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THE PARTICLE SIZE DISTRIBUTION, DENSITY, AND
SPECIFIC SURFACE AREA OF WELDING FUMES

FROM SMAW AND GMAW MILD AND
STAINLESS STEEL. CONSUMABLES

Paul Hewett

National Institute for Occupational Safety and Health, 1095 Willowdale

L Road, Morgantown, WV 26505-2845

Particle size distributions were measured for fumes from mild steel
(MS) and stainless steel (SS); shielded metal arc welding (SMAW)
and gas metal arc welding (GMAW) consumables. Up to six sam-
ples of each type of fume were collected in a test chamber using a
micro-orifice uniform deposit (cascade) impactor. Bulk samples
were collected for bulk fume density and specific surface area anal-
ysis. Additional impactor samples were collected using polycar-
bonate substrates and analyzed for elemental content. The param-
eters of the underlying mass distributions were estimated using a
nonlinear least squares analysis method that fits a smooth curve
to the mass fraction distribution histograms of all samples for each
type of fume. The mass distributions for all four consumables were
unimodal and well described by a lognormal distribution; with the
exception of the GMAW-MS and GMAW-SS comparison, they were
statistically different. The estimated mass distribution geometric
means for the SMAW-MS and SMAW-SS consumables were 0.59
and 0.46 pm aerodynamic equivalent diameter (AED), respec-
tively, and 0.25 um AED for both the GMAW-MS and GMAW-SS
consumables. The bulk fume densities and specific surface areas
were similar for the SMAW-MS and SMAW-SS consumables and
for the GMAW-MS and GMAW-SS consumables, but differed be-
tween SMAW and GMAW. The distribution of metals was similar
to the mass distributions. Particle size distributions and physical
properties of the fumes were considerably different when catego-
rized by welding method. Within each welding method there was
little difference between MS and SS fumes.
T study of welding fumes.” One goal of the study was
to measure the fume density, fume specific surface

area, particle size distribution (PSD), and distribution of metals
for each of four welding fumes. The results of these

his article summarizes the results of a laboratory-based

Mention of company or product names does not constitute an
endorsement by the National Institute for Occupational Safety
and Health.

measurements are reported here. Another goal was to use these
data to estimate both regional lung deposition and exposure (for
example, inhalable particulate mass) for each type of fume. These
estimates are reported and discussed in a companion paper.”

BACKGROUND

The epidemiologic literature regarding welder’s health is unclear
on issues of chronic lung disease or lung cancer. In 1988 the
National Institute for Occupational Safety and Health (NIOSH)
reviewed the literature and concluded that welding is associated
with metal fume fever, pneumonitis, chronic bronchitis, pneu-
monia, and decrements in pulmonary function, as well as a 40%
excess of respiratory cancer.”” While recognizing that the excess
lung cancers may be related to exposures to stainless steel weld-
ing fumes, NIOSH recommended that all welding exposure con-
centrations, regardiess of source, be reduced to the lowest fea-
sible level using existing exposure limits as the ‘‘upper bound-
aries of exposure.’’ In contrast, Morgan® reviewed the literature
on both morbidity and mortality and concluded that the ‘‘evi-
dence suggests that welding is not a particularly hazardous oc-
cupation provided care is taken to limit exposure to . . . any
fumes that are generated.”” A recent mortality study involving
4459 welders of mild steel found that the standardized mortality
ratio (SMR) for lung cancer was only 7% greater than expected
(versus 17% greater than expected in the control group).® An-
other recent mortality study involving 11 092 welders with both
mild steel and stainless steel welding experience observed a 34%
increase in lung cancers.® A cross-sectional study of 135 ship-
yard welders” with an average of 33 years of exposure con-
cluded that welding may be related to obstructive lung disease,
but did not result in any ‘‘dramatic overt ill-health;’’ whereas, a
longitudinal study of 609 shipyard welders® concluded that
welding fumes interacted with smoking and atopic constitution
to cause respiratory impairment. A cross-sectional study of 226
construction welders concluded that welding fumes and gases
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TABLE |. Welding Consumables and Processes
Studied

Welding
Metal Consumable Process
Mild steel (MS) AWS* E7018 (fluoride flux) SMAW®
0.3175 cm (§ inch)
electrode
AWS E70S-3 0.0889 cm GMAW?C
(0.035 inch) copper
coated welding wire
Stainless steel (SS) AWS E308-16 (fluoride flux) SMAW
0.3175 cm (3 inch)
electrode
AWS ER308 0.0889 cm GMAW

(0.035 inch) welding wire

A American Welding Society
B Shielded metal-arc welding
¢ Gas metal-arc welding

cause chronic airway obstruction, but to a lesser extent than does
smoking.®”

This is only a sample of the published studies and reviews
regarding the health of welders. Regardless of how the results
of past studies are interpreted, Morgan’s® admonition that ‘‘the
technical aspects are constantly undergoing change, and contin-
ued vigilance is necessary lest a new process introduce a for-
merly unrecognized hazard’’ is still valid. Along these same lines
Stern‘'? suggested that the risk of disease in welders may depend
on the welding process and/or welding consumable.

GMAW is a newer process that is increasing in popularity.
Future studies of welders may include both SMAW and GMAW
welders in the study cohort. Before doing exposure-response
studies, the particle size distribution should be measured for each
exposure group within the cohort."" This is because the PSD
affects the relationship between the response variable, such as
excess decrement in FEV,, and exposure: there will be a different
exposure-response relationship for each different PSD. If the dis-
tributions are similar, then a measure of exposure, such as *‘total
(inhalable) welding fume,’” can be used as a surrogate measure
of actual deposited particulate. If the distributions are substan-
tially different, then estimates of deposited particulate are more
appropriate and should, in principle, increase the probability of
observing an exposure-response relationship. This article pres-
ents the results of a study of the particle size distributions and
physical characteristics (fume density and specific surface area)
of fumes from both SMAW and GMAW.

METHODS

The most common types of welding processes and welding met-
als were selected for this study: shielded metal arc welding
(SMAW) and gas metal arc welding (GMAW), mild steel (MS)
and stainless steel (SS). SMAW refers to the use of a flux-coated
welding rod as the consumable electrode. During the welding
process the rod melts and fuses with the base metal. The molten

flux covers the molten metal to prevent oxidation during cool-
ing."”? GMAW welding refers to the use of machine-fed wire as
the consumable electrode. Stainless steel wire is uncoated, while
mild steel wire is coated with a thin layer of copper. An inert
shield gas, argon in this study, provides protection from the at-
mosphere until the molten metal hardens. The consumables se-
lected are listed in Table 1. These consumables are commonly
encountered in welding operations.

Welding Fume Generation and Sampling System

Welding fumes were generated inside a steel chamber (Fig-
ure 1). Base metals for welding consisted of either clean mild
steel or stainless stzel squares (30 X 30 cm and 0.64 cm [0.25
inch] thick), depending on the type of welding consumable. A
Miller Dialarc® HF Constant Current AC/DC Arc Welding
Power Source welding machine (Miller Electric Manufacturing
Company, Appleton, Wis.) was used for both rod and wire weld-
ing. A straight bead was run the width of the square, with suc-
cessive beads slightly overlapping to simulate actual welding,
where a weld joint is built by laying successive layers of weld
metal. The movable local exhaust hood of a United Air Special-
ists, Inc. (Cincinnati, Ohio) Smog Hog was placed over the open-
ing at the top of the chamber, drawing all fumes upward. The
inlet to the sampling system was placed in the opening (Figure
1). Fumes not captured by the sampling system inlet were cap-
tured by the local exhaust hood and removed by high efficiency
filters.

The sampling system (Figure 1) consisted of a sharp-edged
inlet, transport tubing, a single 90° bend, a sampling plenum, and
sampling ports in the plenum for several filter cassettes used to
collect a bulk fume sample and for a cascade impactor capable
of resolving the particle size distributions of submicrometer
aerosols. Stainless steel construction was used throughout.

The sampling system was designed to (1) draw a sample of
the original aerosol into the sampling system inlet, (2) minimize
particle losses within the transportation line and plenum, and (3)
ensure as much as possible that each collection device sampled
an identical PSD. The first two criteria were met by sampling
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FIGURE 1. Schematic of fume generation hood, sampling
plenum, and sampling equipment
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near isokinetically at the inlet and minimizing the length of
transport tubing and the number of 90° bends. The third criteria
was met by using a single sampling probe and transport line to
provide welding fume to all collection devices. The transport line
fed into a small plenum to which all sampling devices were con-
nected. Because particle losses within the sampling system may
bias the observed PSD toward the smaller particle sizes, pub-
lished formulae were used to estimate aspiration bias, losses just
inside the inlet, line losses due to sedimentation and diffusion,
and elbow losses due to inertial impaction. These estimates were
combined into an estimated system collection efficiency as a
function of particle size (see Reference 1 for details). The esti-
mated system collection efficiency exceeded 95% for all parti-
cles less than 5 um AED and 80% for particles between 5 and
10 pum AED.

Micro-Orifice Uniform Deposit Impactor (MOUDI)

The MOUDI (MSP Corporation, Minneapolis, Minn.) aero-
sol sampler is basically a conventional cascade impactor, but
with two very important improvements. First, during sampling
the impaction surfaces are constantly rotated beneath the stage
orifices resulting in a nearly uniform circular deposition pattern.
This reduces overloading and subsequent blowoff, which tends
to skew the observed distributions toward the smaller sizes. Sec-
ond, the lower stages have as many as 2000 small orifices (called
micro-orifices) with diameters as small as 50 ym. The advantage
to this is that the stage cutpoints can go as low as 0.05 um
aerodynamic diameter, with a pressure drop of one half atmo-
sphere.*~'>) The MOUDI operates at 30 L/min (free airflow rate
at the inlet). The pressure drop across the entire impactor is ap-
proximately 25 cm Hg, thus requiring a heavy-duty carbon vane
vacuum pump. The actual stage cutpoints vary from impactor to
impactor. The MOUDI used here had nine stages with cutpoints
ranging from 0.071 to 15 um aerodynamic diameter (Table II).
The resulting mass distribution is in terms of the particle aero-
dynamic diameters.

Precut 46-mm diameter aluminum foil discs were used as
impaction surfaces. Each foil was coated with a thin layer of
silicone grease applied to the central portion of the substrate
where impaction occurs. The final filter was a 37-mm diameter
2 pum pore size Gelman Teflon® filter (Gelman Sciences, Inc.,
Ann Arbor, Mich.). The impaction foils and final filters were
pre-and post-weighed to within = 0.02 mg using a Cahn C-31
microbalance (Cahn Instruments, Inc., Cerritos, Calif.) located
in a climate controlled chamber.

Bulk Density and Specific Surface Area
Determination

Bulk samples were collected using 37-mm diameter 0.8-ym
pore size Gelman DM-800 filters (Gelman Sciences, Ann Arbor,
Mich.). Six filters were loaded with particulate by sampling at
high flow rates (greater than 20 L/min) while welding for ap-
proximately of 30 minutes. The caked particulate was scraped
from each filter into a plastic vial and submitted to Micromeritics
(Norcross, Ga.) for bulk density and specific surface area anal-
ysis. The fume bulk density was measured by micropycnometry

TABLE II. Number and Size of Stage Orifices for the
“Micro Orifice Uniform Deposit [Cascade] Impactor”’
Used in this Study

Number of Orifice Cutpoint

Stage Orifices Size (cm) dso (um)

0 1 1.7 15

1 10 0.38 5.6

2 10 0.247 3.2

3 20 0.137 1.8

4 40 0.072 1.0

5 80 0.040 0.57

6 900 0.014 0.31

7 900 0.009 0.155

8 2000 0.0055 0.071
Filter —_ — <0.071

using an Micromeritics AccuPyc 1330. Fume specific surface
area was measured by the gas adsorption method using a Mi-
cromeritics Digisorb 2600 . The sample quantities submitted
ranged from 70 to 100 mg.

Elemental PSDs

Elemental PSDs were estimated by analyzing the MOUDI
impactor substrates with inductively coupled plasma-atomic
emission spectroscopy (NIOSH Method 7300)."® For this anal-
ysis the conventional foil substrates were replaced with sub-
strates made from polycarbonate Nucleopore filter material (Nu-
cleopore, Pleasanton, Calif.). The impaction region in the center
of each substrate was coated with silicone grease to prevent par-
ticle bounce and reentrainment. The final filter was a 37-mm
diameter 2 pum pore size Zefluor Teflon filter (Gelman Sciences,
Inc., Ann Arbor, Mich.). A single set of impactor substrates for
each type of fume were submitted to the NIOSH Measurement
Research Support Branch, Cincinnati, Ohio, for metals analysis.
Each polycarbonyate substrate was wet ashed with a solution of
concentrated nitric and perchloric acid. The final filters were wet
ashed overnight to ensure that all particles embedded in the filter
went into solution. Following the ashing procedure each sample
was analyzed for iron, manganese, nickel, and chromium using
inductively coupled plasma atomic emission spectroscopy. The
results were plotted as histograms to determine if there were any
substantial differences between the mass distributions and the
elemental distributions.

DATA ANALYSIS METHODS

There were three categories of data analysis. The first involved
the relatively simple calculation of mass fraction distribution his-
tograms from the MOUDI data for each consumable. The second
involved statistical comparisons to determine if the mass distri-
butions were significantly different. For example, the six cascade
impactor samples of the SMAW-MS fumes were compared to
six samples of the SMAW-SS fume. The third category involved
estimating the parameters of the underlying mass distribution for
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TABLE Ill. Specific Surface Area (SSA) and Bulk
Density Resuits*

Bulk Density,
Consumable® SSA, m?/g (sd) g/cm® (sd)
SMAW-MS 18.0 (0.1) 3.4(0.1)
SMAW-SS 19.4 (0.2) 3.4 (0.1)
GMAW-MS 27.2 (02) 5.7 (0.2)
GMAW-SS 39.6 (0.3) 5.9 (0.6)

A Analysis by Micromeritics, Norcross, Georgia. Values in parentheses
represent the standard deviation of the measurement, not the standard
deviation of replicate samples.

8 SMAW-MS = shielded metal arc welding—mild steel
SMAW-SS = shielded metal arc welding—stainless steel
GMAW-MS = gas metal arc welding—mild steel
GMAW-SS = gas metal arc welding—stainless steel

each consumable using a nonlinear least squares technique. Only
an outline of the various calculations is presented here. With the
exception of the statistical comparisons, all calculations were
done using personal computer spreadsheet programs. Details are
available in Reference 1.

Calculation o f Mass Distribution Histograms

Average mass probability density distributions (hereafter re-
ferred to as mass distributions) were calculated by dividing the
mass per stage per sample by the total mass collected per sample,
and averaging across all samples. The average mass per stage
was then divided by the aerodynamic diameter interval width
(expressed in log,, units). This resulted in mass per log(d), which
is graphed as a mass distribution histogram.

Comparison of PSDs

It was necessary to compare the size distribution data from
one welding consumable to another. This was basically a

TABLE V. Comparison of the MOUDI Mass Fractions
Using Hotelling’s T2 Two-Sample Test*

SMAW-SS GMAW-MS GMAW-SS

Consumable® (n = 6) (n = 6) (n = 5)_
SMAW-MS ( = 6) 0.003¢ <0.001° <0.001°
SMAW-SS (n = 6) 0.001° <0.001°
GMAW-MS (n = 6) 0.096F

A H,: taken as a whole, the mean stage fractions were the same across
those stages containing more than 5% of the total mass. Values are
probabilities that the observed or greater differences would occur if Ho
were true.

B SMAW-MS = shielded metal arc welding—mild steel
SMAW-SS = shielded metal arc welding—stainless steel
GMAW-MS = gas metal arc welding—mild steel
GMAW-SS = gas metal arc welding—stainless steel

¢ Comparison of stages 4, 5, 6, and 7

® Comparison of stages 4, 5, 6, 7, 8, and the final filter

E Comparison of stages 6, 7, 8, and the final filter

comparison of two arrays, where each array consisted of five or
six sets of mass per stage data. A test related to the t-test, Ho-
telling’s T2 two-sample test,''” was used to make this compari-
son. The T? test allows multiple group comparison t-tests, while
controlling the overall Type-I error. It was designed for situa-
tions where the data are not independent but related in some
fashion. This method is appropriate for comparing cascade im-
pactor data, because the mass fractions on each stage are related:
each fraction was collected from the same mass distribution and
depends on the penetration characteristics of the previous stages.
A personal computer statistics package (SYSTAT Version 6.0,
SYSTAT, Inc., Evanston, Ill.) was used to make these calcula-
tions. The null hypothesis was H,: taken as a whole, p;; = p2,

ey M1 = Moiy « -+ s Mim = Hom; Where p is the mean fraction for
the i" stage and the subscripts 1 and 2 refer to two different
consumables. The test statistic is an F-value with m and n, +
n, — m — | degrees of freedom, where n, and n, are the number

TABLE V. PSD Data for Two Welding Rods and Two Welding Wires Expressed As Average Mass Fraction per Stage

of the MOUDI*
SMAW-MSE SMAW-SSB MAW-MSB GMAW-SS®
(AWS E7018) (AWS E308-16) (AWS E70S-3) (AWS ER308)
Cutpoint (n=6) (n =6) (=6 (n=125)
(pm) Stage X S X S X s X S
15 0 0.005 0.004 0.010 0.005 0.014 0.011 0.024 0.015
5.6 1 0.011 0.003 0.014 0.008 0.024 0.015 0.037 0.020
3.2 2 0.009 0.005 0.009 0.006 0.013 0.009 0.019 0.019
1.8 3 0.023 0.008 0.011 0.007 0.007 0.007 0.021 0.015
1.0 4 0.141 0.041 0.045 0.023 0.016 0.011 0.019 0.007
0.57 5 0.304 0.081 0.191 0.085 0.029 0.009 0.022 0.009
0.31 6 0.359 0.060 0.521 0.047 0.299 0.065 0.197 0.028
0.155 7 0.121 0.016 0.172 0.024 0.445 0.032 0.452 0.023
0.071 8 0.015 0.007 0.014 0.006 0.100 0.036 0.127 0.012
<0.071 F 0.011 0.002 0.014 0.006 0.053 0.014 0.083 0.020

A Due to rounding the mass fractions may not sum to one.

B SMAW-MS = shielded metal arc welding—mild steel
SMAW-SS = shielded metal arc welding—stainless steel
GMAW-MS = gas metal arc welding—mild steel
GMAW-SS = gas metal arc welding—stainless steel
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FIGURE 2. Graphs of the average mass distribution histograms and mass distribution curves estimated using nonlinear least squares
analysis. Error bars indicate * 1 standard deviation for the data.

of samples for the two consumables, and m is the number of
variables. The alternative hypothesis was H,: taken as a whole,
the means are not equal. The MOUDI data contained 10 vari-
ables: weights from 9 stages and the final filter. Since the min-
imum degrees of freedom is one, the minimum comparison F-
value was F}y. The minimum number of samples, per consum-
able, for a comparison across all stages was six (since n; + n, —
10-1=1,n +n, = 12).

Estimation of the Underlying Distribution Parameters

The mass fraction collected at each stage of an impactor
depends not only on the mass distribution and the impactor
stage cutpoint, but also on the stage penetration characteris-
tics. An iterative analysis technique known as the method of
nonlinear least squares was used to fit a smooth curve to the
observed histograms and estimate the parameters of the un-
derlying distribution, while taking into account the nonideal
stage penetration characteristics. The nonlinear least squares
method is used in those cases where a function f(x) is neither
linear in its parameters, nor is there a transformation that re-
sults in linear parameters.'® In this case the author wanted to

describe the mass fraction collected on each impactor stage
as a function of PSD, be it unimodal or multimodal; impactor
stage cutoff diameter; and the stage penetration efficiency
characteristics. This procedure is a modification of a curve-
fitting technique developed earlier.'® There are six steps to
this procedure:

(1) Calculate and graph the (observed) mass frequency histo-
gram using a personal computer spreadsheet program.

(2) By visual inspection of the histogram, estimate the param-
eters of the true distribution from which the observed his-
togram was derived: the number of modes or underlying
distributions, the GM and GSD of each mode or underlying
distribution, and the percentage each mode comprises of the
overall distribution.

(3) Calculate and graph the mass fraction distribution function
for this set of parameters.

(4) Using the impactor collection efficiency curves, calculate the
histogram expected to result if this distribution were sampled.

(5) Simultaneously display the observed histogram from step (1)
and the simulated histogram from step (4) and calculate the
fit factor (a measure of the goodness-of-fit, discussed later).
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TABLE VI. Mass Median Aerodynamic Diameter
(MMAD; Geometric Mean of the Mass Distribution) and
Geometric Standard Deviation for Each Type of Fume

Consumable® MMAD (um) GSD
SMAW-MS 0.59 1.80
SMAW-SS 0.46 1.55
GMAW-MS 0.24 1.65
GMAW-SS 0.25 1.55

A SMAW-MS = shielded metal arc welding—mild steel
SMAW-SS = shielded metal arc welding—stainless steel
GMAW-MS = gas metal arc welding—mild steel
GMAW-SS = gas metal arc welding—stainless steel

(6) Change the distribution parameters until a satisfactory fit is
obtained, as indicated by an expected histogram that closely
matches the observed histogram and a low fit factor.

The author wrote a spreadsheet ‘‘macro’’ program to auto-
mate Step 6, so that the result is an objective estimate of the
parameters of the true mass distribution. The basis for this
method is as follows. It is reasonable to describe multimodal or
combined PSDs by a linear combination of weighted lognormal
distributions:
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where x is the parlicle aerodynamic diameter; f.(x) is the com-
bined mass distribution (probability density) function; f(x) is
the mass distribution function for the n' underlying distribution;
and a, represents the distribution coefficient, or fraction of the
overall distribution, for the n™ underlying distribution.

The mass distribution function for each distribution, at any
X, can be calculated:

fu(x) = —

il
exp
logio GSDuV27

—(n x — In GM,)? .
2(In GSD, ? @

where GM, and GSD, are the geometric mean and geometric
standard deviation of the n" underlying distribution. Equation 2
yields frequency values for the log, scale.

Cascade impactor collection efficiency curves are s-shaped,
according to both theory and observation. The functional form
of the curves can be approximated using a two-parameter cu-
mulative lognormal function.®” Penetration efficiency for any
diameter can be calculated by the complement of the cumulative
function:

Aerodynamic diameter, micrometers
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P(x) =1 — —(n X n GM
x' logl() GSDV27 2(][1 GSD)2

where x, is an arbitrary lower limit. The GM is the impactor
stage cutpoint (ds,) and the GSD is set at a value that allows the
resulting curve to closely fit the impactor stage calibration data.
Marple et al.”’> found that the penetration efficiency curves for
Stages 1 through 5 of the MOUDI impactor had a GSD of 1.08.
The datapoints in Figure 5 of Reference 15 were used to assign
GSDs of 1.4, 1.2, 1.2, and 1.3 to the penetration curves of Stages
0, 6, 7, and 8. (The GSDs were estimated using log-probit re-
gression.)

Given a distribution described by Equation 1, the fraction
(e;) of the overall distribution expected to deposit on the i im-
pactor stage is given by:

X7 i—1
e = f £OOLL R(x)J[H Pj(x)]dx @

Xy =1

where x, is an arbitrary lower boundary of the distribution, x; is
an arbitrary upper boundary, and Pi(x) is the penetration effi-
ciency function (Equation 3) of the i™ impactor stage.

Using Bevington‘'® as a guide, the author defined a fit factor:

1
nm — p

1 n 1
fit factor = Y Y (05— e)’ (5)

i=t j=1 Yi

where o;; and e; are the observed and expected mass fractions,
respectively, for the i™ stage and j* sample; n is the number of
samples; m is the number of stages; and p is the number of
parameters estimated from the data. One requirement is that the
number of stages must exceed the number of parameters:
m — p = 1. The variance (c;?) was estimated by the sample
variance (s;%). The fit factor is similar to the ‘‘reduced x*’ (re-
duced chi square) described by Bevington.!'®

RESULTS AND DISCUSSION

During the actual welding every effort was made to maintain a
constant arc length that was consistent with producing a smooth
weld, as the arc length has been shown to affect the quantity of
fume produced®” and probably the PSD as well.

Bulk Density and Specific Surface Area Analysis

The bulk densities for the fumes generated using SMAW-
MS and SMAW-SS welding rods were, after rounding, identical
at 3.4 g/cm®, despite the differences in rod compositions (Table
III). The bulk densities for the fumes generated using GMAW-
MS and GMAW-SS welding wires were 5.7 and 5.9 g/cm’, re-
spectively. These bulk densities are consistent with the elemental
composition of the fumes. The fumes from the SMAW rods, such
as the SMAW-MS and SMAW-SS welding rods, contain large
percentages of low density elements, such as calcium, potassium,
and fluorine.”? Fumes from GMAW wires, such as the GMAW-
MS wire, consist almost entirely of metal oxides.

The specific surface area estimates for the SMAW-MS and
SMAW-SS fumes were similar at 18.0 and 19.4 m%g, respec-
tively. The specific surface area estimates for the GMAW-MS
and GMAW-SS fumes were 27.2 and 39.6 m%/g, respectively.

These results are similar to those reported by Hewitt and
Gray.® They reported a specific surface area and bulk density
of 13 m¥g and 3 g/cm’, respectively, for SMAW fumes, and a
specific surface area of 30 m*g for GMAW fumes.

Comparison of Welding Fumes Using the Impactor
Stage Mass Fractions

Six MOUDI impactor samples were collected for each of the
SMAW-MS, E308-16, and E70S-3 consumables and five sam-
ples for the GMAW-SS wire. Table IV contains the average mass
fractions per stage for the four SMAW and GMAW consuma-
bles. The average mass fractions may not sum to one due to
rounding.

Hotelling’s T* two-sample test was used to determine if the
impactor stage loadings were statistically different among the
four consumables. When comparing across all stages, none of
the T? statistics were statistically significant at the p < 0.05
significance level, with the exception of the SMAW-SS versus
GMAW-SS comparison. However, the p-values were low, which
suggested that some differences do exist that were obscured,
perhaps by the highly variable data (relative to the means) on
the lighter loaded impactor stages. When the test was restricted
to those stages containing, on average, more than 5% of the
mass, all of the comparisons were statistically significant at the
p < 0.05 significance level with the exception of the GMAW-
MS versus GMAW-SS comparison, which was significant at the
p < 0.1 significance level (Table V).

Estimation of the Underlying Mass Distribution
Parameters

Since the average histogram for each consumable did not
appear to be obviously bimodal, a unimodal curve, described by
a single GM and GSD, was fit to the histograms for each type
of fume using the nonlinear least squares analysis technique. The
fit-factor (Equation 5) took into account the variability in the
observed data allowing a unimodal smooth curve to be fit to all
samples simultaneously. The average mass distribution histo-
grams and the fitted smooth curves are graphed in Figure 2. The
estimated mass distribution geometric means, expressed as aero-
dynamic diameters, and geometric standard deviations are given
in Table VI.

The American Welding Society®® reported distributions de-
rived from cascade impactor data where 100% of the SMAW
fumes were less than 1 um AED, and nearly 100% of the
GMAW fumes were below 0.5 um AED. The parameters of the
mass distributions were not presented due to the fact that nearly
100% of the mass was deposited on the backup filter and the last
stage of the impactor. The distribution parameters reported here
are consistent with these earlier findings.
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Elemental PSDs

The element distribution histograms (Figure 3) appear sim-
ilar to the average mass histograms (Figure 2) indicating that the
metals were evenly distributed throughout each PSD. Therefore,
deposition of a particular metal should not differ significantly
from that of the overall aerosol. No statistical tests were utilized
due to the lack of replicate samples.

CONCLUSIONS

(1) The bulk fume densities and specific surface areas were
greater for the welding wires than for the welding rods.
The differences were primarily related to process
(SMAW versus GMAW) and not consumable type (mild
steel versus stainless steel).

(2) The mass PSDs, determined by inertial impaction, for
the two welding rods (SMAW-MS and SMAW-SS) and
the two welding wires (GMAW-MS and GMAW-S8)
were similar in shape, and all basically consisted of sub-
micrometer particles. The mass distributions for the
welding wires were shifted to the smaller particle sizes
compared to those for the welding rods.

The MOUDI elemental mass frequency histograms (Fig-

ure 3) appeared similar to the average mass histograms

(Figure 2), suggesting that the metals were evenly dis-

tributed across the PSDs. Therefore, predictions of dep-

osition and exposure for the overall aerosol also should
apply to the individual metals.
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