ple, it has been proposed that long term,
low concentration doses of Mn are linked
to nervous system disorders (Ref. 1). Stud-
ies have also shown that welders working
with stainless steels who have had cases of
lung cancer may be due to possible hexa-
valent chromium exposure, although
there has been no direct evidence linking
the cancer to welding fume exposure (Ref.
2). Occupational exposure limits (OEL),
which are revised quite regularly (Ref. 3),
determine the amount of these com-
pounds and elements that may be ingested
without becoming harmful to human tis-
sues. Though epidemiological reactions to
the different compounds present in weld-
ing fume are important, they are beyond
the scope of this study, which was designed
to characterize the fume particles pro-
duced by metal joining processes.

An aerosol consisting of fume and
spatter is produced during welding with
SMAW electrodes. Previous studies have
shown that SMAW fume consists of an as-
sortment of metals, oxides, and other
compounds, which form from evaporation
of elements in the arc and fluxes covering
the electrode (Refs. 4–6). The fume parti-
cles generally vary over a wide range of
sizes, thus it becomes important to con-
sider fume particles in each size range as

opposed to bulk composition alone. Rela-
tionships between particle size and com-
position have also been found (Refs. 5, 7).
Number and mass distributions of welding
fumes have been measured with a variety
of techniques including cascade im-
pactors, scanning mobility particle sizers,
and optical particle counters (Refs. 5,
7–9). These distributions have typically
shown that fume particles are present in a
broad range of sizes but are generally pre-
sent in higher concentrations of small par-
ticle sizes and higher masses of the larger
particle sizes.

Fume formation is of great interest in
order to understand the varying morpholo-
gies and compositions of bulk fume. The ef-
fect of aerosol physics on welding fume for-
mation have been described in detail by
Zimmer et al. (Refs. 9, 10). Jenkins has pro-
vided a thorough summary of formation
mechanisms and corresponding size ranges
that govern welding fume particle forma-
tion (Ref. 7). The three mechanisms and ap-
proximate formation ranges are nucleation
(< 100 nm), accumulation (100 nm–1 μm),
and the coarse range (> 1 μm). The degree
of particle growth in the nucleation range is
primarily controlled by the amount of su-
percooling following particle nucleation.
Accumulation describes particle growth by
collision with other particles from diffusion
and impaction. As particles continue to col-
lide with one another they may also form ag-
glomerates, which may adhere due to a
number of mechanisms. These include 1)
contact of multiple particles still in the liq-
uid state, 2) sintering, and 3) electrostatic
and Van der Waals forces (Ref. 11).

Agglomerate sizes may be large com-
pared to individual particles, yet their
aerodynamic diameters can still be quite
small. An aerodynamic diameter is the di-
ameter of a unit density sphere with the
same particle mass and particle mobility as
the particle in question (Refs. 11, 12).
Aerodynamic diameter can be quite low
for open structured agglomerates, com-
pared to spherical particles (Ref. 13).
Coarse fume particles are formed by me-
chanical means such as ejection of spatter
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Fig. 1 — Principle of particle impaction and aerodynamic cutoff size ranges
of each ELPI stage (Ref. 24).

Fig. 2 — Effect of voltage on fume generation rates of E6010, E308-16, and
E7018.

from the arc or molten weld pool. These
formation factors must be considered
when analyzing composition and particle
size distributions.

Fume generation rates (FGR) of
SMAW electrodes are second only to flux
cored arc welding (FCAW) processes
among the various welding processes that
are used commercially (Ref. 14). Fume
generation is a function of different forma-
tion steps and competing mechanisms
(Refs. 7, 10). The dynamics of aerosol nu-
cleation and fume formation are thor-
oughly described elsewhere (Refs. 15, 16).
The various elements and compounds
within the welding consumable and base
material are vaporized as a result of the in-
tense heat produced by the welding arc. A
general sequence of welding fume forma-
tion is as follows after vaporization: 1) the
aerosol particles will homogonously nucle-
ate from the supersaturated vapor; 2) then
they will grow by condensation and/or co-
agulation; 3) possibly develop a core-shell
structure by condensation due to varying
vapor pressure of different species, or due
to liquid phase separation; 4) form an oxide

shell around the metallic core due to the ex-
posure of the aerosol particle to oxygen-
rich atmosphere; 5) fully react with oxygen
to form metal-oxides; and 6) coagulate to
form aerosol particle agglomerates. If flux
is used, as is the case with SMAW and
FCAW electrodes, then the fume particle
will be exposed to vapor formed from the
vaporized flux elements resulting in con-
densation of additional elements on preex-

isting particles.
Condensation temperature variations

between compounds such as Fe3O4 and
SiO2 in aerosols have been shown to con-
tribute to regions of compositional varia-
tion in the individual particles, leading to
a “core-shell” morphology (Ref. 17).
These different formation mechanisms
will result in a large size-range of particles
during shielded metal arc welding, ranging

Table 1 — Welding Conditions and Calculated Heat Input

Welding E6010 Low E6010 High E308-16 Low E308-16 High E7018 Nominal
Parameter Heat Input Heat Input Heat Input Heat Input Heat Input

Current, Amps 93 115 81 115 126
Voltage, Volts 27.1 30.8 24 24 23.8
Travel Speed, in./min 9.6 (4.1) 11.1 (4.7) 10.5 (4.4) 10.5 (4.4) 10.75 (4.6)
(mm/s)
Heat Input, kJ/in. 15.8 (0.62) 19.1 (0.75) 11.1 (0.44) 17.3 (0.68) 16.8 (0.66)
(kJ/mm)
Electrode Diameter, 1⁄8 (3.2) 1⁄8 (3.2) 1⁄8 (3.2) 1⁄8 (3.2) 1⁄8 (3.2)
in. (mm)
Coating Type High Cellulose Sodium Neutral Basic Basic, Low

Hydrogen

Fig. 3 — Effect of current on fume generation rates of E6010, E308-16, and
E7018.

Fig. 4 — X-ray diffraction spectrum obtained from E6010 electrode (60-s col-
lection, 16.3 kJ/in. heat input).
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from ultrafine (<0.1 μm) to fine (0.l–2.5
μm) to coarse (>2.5 μm) sizes (Ref. 18).
The fine and ultrafine size ranges have
been suggested to be the main concern
with respect to possible health problems,
since they are more likely to be deposited
in the lungs. Techniques, such as those de-
scribed here, to characterize the nature of
welding fume as a function of size distrib-
utions are required to fully understand the
health-related impact of welding fume.

A fume collection system and proce-
dure has been developed and was used to

test the three electrodes in this study as
well as a number of other consumable/
process combinations. This testing in-
cludes collection of fume and measure-
ment of FGR using an AWS-type collec-
tion system, coupled with smaller filter
pore sizes than those recommended by the
F1.2:1999 standard (Ref. 19). A critical
component of these studies is the fume
collection with an electrical low pressure
impactor (ELPI). The ELPI is capable of
separating particles by aerodynamic diam-
eter and monitoring size distributions in

real time. This is accomplished through
various principles including particle
charging, inertial classification, and elec-
trical detection of the particles using elec-
trometers (Ref. 20). Fume is drawn into
the ELPI by means of a vacuum pump,
and is passed through a particle charger
before being separated in the impactor.
The impactor has multiple stages, which
size particles according to their aerody-
namic diameter in the range of 0.03–10
μm. A given stage will trap particles if they
are unable to make the sharp turn re-
quired, due to their inertia, to reach the
next stage. This principle of particle im-
paction along with the particle size
trapped by each stage is shown in Fig. 1.
Each stage has the capability to detect the
charge on the incoming particles via elec-
trometers thus allowing for real-time
monitoring by a PC data acquisition sys-
tem. Weight analyses are commonly used
in fume studies but the large particles,
even if they are low in concentration, may
dominate a percent weight analysis (Ref.
21). Therefore, a considerable advantage
to using an ELPI system is its ability to re-
trieve a particle number distribution for a
fume collection in addition to measuring
mass collected on each stage of the system.

Procedure

A detailed procedure developed by
Sowards et. al was followed for the analy-
sis of welding fume from SMAW elec-
trodes (Ref. 22). A36 steel was used as a
base material for E6010 and E7018 elec-
trodes, and Type 304L stainless steel was
used as a base material for the E308-16
electrode. All welding procedures used
were in accordance with the consumable
manufacturer recommendations, i.e., op-
erating current, voltage, work angle, and
low-hydrogen electrode control (E7018,

Fig. 5 — X-ray diffraction spectrum obtained from E308-16 electrode (135-s
collection, 21.2 kJ/in. heat input).

Fig. 6 — X-ray diffraction spectrum obtained from E7018 electrode (60-s col-
lection, 14.5 kJ/in. heat input).

Table 2 — Fume Generation Rates

Electrode E6010 E6010 E308-16 E308-16 E7018

Heat input (kJ/in.) 15.8 19.1 11.1 17.3 16.8
Average FGR (g/min) 0.387 0.598 0.091 0.198 0.365

APRIL 2008, VOL. 87

Table 3 — Statistical Analyses Results for Number and Mass Distributions Presented in Figs. 6
and 7. Diameter Values are Reported in Nanometers.

E6010 E6010 E308-16 E308-16 E7018
Low HI High HI Low HI High HI

number distributions

dg 102.4 128.7 206.2 252.9 105.1
σg 1.18 1.18 1.18 1.15 1.25
67% 87.1 108.9 175.0 220.4 84.2

120.4 152.1 243.0 290.3 131.2
95% 43.6 54.5 87.5 110.2 42.1

240.8 304.2 486.0 580.6 262.5

mass distributions

dg 592.0 661.5 624.8 556.7 746.5
σg 1.13 1.17 1.11 1.11 1.32
67% 524.9 563.6 561.4 501.1 566.1

667.7 776.5 695.3 618.5 984.5
95% 262.4 281.8 280.7 250.5 283.0

1335.4 1553.0 1390.6 1237.0 1968.9
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E308-16). All welds were performed in the
flat position, and the base material was
moved relative to the electrode using a lin-
ear positioner for ELPI collections and ro-
tary positioner for fume hood collections.
An arc voltage controller (AVC) was used
in conjunction with a linear positioner to
feed the covered electrodes while main-
taining a constant arc voltage, thus main-
taining repeatability of heat input. All
welding parameters were monitored and
recorded during testing. Averages of the
parameters were used to calculate heat
input as shown in Table 1. Heat input is a
commonly used parameter for specifying
a welding procedure, therefore two levels
were used. It was not a goal of this study
to examine the effect of voltage and cur-
rent on fume formation.

Fume was collected in a sequence of
several trials. The first consisted of using
the fume hood to measure fume genera-
tion rates and collect bulk samples for X-
ray diffraction (XRD) analysis. High flow-
rate glass fiber filters with a pore size of 0.3
μm and an efficiency of 99.98% were used
for these collections. The filters were non-
hygroscopic so moisture in the atmos-
phere had negligible effect on filter
weights. A digital manometer with PC
control was used to record pressure drop
across the filter during all fume hood col-
lection. The pressure drop provides in-

sight into filter per-
formance and indi-
cates when the fil-
ters become
saturated with
fume. Due to lim-
ited physical space
in the fume hood
chamber, a rotary
positioner with DC
stepper control was
used to provide base
metal travel instead
of the linear posi-
tioner used in ELPI
collections.

After FGR were
measured, the ELPI
was used to collect
fume for particle
number and mass
distributions. Parti-
cle number distribu-
tions were recorded
in real time by the
ELPI. Mass distributions were obtained by
weighing aluminum collection substrates
placed on each stage of the ELPI. Follow-
ing a collection run, the substrate on each
stage was reweighed to find the fume mass
deposited during testing. Substrate weight
was measured to an accuracy of 10–5 grams
with an analytical balance.

Results and Discussion

Fume Generation Rate

The fume generation results for E6010,
E7018, and E308-16 electrodes using the
modified fume collection hood are pre-
sented in Table 2. These FGR values rep-
resent an average of three collections for

A

C D

E

B

Fig. 7 — Particle number distributions as a function of particle diameter for
the following: A — E6010 low heat input; B — E6010 high heat input; C —
E308-16 low heat input; D — E308-16 high heat input; E — E7018 nominal
heat input. Vertical lines correspond to geometric mean diameter (GMD) of
distributions.
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each electrode. The total fume generated
for the E7018 was slightly less than the
E6010 electrode at low heat input sug-
gesting E6010 has the highest relative
FGR. E308-16 generated less than 25% of

the fume of both mild
steel electrode fumes at
the lower heat input
level. Qualitative visual
examination revealed
that the E308-16 welds
had a much thicker slag
coating, which likely
equates to a larger per-
centage of the flux coat-
ing ending up as slag in-
stead of fume as
compared with the other
electrodes. Also, melting
and vaporization rates of
mild and stainless steels
are considerably differ-
ent because of differ-
ences in thermal conduc-
tivity as compared to
mild steels. Effects of
voltage and current on
FGR are shown in Figs.
2 and 3, respectively.
Each point represents
the average current and

voltage recorded for a given electrode
over the duration of the weld. Three welds
were made at each heat input level. For
both E6010 and E308-16, an increase in
fume generation was noted with increas-

ing current and voltage (i.e., between the
two levels of heat input).

X-Ray Diffraction Results

X-ray diffraction was performed on
bulk fume filters from each of the elec-
trodes to identify metallic species or com-
pounds present in the fume. The samples
contained the full particle size range as de-
scribed in the procedure section. Fume
was removed from the bulk filter and
pressed onto zero background holders be-
fore the diffraction experiments took
place, providing a better peak to back-
ground ratio than the fume filter itself.
Figure 4 shows the results for the E6010
electrode after a 60-s collection with the
fume hood. The peaks show a strong cor-
relation to a magnetite (Fe3O4) type struc-
ture. However, slight peak shifts were pre-
sent, suggesting the other elements (Mn
and Si) are substituting for Fe and shifting
the 2θ values.

X-ray diffraction results for E308-16
transferred fume are shown in Fig. 5.
These peaks show the presence of mag-
netite (Fe3O4) and a potassium-rich oxide
(K2MO4). The M in the formula repre-
sents Fe, Mn, Ni, or Cr. Based on the spec-
trum, it is not possible to separate the in-

Fig. 8 — Particle mass distributions as a function of particle diameter for
the following: A — E6010 low heat input; B — E6010 high heat input;
C — E308-16 low heat input; D — E308-16 high heat input; E — E7018
nominal heat input. Vertical lines correspond to geometric mean diame-
ter (GMD) of distributions.

A B

C D

E
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dividual compounds for these peaks.
Therefore, M should be considered as a
mixture of the four metals, although TEM
analysis showed that the predominant ele-
ment is Fe. A weak match for NaF was also
observed in the E308-16 spectrum. The
XRD spectrum for the E7018 fume (Fig.
6) has strong peaks for Fe3O4, CaF2, and
NaF. Once again, slight 2θ shifts were ob-
served for the magnetite peaks, which
were most likely caused by a Mn and Si
substitution for Fe.

Number and Mass Distributions

The ELPI was used to measure both
size and mass distributions using the tech-
niques described previously. The number
distribution, measured by the ELPI as a
function of the aerodynamic diameter,
was determined for two heat input condi-
tions of E6010 and E308-16 and a single
heat input of E7018. Resulting distribu-
tions are presented in Fig. 7 where the
normalized number of particles (dN/d
log(Dp)) is plotted vs. log of particle di-
ameter, Dp. The mass distributions of the
same collections are presented in Fig. 8
where normalized particle mass (dM/d
log(Dp)) is plotted vs. log of particle di-
ameter. It is convenient to plot aerosol dis-
tributions vs. the log of particle diameter
to compress the region containing coarse
particles and enlarge the fine and ultrafine
regions since these are of greatest interest.
Percentage of particle size and mass for
each ELPI stage are also included in Figs.
7 and 8. Error bars indicate one standard
deviation (for percentage scale) of the av-
erage of three collections performed for
each condition. Geometric mean diame-
ters are represented by the vertical dashed
line shown on each distribution. Statistical
analyses may be performed on log-normal
distributions of aerosols to obtain a geo-
metric mean diameter and variance of
particle size. Results of these statistical
analyses are displayed in Table 3.

E6010 — Distributions

Comparing the particle number distri-
butions between the two different heat in-
puts of E6010 fume (Fig. 7A and B) shows
good consistency. Approximately 95% of
particles are less than 0.3 μm in diameter,
making the bulk of the size distributions
for both heat inputs lie in the particle nu-
cleation and accumulation size ranges as
described elsewhere (Ref. 7). More than
70% of the fume mass lies in the accumu-
lation range (particles below 1 μm in di-
ameter). The mass of particles below 0.1
μm is very small, representing less than
2% of the total fume mass. Geometric
mean diameters of the number distribu-
tions were both at the transition between
the nucleation and accumulation ranges,

suggesting these are the dominant fume
formation mechanisms, though there is
some speculation in distinction between
the two regions (Ref. 9). E6010 distribu-
tions change only slightly with heat input
as shown by the similar results in statisti-
cal methods. The number distribution for
the high heat input welds is slightly skewed
to larger average particle sizes relative to
the low heat input collections. Both heat
input levels had the highest percentage
based on total weight at approximately 0.6
μm average aerodynamic diameter.

E308-16 — Distributions

The average number percentage for
the E308-16 electrode as a function of the
aerodynamic diameter as measured from
the ELPI stages for both heat inputs are
presented in Fig. 7C and D and mass dis-
tributions for both heat input conditions
are shown in Fig. 8C and D. Similar to
what was observed for the E6010 elec-
trodes, there was little change in size dis-
tribution between the low and high heat
input welds. The number distribution
shifts to larger particle sizes, and mass dis-
tribution decreases slightly in diameter for
the higher heat input. Particles in the size
range of approximately 0.2–0.3 μm were
predominant, accounting more than 60%
of the total number of particles. Compar-
ing the E6010 to the E308-16, the particle
size distribution is biased toward the large
size particles in the E308-16 fume. This
may be related to the degree of super-
cooling between the two materials or be-
cause of different nucleation rates. The
E308-16 fume contains Ni and Cr, which
have lower thermal conductivities than the
strictly Fe-based particles found in E6010
fume. Since these particles may have
slower cooling than the E6010 particles,
they could possibly have more time to
grow by diffusion after colliding with more
particles. The mass distribution between
the two heat inputs is also consistent. Mass
distribution was spread over a wider parti-
cle size range than the E6010. Once again,
the mass of particles below 0.1 μm is very
small, accounting for about 1.5% of the
total fume mass.

E7018 — Distributions

Average number and mass distribu-
tions for E7018 at a nominal heat input are
presented in Figs. 7E and 8E, respectively.
The number distribution of E7018 is
shifted toward the small aerodynamic di-
ameters of the ELPI size range as com-
pared with number distributions of E6010
and E308-16, which both exhibited distri-
butions with the majority of the particles
falling in the 0.1–0.2 μm size range. The
mass distribution of E7018 peaks at ap-
proximately 0.6 μm average diameter with

a geometric mean diameter of 0.75 μm.
The mean diameter is increased since
higher masses were measured on the
larger stages of the ELPI. The size and
mass distributions appeared multimodal.
The size distribution had a mode in the nu-
cleation and accumulation range. The
mass distribution had an additional mode
in the coarse range, which may be associ-
ated with spatter formation (Ref. 10).

Summary of Number and Mass
Distribution Results

Clearly the number distributions for
the three electrodes are biased toward
smaller diameter particles as compared
with mass distributions. However, the
mass of these small particles is insignifi-
cant in comparison with mass of the parti-
cle sizes where mass distribution peaks
(0.6–0.75 μm). Some speculation exists as
to which size range of fume particles,
whether it is the fine or ultrafine regions,
are most damaging when inhaled by weld-
ing personnel (Ref. 18). It is generally ac-
cepted that respirable particles are those
that are less than 10 μm in size. Agglom-
erates of various sizes were present on all
stages of the ELPI collections for each of
the electrodes tested as observed by char-
acterization techniques discussed in Part
II of this paper. Equivalent aerodynamic
diameters of agglomerates must be con-
sidered when analyzing data from the
ELPI, since it only provides an average be-
havior of each stage cut-off size. Agglom-
erated particles may have a large physical
size compared to their aerodynamic diam-
eter. Thus, larger-sized agglomerates may
be collected on the lower stages of the im-
pactor. For all three electrodes, a high per-
centage of the fume particles on the lower
stages were agglomerates, while the upper
stages contained a higher fraction of
spherical particles. The higher fraction of
isolated spherical particles on upper
stages may be explained by the fact that
spatter is the dominant fume formation
mode at the larger size scales as opposed
to particle accumulation (Refs. 7, 10).

As this occurs, seemingly large ag-
glomerates are counted on the lower
stages because their aerodynamic diame-
ter is actually small. Models of the human
oral-pharyngeal cavities suggest that these
agglomerates that are held together by
Van der Waals forces may disperse back
into individual particles if the flow rate is
substantially large as in human lung mod-
els (30–200 L/min) (Ref. 23). The ELPI
used for this study was only operated at a
flow rate of 10 L/min, which is not ade-
quate to break these loosely attractive
forces. However, many of these agglomer-
ates are held together by forces other than
Van der Waals bonding suggesting ag-
glomerate disassociation will likely not
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occur for those other types. Even with ag-
glomeration effects, the ELPI distribu-
tion, based on aerodynamic diameter, is a
good representation of the respirable
ranges of these particles.

The information made available in this
manuscript provides insight on fume for-
mation and size distribution of SMA weld-
ing fumes. This information along with the
characterization of SMA fume in Part II of
this study may be useful for future welding
consumable development, since consum-
able composition affects the nature of the
fume it generates.

Conclusions

1. Fume generation rate is dependent
on heat input and varied among the elec-
trodes evaluated, being highest for E6010
electrode, followed by E7018 and E308-
16.

2. X-ray diffraction of E6010 and
E7018 bulk fume samples revealed that
the primary phase present was Fe3O4
(magnetite). Slight peak shifts suggested
that Mn and Si probably substituted for Fe
in the Fe3O4-type structure. The E7018
fume had additional peaks for NaF and
CaF2.

3. X-ray diffraction of the E308-16
fume also showed strong peaks for Fe3O4
and had additional peaks for K2MO4 (M
accounts for Fe, Mn, Ni, Cr) and NaF.

4. Particle number distributions deter-
mined with the ELPI for E6010 and E7018
showed that 95% of the fume particles
generated during welding were smaller
than 0.3 μm. For E308-16, 95% of the
fume consisted of particles less than ap-
proximately 0.6 μm.

5. Particle mass distributions for all
three consumables was spread over larger
particles sizes and most of the mass was
larger than the size considered to be in the
harmful respirable range (> 0.1 μm).

6. The mass of particles in the ultrafine
regime was very low, representing less
than 2% of the total fume mass.

7. Varying heat input for the E6010 and
E308-16 electrodes produced little change
in number or mass distributions.

8. E7018 produced more particles in
the finer regimes than E6010 and E308-
16, though the highest measured concen-
tration of particles was approximately 0.1
μm for both mild steels and 0.2 μm for the
stainless steel.
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