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The electrodes used in this investigation were obtained
from local commercial sources. Electrodes used for some
specific studies (e.g.. studies of the fumes produced by

electrodes with different diameters) were obtained from -

one manufacturer. ,

The electrodes included in this investigation are listed
in Appendix A. along with the purposes for which they
were used.

Section lIA, Laboratory Test Method

Under the guidance of the AWS Research Committee,

a laboratory test method was established to study the

fumes associated with arc welding and related processes.
Specifically, this method was designed for the laboratory
collection of total fume samples in order to determine
fume weight as a function of welding time, various elec-
trode characteristics, and procedural variables.

Procedures

Experimental procedures were established to determine
the fume generation characteristics of electrodes used in
various arc welding processes by gravimetric analyses of
furne samples. Samples of the fumes produced by specific
electrodes were collected in triplicate to average the incon-
sistencies of sampling; in some instances, one Or two
extra samples were collected to obtain additional data

or to verify specific results. With appropriate changes to -

fit the process. the sampling procedures were generaily
applicable to cutting agd spraying as well as arc weiding.

After the desired welding conditions were established.
the fume samples were collected in accordance with the
following procedures:

(1) The filter-prefilter assembly was weighed to
0.1 mg on an analytical balance.

(2) The filer-prefilter assembly was placed in the
holder at the apex of the fume collection chamber, the
sealing gaskets were installed. and the holder was clamped
in place.

(3) The chamber was sealed and the blower that
exhausted the fume chamber was tumed on. Immediately
thereafter. a bead-on-plate weld was made. The welding
interval was onc-half to one minute. depending on the
expected fume generation rate.

(4) With the blower functioning, fumes were
collecred until the chamber atmosphere was clear.

(5) The filter-prefilter assembly was weighed im-
mediately after its removal from the filter holder to de-
termine the fume weight.

The following were recorded during sampling: (a) filter-
prefilter weight before and after sampling. (b) welding
conditions. and (c) electrode physical characteristics
(diameter. length. and weight of electrode consumed).

To avoid probiems caused by the pickup of moisture
by the absolute filter, prefilter, or fume sample. welding
and sampling were done in a clean room where wemper-
ature and humidity could be controlled. Also. glass fiber

filters were used because they were nonhygroscopic.
Nevertheless, moisture pickup was possible in view of the
long periods (15 to 30 minutes) during which fume
samples were collected. To examine this possibility, fume
samples were collected in accordance with (a) established
procedures and (b) procedures in which the filter-prefilter
was baked before cach weighing operating to remove
absorbed moisture. Moisture did not appear to be a prob-
lem. because there was essentially no difference in the
fume weights. However, the possible effects of moisture
pickup on the accuracy of experimental data should be
considered if welding and sampling are done in a high
humidity area. Additional information on the effect of
humidity is given in Part [1E of this report.

- Procedures were also established to measure the metal
deposition rate during welding. To obtain these data,
bead-on-plate welds were deposited on small sections of
plate that were weighed before and after welding to de-
termine the amount of metal deposited during the welding
interval. In the case of welds made with shielded metal
arc or flux cored arc welding electrodes, slag was removed
before the weighing operation.

Chamber Evaluation

Studies were conducted to evaluate the performance of
the Battelle fume collection chamber and filter system. To
provide a common basis for comparing the performance
of this chamber with that of equipment designed and
used by members of the AWS Research Commines, these
studies were undertaken using specific lots of E7018 and
E70T:1 electrodes set aside for this purpose. To further

"insure comparability, the welding conditions used by the

subcommittee members for each of the respective elec-
trodes were also used by Banelle; these conditions are
shown in Table 2.1A. The data obtained by the AWS
Research Committee and by Battelle are presented in
Table 2.1B. When the differences in equipment and sam-
pling procedures are considered. the agreement among
the data is good.

During the program, the Battelle fume collection cham-

" berand filter system performed well, and consistent results

were obtained. In replicate sampling experiments, the
fume generation rates varied by only 1 or 2 percent. The
variation in calculated quantities (e.g., weight percent of
electrode converted to fumes. weight of fumes per weight
of deposited metal, etc.) was somewhat greater but gen-
erally less than 4 percent. These observations were con-
firmed by the small standard deviations associated with
each group of data.

As indicated, fume samples were collected in wriplicate
for all of the electrodes evaluated. For any given elec-
trode, these samples were collected one after another

under the same welding conditions. and there was little -

variation in the individual fume sample weights. More
variation would be expected if the sampling was made at
random and the welding conditions were changed after
cach fume collection experiment.




Experimental Resulits

Figures and short tables are used throughout this re-
port to summarize the data and assist in the interpretation
of the results. Data on the fume generation characteristics
of arc welding electrodes are ted in detailed tabu-
\ar form in Appendix B. In addition to the fume genera-
tion rate for specific electrodes, these sheets contain
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Normalization was accomplished by relating the fume
generation rate to the current squared. Figure 2.9 shows
the relation of /% trend lines and data for two covered
clectrodes, one cored electrode, and onc solid wire elec-
trode. It is apparent that the current-squared normaliza-
tion will fit a wide variety of fume generation data,

The fume generation rate is most important because it
is a direct measure of the amount of the fumes produced

during welding under specified conditions. This informa-
tion can be used effectively by welding engineers. in-
dustrial hygienists. ventilation specialists. and others.
Of equal importance is the calculated factor “ weight of
fumes per unit weight of deposited metal.” because it
can be used to estimate the amount of fumes that will be
produced during production welding operations. This
factor also provides a convenient means to compare
welding processes on a fume-produced to weight-of-
deposited-metal basis.

information on (a) the conditions under which the experi-
mental data were obtained. (b) the meling and meral
deposition rates of the electrode, and (¢) calculated
quantities that relate the amount of fumes produced
during welding to the metal deposition rate and other
electrode characteristics.

_ Fume generation rates are expressed in “measured”
and “normalized” values. The normalized value pro-
vides a means for minimizing the effects of unintentional
variations in welding current on fume generation rate.

Table 2.1A
Welding conditions for £7018 and E70T-1 electrodes

17018 E70T-1

AWS.Subcommiuce AWS Subcommittee

Parameter on Sampling Battelle on Sampling Battellc

Current, A _ 140 135-145 450470 420-450

Voltage, V .e- 23.24 30 30-31

Wire feed rate, in./min (mm/s) e a-- £7.21 (206) 87.00 (205.5)

Welding speed, in./min (mm/s) 5.93(14) 5.93(14) 6.77(16) 6.77(16)

Shielding gas --- .- (04 CO4

Gas flow rate, ft3/h (liters/min) - .- 19-21 (40-45) 21-24 (45-50)

Electrode stickout, in. {(mm) ae- --- 32(1.2%) 32.35(1,25-1.37)

Weld time, s “e= 60 .-- 1§ and 30

Electrode polarity Positive Postive Positive Positive

Table 2.18
Fume generation characteristics of E7018 and E70T-1 electrodes
(AWS Research Committee and Battelle data)
E7018 E70T-1
AWS Subcominittee AWS Subcommittee
on Sampling on Sampling
Craracteristics - A B Cc Battelle A B C Battelle

Fume generation rate, '
g/min 0.50 0.52 0.43 0.51 1.15 1.05 1.27 1.26
Weight percent electrode .
converted to fumes 1.54 1.79 1.47 1.62 0.75 - 0.70 0.83 0.85
Melting rate, kg/h (b/h)  --- ve- _.- .e- ee-  9.00(19.8) 917 (20.2) 8.90(19.6)




100 T 1 1

goj- oeor0 @ g7071 —_
AEEDI3 A ET0T4
@ ewig W EOTS
60 oer24 @813
O esos.c3 9183
X E9018-83

40 -

{Our-dated

20

{Long arc length}

o
o
|

Fume generation rate, g/min
o
]
|

0.4

02} _ -

| | | ]
1 2 4 6 8 10

Current, A x 100

0.1

Fig.22~Fume generation rates for covered
and flux cored electrodes used for welding
carbon and low alloy steelsasa function

of current '

_Heile and Hill evaluated the fume generation charac-
teristics of several carbon steel covered electrodes at
conventional welding currents, and the resulting data are
presented in Fig. 2.4. Kobayashi, et al.. investigated
electrodes with ilmenite, lime, and lime-titania cover-
ings; data associated with ilmenite coverings are included
in this figure. These data also fit the I* regression hy-
pothesis reasonably well. In addition, the AWS program
data agree well with those developed by the other
investigators. _
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Fume Generation Rate Relative to Electrode Type.
The preceding overview of the baseline data has been
primarily concerned with (a) the fume generation rates of
various classifications of steel covered and flux cored
electrodes and (b) an examination of the dependency of
fume generation rate on welding current. Grouping of
the electrodes in this manner was logical becausc cov-
ered and flux cored electrodes have much in common

and because the covering (or flux) as well as the base

metal contributes toward the formation of fumes. Data
obrained from studies of solid gas metal arc electrodes

. were not included, because these elecurodes do not in-
_ corporate a flux and the data could not be compared on
“an equal basis.

To examine the data obained for all classifications of
electrodes investigated during this program, the results
for the following important fume generation characteris-
tics are summarized in Fig. 2.5 and Table 2.2: (a) fume

generation rate and (b) ratio of the weight of fume to the

weight of deposited metal. Fume generation rat¢ pro-
vides an immediate and direct indication of the amount
of fumes to which a welder may be exposed. The ratio of
the weight of fumes to the weight of deposited metal
can be used to compare clectrodes or welding processes
on a fume exposure basis.

Under the “covered electrode” heading in Fig. 2.3,
for example. the »steel” category includes electrodes
that are used for welding carbon and low alloy steels:
i.e.. E6010, E6013, E7018. E7024. E8018 C3, and

- E9018 B3. The electrodes within any category can be

determined from Table 2.2. Data on the fume generation
characteristics of individual classifications of electrodes
will be reviewed later. .

A large quantity of experimental data has been com-
pressed into Fig. > 5 and its usefulness depends on the
care with which it is interpreted. Ranges of fume genera-

tion rates and ratios of weight of fume to weight of -

deposited metal that may be observed when specific base

metals are welded with covered. flux cored, and solid

clectrodes are evident in this figure. However useful
this information may appear from the health and safety
viewpoint, it must be used cautiously. For example, this
figure indicates the fumes were produced at the highest
rate-when carbon and low alloy steels were welded with
flux cored electrodes, and it would appear that problems
associated with fumes could be minimized by using
covered or solid electrodes. This may or may not be the
case, since this conclusion does not consider the effects
of the electrode and process variables on fume genecra-
tion characteristics. When examining these data, the fol-
lowing should be considered:

(1) Fume generation rates are highly dependent on
the welding current. Currents for flux cored arc welding
were much higher than those used for welding with
covered electrodes (Table 2.2). As 3 result, more fumes

_were produced during flux cored arc welding. However,

since metal deposition rates were higher 100, the ratio of
weight of fume to weight of deposited metal was lower
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for some electrodes during fux cored arc welding than it
was when welding was done with cenain covered elec-
trodes. The range for this ratio even overlapped a portion
of the range associated with gas metal arc welding elec-
trodes which are recognized as low fuming types.

(2) The data in Fig. 2.5 were obtained with elec-
trodes whose diameters were as follows: 4 mm (5/32in.)
for covered electrodes. 2.4 mm (3/32 in.) for flux cored
electrodes, and 1.1 mm (0.045 in.) for most of the solid
electrodes (a few of the solid electrodes had diameters of
0.8 mm [0.030 in]). Since recommended current ranges
are largely based on clectrode diameter, fume generation
characteristics will change if diameter and curremt are
increased or decreased. As an examplie. when 6.4 mm

(1/4 in.) diameter electrodes were evaluated at currents
near 400 A, fume gencration raies were about the same
as thuse produced by flux cored clectrodes with diameters
of 2.4 mm (3/32 in.) when operated at about the same
current level.

(3) Other variables (arc length. electrode polarity,
etc.) affect fume generation characteristics appreciably.
The effects of such variables are not reflected by the
data in Fig. 2.5.

Many factors must be considered when the data in
Fig. 2.5 are reviewed. Electrodes are selected- on the
basis of economic and technical considerations (cost,
weld metal propertics. deposition rate. etc.), and not on
the basis of their fume producing propensities. Should
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Fig. 2.3 —Fume generation rates for carbon and stainless steel
covered electrodes as a function of current
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the occasion arise to include fuming characteristics
among the selection criteria, full use should be made of
Table 2.2 (and the more detailed tables in Appendix B)
to interpret the data in Fig. 2.5 properly.

Covered and Fiux Cored Electrodes

In this section, data obtained at recommended operat- -

ing conditions are reviewed for covered and flux cored
electrodes. These electrodes are considered together be.
cause they constitute a metal-flux system, and the amount
of fumes produced during welding is dependent upon
the flux as well as the metallic part of the electrode.

Covered Electrodes

Fume Generation Characreristics. Data on (a) fume
generation rates and (b) ratios of weight of fumes to
weight of depusited metal obtained during studies of
carbon steel. low alloy steel, stainless steel, nickel, and
other high alloy covered electrodes are shown in bar
graphs in Fig. 2.6. All of the electrodes were 4 mm
(5/32 in.) in diameter and welding was done at current
in the mid-to-upper part of the recommended operating
range. In most instances, three clectrodes made by dif-
ferent producers were evaluated per classification: one
electrode per classification was studied in the case of the
nickel and other high alloy electrodes. The data upon
which this figure is based are shown in Table 2.2; de-
tailed information on welding conditions and fume gen-
eration characteristics is contained in Tables Bl through
BlO.

The trends in fume generation rates and ratios of
weight of fumes to weight of deposited metal shown in
Fig. 2.6 are in general agreement with those obtained by
other investigators (Refs. 2.3 and 2.5). The following
data for electrodes with the same diameter as those
examined during the AWS program were obtained by
Heile and Hill: ' :

Weight of
: : Fume . fume/wgt. of
Electrode  Current, generation  deposited metal,
classification A rate, g/min. glkg
E6010 110 0.32 19
E6010 170 0.66 24
E7018 160  0.28 8
E7018 220 0.65 18
E7024 180 0.29 8
E7024 230 0.47 "8

At comparable welding currents, these data fell within or
Rear the ranges shown in Fig. 2.6.

The data in Fig. 2.6 must be intsrpreted carefully
because they were obtained by evaluating 4 mm (5/32 in.)
diameter electrodes under conditions based on the various

I-8
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manufacturers’ recommendations. Data differing from
those shown in Fig. 2.6 will be obtained if the electrode
diameter or welding conditions are changed.

Fume generation rates and ratios of weight of fume
to weight of deposited metal were somewhat higher for
E6010 electrodes than for the other covered electrodes,
but there was considerable overlapping of the ranges for
these quantities. Several carbon and low alloy steel elec-
trodes had fume generation rates that fell within the
lower portion of the range associated with E6010 elec-
trodes. It is interesting to note that the fume generation

T
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Table 2.2
Summary of baseline fume generation data for arc welding electrodes

) Average range Source
Electrode Number of electrode Current range, A Fume generation  Weight of fumes/weight  table-
classification  brands evaluated (nominal) rate, g/min of deposited metal, g/kg* App. B
Shiclded metal arv covered electrodes
('arbon and low alloy steel
F6010 3 140-150 0.83(1.20)** 35.85(54.36)"" Bl
16013 3 145-160 0.31-0.58 14.16-25.75 B2
E7018 3 170-180 0.57-0.60 20.35-21.83 B3
E7024 3 200-230 0.43-0.55 8.92-11.11 B4
18018 C3 3 160-175 0.43-0.47 15.92:17.82 BS
. F9018 B3 3 160-180 0.36-0.46 11.19-14,94 Bé
Stainless steel and high alloy
E316-15 3 150-155 0.28-0.38 8.02-11.08 B7
E316-16 3 145-150 0.21-0.31 6.56-11.92 B8
E410-16 3 145-160 0.28-0.34 11.75-13.97 B9
ENi-C'1 1 135 . - 0.37 12.90 B10
ENiC'U-2 1 145 0.31 10.08 B10
Inconel 625 1 140-155 0.32 9.24 BI10
Haynes C-276 | 130-135 0.37 14.20 B10
Haynes 25 1 135-140 0.26 8.94 B10
Flux cored electrodes
Carhon and low alloy steel
E70T-1 5§ 435485 0.96-2.27 6.65-12.51 Bll
E70T-4 3 370-390 1.86-2.09(2.98)** 12.76-13.83(22.70)** BI2
E70T-§ 2 425-450 2.26-3.25 17.87-23.63 " BI3
81-C3 1 440-445 1.1 8.69 B14
91-B3. 1 450 1.15 8.42 Bl4
Stainless stee]
F308LT-3 | 440-445 l.64 . 9.11 BIS
E316LT-3 2 340-405 1.34-2.48 6.97-12.32 BIS
(ias metal arc solid electrodes
Larbon steel
E708-3 3 260-290 0.41-0.46 4.97-5.68 Bil6
Snray w/Ar-2 0O 3 260-290 0.41-0.46 4.97-5.68 Bl18
Spray w/Ar-9 06 3 205-225 0.41-0.49 6.39-8.34 B16.B18
Globular w/CO, 3 320-330 0.45-0.51 3.09-3.31 B16.B18
Short circuit 3 195-205 0.20-0.25 4,114.91 Bl16,B18
w/Ar-25 CO4q
E708-5
Spray w/Ar-2 O3 1 275-290 0.38 5.01 Bl19
Globular w/CO3 1 325-345 0.40 2.61 B19
Short circuit 1 210-215 0.24 4.28 BI9
wfAr-25 CO9
Stainlcss steel and high alloy
ER316 1 165-175 0.04 0.58 -B20
ERNiCu-7 1 250-260 0.16 2.02 B21
Inconel 625 | 190-195 0.06 - 0.87 B2l
Haynes 25 1 200-205 0.08 1.38 B2l
Haynes C-276 1 165 0.39 6.98 B21
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."-..-——— '
Table 2.2 (continued)
Summary of baseline fume generation data for arc welding electrodes
Average range '

Source

Flectrode  Number of electrode  Current range, A Fume generation Weight of fumes/weight table-
classification  brands cvaluated (nominal) rate, g/min of depasited metal, g/kg®* App. B

Aluminum_ _
1LR4043 ! 160-165 0.11-0.27 $.6-15.74 B22
IFR53506 1 150-165 - l.4_l-|.75(3.59)" 64.94-79.72(164.85)** B23
Copper ’

ERCu -1 205-210 0.30 4.93 B24
FRCu Al-A2 1 110-213 0.47 8.12 B24

ay/kg > 10 = weight of fumes expressed as a percentage of the depaosit weight.

**The data points in parentheses represent duta obtained ut non-bascline welding con

clectrode no longer in production.
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rates of the E7024 electrodes were comparable to those
of other carbon and low alloy stesl electrodes, even
though the covering on these electrodes is much thicker
than the coverings on the other electrodes. The ratios of
weight of fume to weight of deposited metal for E7024
electrodes were lower than those of other electrodes.
This results from the combination of a relatively low
fume generation rate and the high deposition rate which
results from the iron powder (up to 50 percent) in the
coverings.

Fume generation rate ranges for stainless steel, nickel,
and other high alloy covered electrodes were similarin
magnitude; ranges for ratios of weight of fumes to weight
of deposited metal generally overlapped one another.

Fume Composition. Studies to determine the complete
analysis of the fumes associated with covered (and other
types of) electrodes are not common; they can be quite
involved and costly and may be unnecessary. Since the
composition of the core wire is generally a maner of
record, core wire constituents in the fumes can be readily
determined by optical emission Spectroscopy or atomic
absorption procedures. Fume constituents attributable to
the electrade coverings are more difficult to determine

I-11

and a combination of analytical methods may be needed.
Optical emission spectroscopy provides a means for
identifying most of the constituents in the fumes, since
the presence of 70 or more elements can be detected on a
semiquantitative base. This method should be supple-
mented by (a) atomic absorption analysis for more ac.
curately determining elements present in large amounts
and (b) wet chemical analysis for determining fluoride
contents. X-ray diffraction is useful if there is interest
in detecting compounds in the fumes. Such detailed
analyses are seldom required; industry is generally con-
cemned only with those fume constituents that have low
threshold limit values or are present in large amounts.

Since a large number of electrodes were to be evalu.
ated during this program, the AWS Research Commitiee
agreed that analytical efforts would be limited to the
detection of the major elements in the fumes (e.g.. irom,
manganese, and silicon for carbon sieel electrodes) and
fluorides. Atomic absorption analysis was used to detect
selected elements because the equipment is readily avail-
able in industry, is reasonable in cost. and produces
accurate results. Wet chemistry was used to detect
fluorides. Data on the core wire elements in the fumes
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produced by covered (and other) electrodes are presented .
later in this report (Table 2.21).- It is noted that the - Table 2.3
analytical data do not total 100 percent because these Composition of coverings on representative
limited studies did not include detection of fume con- carbon steel electrodes (Refs. 2,18, 2. 19)
stituents originating from the electrode covering.
Some data on expected fume constituents attributable Covering ..omgosman weight '%
to the coverings on the electrodes can be obtained from Constituent  E6010 Fe013 1016
" the literature. Compositions of the coverings of repre-
- sentative E6010 (high cellulose-sodium), E6013 (high 5i0, - 320 259 16.0
titania-potassium), and E7016 (low hydrogen-potassium) TiO, + 2rO, 18.0 30.6 6.5
elecrrodes have been provided by Smith and Rinchart - | o - 2.0 59 S
(Ref. 2.18) and Smith (Ref. 2.19) and are shown in N ' ~ 1.0
Table 2.3. The E6010 and E6013 electrodes are among ar2 e e 7.0
the electrodes evaluated during this investigation. E7018 Ca0 .- 1.6 .e-
electrodes evaluated during the present program have MgO 6.0 24
coverings similar to that of the E7016 electrode except Na.O 8.0
for the presence of iron powder in the E7018 covering. 2 : ) b1 14
The fumes produced by the electrodes included in Table K20 e 6.7 1.0
2.3 should contain the constituents of the covering and co, --s 1.7 .
those of the core wire, usually (but not necessarily) in Organics 30.0 . 177 .
the oxide form of the respective elements. F 20 .
Examples of complete fume analyses of several Scan- Me 7'0 L=l i
n . 4.3 2.5

dinavian electrodes, three of which appear to be low
hydrogen electrodes with iron powder additions, are CaCO4 80
shown in Table 2.4. .

Table 2.4
Composition of fumes produced by typical Scandinavian
covered electrodes (Ref. 220)
Composition, weight %

' Compound  Electrode 1 Flectrode 2 Flectrode 3 Electrode 4
S5i0, 7.0 9.5 10.0 30.5
Fey04 25.5 24.5 36.5 43.5
Alzo:; 0.6 0.2 <0.1 o<l
TiO, AR 0.2 0.5 2.2
Zr0, --- 0.6 .- -ee
MnO 4.7 7.2 8.2 9.8
in0 0.04 0.07 0.09 0.02 .
Ca0 15.9 5.3 0.4 <0.1
MgO 0.1 0.1 7 0.1
K50 14 17.6 17.6 7.2
Nay0 24 17.2 11.0 54
Cu 0.03 -0.07 0.03 0.06
Ph 0.02 0.02 0.04 0.05
Cr 0.01 0.04 0.01 0.04
Fe 19.% 15.7 17.1
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In the AWS studies to characterize fumes and fume
particles, optical emission spectroscopy was used to
determine the constituents in the fumes produced by
E7024 and E410-16 covered electrodes. Data on major
constituents are shown in Table 2.5.

Flux Cored Electrodes

Fume Generation Characteristics. Ranges of (a) fume
generation rates and (b) ratios of weight of fumes to
weight of deposited metal for represeniative carbon steel,
low alloy steel, and stainless steel flux cored electrodes
are shown in Fig. 2.7. All clectrodes were 2.4 mm
(3/32 in.) diameter and welding was done at currents
in the mid-portion of the manufacturer’s recommended
operating range. Details on the welding conditions and
tue experimental results are contained in Tables B11 and
B15. Carbon dioxide shielding was used with the E0T-1,
EWT.5, 81-C3, and 91-B3 electrodes; the E70T-4 and
stainless stee] elecrodes were self-shielding. The data
upon which Fig. 2.7 is based are summarized in Table 2.2
this table should be consulted when this figure is reviewed.

(1) ENOT-1 clectrodes. The ranges of fume genera-
tion and ratios of weight of fumes to weight of deposited
metal were broadest for this classification of electrodes.
Mofmmeleﬂrodmmmadebythesamepm-
ducer; the other two were made by two different pro-
ducers. The electrodes made by the same producer were
designed for single- or multiple-pass welding, but the
core wire and flux composition varied to achieve certain

objectives: e.g., the welding of steel with different
strength levels, the welding of clean or rusted steel, etc.
These special-purpose electrodes defined the upper and
lower limits of the ranges in Fig. 2.7. The electrode with
the highest fume generation rate contained appreciable
amounts of fluorides (Table 2.18); such compounds are
known to enhance the production of fumes. The fluoride
content of the fumes associated with the electrode hav-
ing the lowest fume generation rate was very small.

(2) ETOT-4 electrodes. A data point outside the
indicated ranges for these electrodes is shown in Fig.
2.7. This point represents the fume generation rate for
an ETT-4 electrode that was made several years ago
and is no longer availabie on the market. Since another
currently available electrode made by the same producer
had a much lower fume generation rate, it appears that
changes in the flux were made to reduce fume quantities.

(3) E70T-5 electrodes. The highest fume generation
fates were encountered with E70T-5 elecrodes. This
was expected because the E70T-5 electrodes can be used
with or without a shielding gas, and the basic type flux
contains ingredients that produce large amounts of gas
and fumes. Ratios of fume weight to weight of deposited
metal were highest for these electrodes also.

Ranges for the fume generation characteristics of other
flux cored electrodes overlapped one another in many
instances. The experimental results are discussed below.

(1) Low alloy steel electrodes. The fume generation

Table 2.5
Optical emission spectoscopic analysis of fumes produced by
two E7024 and one E410-16 covered electrodes

Compasition, weight %

Element (Oxide)! E7024(7)2 £7024(8)2 E410-16(21)2

Fe (Fey05) 20-30 (28.642.9) 20-30 (28.642.9) 10-20 (14.3-28.6)
Si (5i04) 10-20 (15.7-31.4) 5-10(7.8-15.7) 23 (3.14.6)

K (X,0) 8-12(9.6-14.4) 8-12(9.6-14.4) 10-20 (12.0-24.0)
Na (Na,0) 3-6 (4.0-8.1) 3-6 (4.0-8.1) 4-8 (5.4-10.8)
Mn (MnO,) 24 (3.26.3) 24 (3.2-6.3) 1-2 (1.6-3.2)

Ca (Ca0) 0.1 (0.1) 0.05 (0.1) 24 (2.8-5.6)

Zn (2,0 <0.1(0.1) <0.1 (0.1) 0.1 (0.1)

Ti (Ti0,) 0.5 (0.8) 0.3 (0.5) 0.4 (0.7)

Al (A1,04) 0.1 (0.2) 0.05 (0.1) - 0.5 (0.9)

Cr 0.01 0.01 5-10

l. Assuming that clements are compictely converted 1o oxides.

- 2 The number in parentheses following the clectrode designation is the cude aumber identifying the specific clectrde.
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*Data from E70T-4 slectrode that is no longer commercially available.

Fig. 2.7-Fume generation rates and ratios of weight of fumes to
weight of deposited metal for flux cored electrodes

rates and ratios of weight of fumes to weight of de-
posited metal for 81-C3 and 91-B3 low alloy steel elec-
trodes were low in comparison with those for carbon
steel flux cored electrodes. These results are similar to.
those observed when these quantities were compared
for carbon steel and low alloy steel covered electrodes.

(2) Stainless steel electrodes. The fume generation
characteristics of the three self-shiclded stainless steel
electrodes investigated during this program varied over
a wide range. This appears to be a flux-related occur-
rence. The E308LT-3 electrode and one of the E316LT-3
clectrodes were made by the same producer, while the

remaining E316LT-3 electrode was made by another
producer. The fume generation rates for the electrodes
made by the same producer were similar and define the
low end of the range shown in Fig. 2.7; this result might
be expected because the fluxes used in these electrodes
were probably quite similar in composition. However,
the fume generation rates and ratios of weight of fumes
to weight of deposited metal varied widely for the
E316LT-3 electrodes made by two producers. Since the
sheath compositions are not likely.to differ substantially,
this variation must be associated with differences in the
flux cores of the respective electrodes.
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Table 2.6

Comparison of average fume generation characteristics of
2.4 mm (3/32 in.) diameter E70T-1 flux cored electrodes

as 3 function of shielding gas
Weight of fumey
) Fume “weight of
Electrode Shiclding generation deposited metal,
number gms' Current, A rate, g/min. elkg
E70T-1 40)° (o, 475 1.35 10.40
E70T-1 (40) - Ar25004, 465 1.01 7.78
E70T-1 (42) o, 440 .27 17.51
E70T-) (42) Ar-25 (.‘02 445 1.93 14.9]

l. Ar25 COZ is a convention used to desipnarc 3 g mixture of 25%. €0y. 75% Ar.

2. The number in parentheses after the AWS eleetrode classification is a code number identi-
fying the spegific proprictary clevtrode,

Table 2.7

Typical flux compositions of the three carbon dioxide
shielded flux cored electrode types, percent (Ref. 2.17)

Compaosition, weight percent

Type 1 Type 2 Type 3
Titania type Lime-titania type Lime type
Compound (non-basic) (basic or neutral) (basic)
or element flux ‘ flux Aux
$i0, 210 17.8 7.5
Al 202 2.1 4.3 0.5
TiO, 40.5 9.8 ---
Zr04 .- 6.2 s--
Cao 0.7 9.7 3.2
Na,0 Lé 1.9 -e-
K50 1.4 1.5 0.5
CO, (as carbonate) 0.5 .- 2.5
C 0.6 0.3 1.1
Fe 20.1 24.7 55.0
Mn 15.8 13.0 7.2
GaF, e 18.0 205
AWS classification E70T-1 or E70T-1 E70T-1 or
E70T-2 E70T-5
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As noted previously, the E70T-1 and E70T-5 clectrodes
were used with CO, shielding. To investigate the premise
that fume generation rates can be affected by the type of
shielding gas used during welding, the characteristics
of two E70T-1 flux cored electrodes were determined
with Ar-25 CO, shielding. Other than shielding gas.
the welding conditions were essentially the sume as the
baseline conditions. The resulting data are summarized
in Table 2.6; additional details are contained in Appen-
dix B (Table B23). :

The fume generation rates for each electrode were
reduced between 15 and 25 percent when Ar-25 CO,
shielding was used instead of CO,. This is because the
argon-based shielding gas has a lower oxidation poten-

tial than CO,. and oxidation processes contributing to.

the formation of fumes at and near the tip of the elec-
trode were decreased as a consequence. The metal
deposition rates for these electrodes were unaffected by
the type of gas shielding used. Thus. the ratios of weight
of fumes to weight of deposited meral were also smaller
when Ar-25 CQO, was used for shielding.

Section lIB. Fume Generation Characteristics/81

Fume Compasition, As in the ¢ -
trodes, the composition of fumes pr::s:e';lc:yv:l':: c:‘::d
electrodes is determined by composition of the electrode
sheath, flux core, and. 10 a minor extent, by the base
metal. Since the composition of the sheath for electrodes
within a classification is unlikely to vary much from
producer to producer. variations in fume compositions
for such-electrodes are caused primarily by dJifferences
in the flux core ingredients. T

To provide an insight into the constituents that may
be detected in the fumes associated with welding opera-
tions, data on the composition of flux cores and slags
associated with representative flux cored clectrodes are
shown in Tables 2.7 and 2.8 (Ref. 2.17). The composi-
tions of the fluxes used in three CO, shielded flux cored
electrodes are shown in Table 2.7. Electrodes incorporat-
ing these fluxes can be included in one or two AWS
classifications; classification criteria are discussed in the
article from which these data were taken (Ref. 2.17). The
type of flux also determines the classification of self-
shielded flux cored electrodes as indicated in Table 2.8.

Table 2.8 :
Typical flux compositions of the four types of self-shielded
.. flux cored electrodes, percent (Ref. 2.17)

(‘omposition, weight percent

Type | Type 2 Type 3 Type 4
Fluorspar- Fluorspar- Fluorspar- Fluorspar- )
Compound aluminum titania . lime-titania lime
or element flux flux - flux flux
Si02 0.5 36 4.2 6.9
Al 15.4 1.9 1.4 sen
Al,04 - 0.6
TiOz --- 20.6 14.7 1.2
Ca0 _ ERp ven 4.0 3.2
~MgO 12.6 4.5 2.2 --
K,0 04 0.6 - ---
Na,O 0.2 0.1 --- 0.6
Cc : 1.2 0.6 0.6 0.3
CO, (as carbonate) 0.4 0.6 21 1.3
Fe 4.0 50.0 50.5 58.0
Mn 3.0 4.5 2.0 7.9
Ni .- aee 2.4 S
CaF, 63.5 220 15.3 22.0
AWS classification E70T4 - E70T-3 ET0T-6 . E70T-5
E60T-7 .
E60T-8
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‘Most of the flux constituents shown in these tables
will be present as elements and compounds in the fumes
produced by electrodes incorporating them. They will
not be present in the same proportions 2s in the flux
because some constituents are transferred by the arc to
the slag and, in some cases, to the weld metal. Ele-
mental compositions of the fumes produced by typical
E70T-1, E7OT-4, and E70T-5 electrodes are shown in
- Table 2.9 along with calculated oxide contents (assum-
ing that the elements are converted to oxides (Ref. 2.3).
These electrodes were classified as follows: E70T-1,
:;;i:e-basc: E70T-4, fluorspar-base; and E70T-5, silica-

Fume compositions determined by optical emission
spectroscopy are shown in Table 2.10 for the EJOT-1,
E70T-4, and E70T-5 electrodes investigated during this
program. These data were acquired during studies to
characterize fumes and fume particles. From these data,
it appears that the EZ0T-4 electrodes evaluated by Battelle
and by Heile and Hill had fluxes based on similar in-
gredients (e.g., aluminum and fluorspar). Fluxes for
the respective E70T-1 and E70T-5 electrodes differed
considerably.

Solid Electrodes

The fume generation characteristics of solid electrodes
and rods used for gas metal arc welding and gas tungsten
arc welding are reviewed in this section. In comparison
with covered and flux cored electrodes, these are low
fuming electrodes and rods whose fume generation ten-
dencies are a direct function of the amount of electrode
or rod consumed during welding. Other factors which
influence the rate ar which fumes are produced by the
solid electrodes include the type of shielding gas, the

metal transfer phamcteristics of the arc, and the welding

conditions.

Gas Metal Arc Electrodes

Fume Generation Characteristics. Ranges for fu
generation rates and ratios of weight of fume to wei
of deposited metal associated with carbon steel, stainl
steel, high alloy, copper, and aluminum gas metal .
welding electrodes investigated during this program .
shown in Fig. 2.8. The data upon which these rang
are based are summarized in Table 2.2; detailed inforr
tion on the fume generation characteristics of individ:
electrodes are contained in Tables B16 to B24 along w
the welding conditions. .

(1) Steel Electrodes. The results obtained with c:
bon steel electrodes are reviewed separately from the
obtained with other types of solid electrodes. Caution
required in interpreting the dawa in Fig. 2.8 because

" the dependency of the fume generation characteristics ¢

welding current and other process variables. The fun

generation characteristics of three 1.1 mm (0.045 in

E70S-3 electrodes, each made by a different manufa:

turer, were determined at appropriate current levels i

the following transfer modes: spray transfer with Ar-
O, or Ar-9 CO, shiclding; globular transfer with CC
shiclding; and short circuiting transfer with Ar-25 CC
shieiding. Although the electrodes were made by dii
ferent producers, there was linle variation in composi
tion. The thickness of the copper coating on the electrod
surface varied from zero to several microinches. A sing!
E70S-5 clectrode was also evaluated in various transfe
modes; spray transfer with Ar-2 Q, shiclding; globula.
transfer with CO, shielding; and short circuiting transfe
with Ar-25 CO, shielding.

Fume generation rates for the three E205-3 electrode:
were similar in magnitude during spray transfer weldin;
with Ar-2 O, or AR-9 CO, shiclding, and durin;
globular transfer welding with CO, shielding. Unde:
these conditions, the ratios of weight of fumes to weigh:
of deposited metal varied somewhat because of differ-

 Table29
Composition of fumes from flux cored arc welding (Ref. 2.3)

Compasition, weight percent

Element (Oxide) E70T-1 E70T-4 E707-5
Fe (Fe,05) 28 (40.0) 13 (186) . 23 (32.9)
Mn (MnO,) 5 (1.9 2 (3.2) 4 (6.3
Si (Si0,) 25 (39.3) 4 (63) 20 (319
Ca (Ca0) 13 (18.2) 8 (11.2)
Ti (Ti0,) 2 (3.3) .- vee
Mg (MgQ) 3 (5.0) 9 (14.9) ---

Al (A1,03) 9 (17.0)
F 7 13 7
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2.m ¥ ) . T i ) - ) ] l ) ‘ 1 20
— Fume genergtion rate (single electrods) -
Fume generation rate {muitipie electrodes) . 7 <
1500~ s==+ Weight of fumes to weight of deposited metal {singie electrode) ’ -8"
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7053 : E705-5
Electrode and transfer mode

Fig. 2.8~Fume generation rates and ratios of weight of fumes to weight of deposition metal for gas
' metal arc electrodes

Table 2.10
Optical emission spectroscopic analysis of fumes produced by
E70T-1, E70T-4, and E707-5 flux cored electrodes

Composition, weight %

Flement  (Oxide) ! E70T-1 (42)2 _E707-4 (49)2 E707-5 (50)2
Fe (Fe505) 3040 (42.9-57.2) 15-25 (21.4-35.8) 3040 (42.9-57.2)
Si (5i04) 2-3 (3.14.6) 0.1 (0.2) 2-3 (3.1-4.6)
K (K,0) 1.0 (1.2) 20 (24) 4-6 (4.8-1.2)
Na (NaZO) 46 (5.4-8.1) 0.1 0.1) 1.0 (1.4)

Mn (MnOz) 4-6 (6.3-9.5) 2-3 (3.24.7) 4-6 (6.3-9.5)
Ca (Ca0) 0.1 (0.1 15-25  (21-39) 812 (11.2-16.8)
Zn (Zn0) 0.1 (0.1) 0.1 (0.1 ) 0.1 (0.1)

Ti (TiOz) : 0.5 (0.8) 0.01 . (0.02) 0.2 (0.3)

Al (A15,04) 0.4 (0.8) 7-10  (13.2-18.9) 1-2 (1.9-3.8)
Mg (Mg0O) 0.02  (0.03) 7-10- (11.6-16.6) - 0.2 (0.3)

-

1. Assuming that clements are completely coavericd to vxides. ‘
2. ‘The number in parentheses following the clevtrode designation is the code number identifying the spevific electrode.
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ences in the metal deposition rates for the respective
electrodes. Under shon circuiting conditions with Ar-25
CO, shielding, fume generation rates were lower than
they were with other metal transfer modes and other
shielding gases.

The effects of type of shielding gas and mode of metal
wransfer on fume generation characteristics are not clearly
evident from the data in Fig. 2.8 or the tabular data mainly
because of the differences in the currents used for weld-
ing. If the effects of current are taken into account by
normalizing’ the data to a selected value of current (mul-
tiplying the normalized fume generation rate for each
electrode by current squared), the effects of shielding gas
and metal transfer mode are more readily observed. To
facilitate interpreting the data, the average fume genera-
tion rates were normalized to a current of 250 A. These
data together with the measured rates are shown in Table
2.11 '

As indicated in Table 2.11, fumes were produced at
the highest rate during spray transfer welding with Ar-9
CO, shielding, followed approximately in descending

7. In general, fume generation rates for electrodes studied in this
and other investigations varied in accordance with current to a
power that ranged from greater than ome to less than thres
{current equals [* where | <x <3). With current squared
accepted as 2 reasonable power function compromise, a nor-
malized fume generation rate that includes the effect of current
on the rate av which fumes are produced can be established.
Then. if an electrode is used at one current. it is pussibie to use
the normalized rale (fume generation rate per unit of current

squared) and predict the approximate fume genertion e

when the clecirode is used at a higher or lower rate {provided
uther welding variables are controlled). Normalized fume gen-
eration rates are shown in the tabular data in Appendix B along
with measured rates. .

order by spray transfer welding with AR-2 O,, shon
cuiting transfer welding with Ar-25 CO,, and giot
transfer welding with CO,. The effects of shielding
on fume generation rates can be best observed by ¢
paring the rates at which fumes were produced du:
spray transfer welding with Ar-2 O, or Ar-9 CO, shi
ing. When Ar-9 CO, was used, the fume generation
much higher than when Ar-2 O, shielding was used. -
reflects the higher oxidation potential of the Ar-9 (
shielding gas, and the fume generation rate presum:
would increase further if the content of CO, in the arg
based shiclding gas was increased. .

The B70S-5 electrode is similar to the E708-3 electr:
except that it contains aluminum as well as mangan:
and silicon as a deoxidizer. If the same welding con
tions are used, the fume generation characteristics of 1
E70S-3 and E70S-5 electrodes should be similar,
indeed they were (see Tables B16 through B19).

(2) Other Solid Electrodes. Representative stainje
steel, high alloy, copper, and aluminum solid electrode
1.1 mm (0.045 in.) in diameter! were also investigate
In each instance, a single electrode per classificatic
was evaluated and the welding current was adjusted :
produce acceptable spray transfer conditions.

(3) High Alloy Electrodes. Five high alloy elec
trodes (one stainless steel electrode, three nickel bas
electrodes, and one cobali-base electrode) were invest:
gated during this program. and all but one had fum
generation rates and ratios of weight of fumes to weigh
of deposited metal well below those of carbon stee
electrodes. This trend was also observed with covere:
electrodes of the same types. The exception, a nickel
base electrode. had fume generation rates approachin;

8. Bevause of availability, electrodes with diameters othe
than 0.045 in. (1.1 mm) were used in a few instances; such de
viations are noted in the tabular data in Appendix B.

: Table 2.11
Measured and normalized (Ref. 2.1) fume generation rates for E70S-3 electrodes

Fume generation rate g/min

wamier  Shielding E708-3(54)2 E705-3(57)] 1:70S-3(58)°

maode gas Measured Normalized Mcasured Normalized Measured Normalized
Spray AR-20, 0.41 - 0.35 0.46 0.36 0.45 0.35
Spray AR €O, 0.41 0.54 0.44 0.62 0.49 0.61
Globular o, 0.51 0.29 0.46 0.28 0.45 0.27
Short circuit  Ar-25 0, 0.20 0.33 0.25 0.38 0.24 0.38

1. Fume generiion rales normalized o a current ol 250 A,

3. The number in parentheses fullowing the clectamde doipnation i the
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those of the carbon steel electrodes. It was a small
diameter electrode, 0.09 mm (0.035 in.), and the current
density was higher than that used with the other elec-
trodes; as a result, arc temperatures were probably higher
and more fumes were produced. .

(4) Aluminum Electrodes. The aluminum electrodes
presented mixed results. The ER4043 electrode produced
fumnes at low rates and the ratio of weight of fumes to
weight of deposited metal was low also. The ER3356
electrode produced fumes at much higher rates than the
ER4043 electrode. High fume generation rates were not
unexpected, because the ERS5356 electrode contains
magnesium, 2 metal that oxidizes easily and has a high
vapor pressure. In contrast, the ER4043 electrode con-
tains silicon., an element with a much lower vapor pres-
sure. Using a contact tube-to-work distance of 12.5 mm
(0.50 in.), the fume generation rate for the ER5356
electrode was similar to that obtained by Heile and Hill
when differences in welding current are taken into ac-
" count (Ref. 2.3). Much higher fume generation rates
were produced at longer contact tube-to-work distances,
and there was evidence of lack of shielding of the arc
and pool of weld metal. These results point to the need
for careful welding torch setup control and good shieid-
ing to minimize fumes as well as to insure the production
- of high quality welded joints.

(5) Copper Electrodes. Fume gencration rates and
ratios of weight of fumes to weight of deposited metal
for an ERCu and an ERCuAl-A2 electrode were com-
parable in magnitude to those associated with carbon
steel electrodes.

Section lIB. Fume Generation Characieristics|85

Fume Compositions of Gas Metal Arc Electrodes. In
contrast to covered and flux cored electrodes, the com-
position of the fumes produced by gas metal arc welding
electrodes is controlled by the composition of the elec-
trode and any coating that might be on the electrode
surface. This can be illustrated by considering the com-
position of the fumes produced by the three E70S-3
electrodes investigated during this study:

Fume composition. weight percent
Electrode no.  Fe  (Fe.0,) Mn (MnO,) Si (Si0.) Cu

E708-3(54) 63.7 (9L.1) 5.3 (8.4) 0.05 (0.) O.11
E7058-3(57) 65.7 (93.9) 38 (6.00 0.79 (1.2) 0.60

E705.3(58 62.5 (89.4) 8.5 (13.4) 0.53 (0.8) 1.00

Each of the fume samples contained iron. manganese,
silicon, and copper (or their oxides). The amount of
copper in the fumes produced by the electrode that was
not coated with copper, E708-3 (54), was higher than
expected. Subsequent analyses of short lengths of each
electrode from which the copper coating was stripped
showed that they all contained a small (0.02 to 0.03)
weight percent of copper as a residual clement in the
electrodes themselves. Apparently, the residual copper

" in the E70S-3 (54) electrode plus perhaps some copper

picked up from contact tube and wire drive was the
source of copper in the fumes from this electrode.
Because of its low threshold limit value, there is more
concern about the presence of copper fume in the weld-
ing environment than about iron oxide fume. Table 2.12
combines data on the baseline fume generation rates of
thres E70S-3 electrodes with the compositional data on

Table 2.12
Results of studies on copper in the fumes produced by
E70S-3 electrodes used for gas metal arc welding

Electrode

Characteristic

E70S-3(54)* E708-3(57) FE708-3(58)

Copper coating on electrode
Thickness, g in.
weight percent

Copper content of fumes, weight %

iron (oxide) content of fumes,
weight %

Total fume generation rate, g/min.
Copper fume generation rate, g/min.

Iron (oxide) fume generation rate,
g/min.

0 a8 24
0 0.19 . 0.24
0.11 0.60 1.00

63.7(91.1) 65.7(93.9) 62.5(89.4)

0.41] 0.46 045
0.0004 0.0028 . 0.0045
0.26(0.37) 0.30(0.43) 0.28(0.40)

*The numbet in parcnthess following the dectrde desipnation is a ode number mentilying

the specific clectrode.
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the fumes. The ACGIH time-weighted average threshold
limit value for iron oxide fumes (5 mg/m') is 25 times
as large as that for copper fumes (0.2 mg/m*). However,
the results of the experimental studies indicate that the
iron oxide fume generation rates for the E70S-3 (54).
E70S-3 (57). and E70S-3 (58) electrodes werc 925, 154,
and 89 times as great, respectively, as the copper fume
generation rates. Thus. when welding with these elec-
trodes, the allowable limit for iron oxide fumes would
be exceeded long before reaching the limit for copper
fumes.

Compositions of the fumes produced by the pas metal
arc electrodes used for welding other base metals.(stain-
less steels, nickel base alloys. etc.) are determined by
the composition of the respective electrodes.

Gas Tungsten Arc Welding

Fume Generation Characteristics. Two filler rods used
for gas tungsten arc welding were also evaluated: a
3.2 mm (1/8 in.) diameter E308L stainless stee] wire
and a 2.4 mm (3/32 in.) diameter 5356 aluminum alloy
wire. The welding conditions are indicated below:

308L Stainless Steel Filler Metal. Welding was

done with a torch equipped with a2 2.4 mm (3/32 in.)

diameter 2 percent thoriated tungsten electrode (AWS
EWTh-2). The welding current was 200-215 A (dc). the
electrode polarity was negative, and argon was used
for shielding.

3356 Aluminum Filler Mewl. Welding was done
with a torch equipped with a 2.4 mm (3/32 in.) diameter
tungsten electrode (AWS EWP). The welding current
was 250 A (ac) and argon was used for shielding.

Under these conditions, the fume generation rates
were 0.0025 and 0.0065 g/min for the stainless steel and
aluminum filler wires. respectively. Such rates are a
small fraction of the rates associated with other pro-
cesses investigated during this program.

Fume Compositions. No analyses were made.

S.ectiW liC. Effects of Process
Variables on Fume Generation Rates

While baseline data on the fume gencration charucter-
istics of covered, flux cored, and solid electrodes provide
a wealth of information that is useful to those concerned
with the health and safety of welding personnel, they are
by no means the entire story. The term “baseline™ itself
implies that these data were obtained when the electrodes
were used in general accordance with recommended con-
ditions, and questions concerning the effects of the pro-
cess variables on fume generation characteristics naturally
anse. In reviewing the baseline data. reference o the
effect of current on these characteristics has been fre-
quently made because it appears to be the dominant vari-
able..Other welding variables also have a bearing on the
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rate at which fumes are produced during welding.
of the other variables affecting fume production are
(1) Voltage :
(2} Electrode polarity '
{3 Shielding gas (flux cored and solid electrod
(4) Contact tube-to-work distance (flux corec
solid electrodes)
{5) Metal transfer mode
(6) Electrode charicteristics (manufacturer. di
ter, core wire compasition. covering or
compasition.. etc. ).
All offthese variables in addition to current and
effects on fume generation characteristics will be
cussed in this section. It should be noted that the ef:
of many of these variables are interrelated.

Current Effects

Current is acknowledged to have a major effect on

rate at which fumes are produced during welding. In
present investigation. current effects were studied v
representative covered. flux cored. and solid electre
used for welding carbon steels. Trends similar to th
observed should be obtained with other classificati.
of electrodes.
Covered Electrodes. Fume gencration rate as a funct
of current is shown in Fig. 2.9 for 4 mm (5/32 in.) E&
and E70I8 electrodes: the data forming the basis for ¢
figure are contained in Tables B26 and B27. In o
instance. these rates varied nonlinearly with curre
Studies to fit the data to a power function indicated
the fume generation rate (FGR) relation to current
differemt for each type of electrode. For example,
regression equations for two of the electrides were

FGREGO10 = 0.000011 /22 with r* = 0.93
FGRE7018 = 0.00017 ' with * = (.88
The regression lines in the figure are /2 lines included
COMPArison purposes.

The results obtained are similar to those obtained
other investigators. Kobayashi, Maki. and Ohe not
that fume generation rates for ilmenite. lime, and limr
titania covered electrodes varied with current to powe

~of L17 to 1.74 (Ref. 2.5). Agreement with their resu

was good considering differences between domestic a;

foreign clectrodes and differences in fume samplii

methods. In work done by Heile and Hill with E6010 ar

E7018 electrodes, similar trends in fume generation rat.

were observed (Ref. 2.3).

Flux Cored Electrodes. The cffects of welding currer
on fume generation rates fora 2.31 mm (3/32 in.) diame
ter E70T-1 electrode using CO, shielding are also show

in Fig. 2.9: details on the welding conditions and the rc
sults of this investigation are provided in Table B2:
Above 450 A, the fume gencration rate increased almo:
lincarly with current: below 450 A, the behavior of th
fume generation rate with current was nonlinear. In par
ticular. there was a well-defined and reproducible mir
imum at low current levels that may have been caused b
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Fig. 2.9-Fume generation rates for selected covered, flux cored,
and solid GMAW electrodes as a function of current

changes in arc length, changes in the sizes of globules
being transferred across the arc, short-circuiting, etc.
Attempts to fit a power function to the data obtained over

the entire current range were unsuccessful because of the

minimum in the curve at low curmrents. A reasonable
fit with the /? line was obtained for data obtained at cur-
rents above 425 A. Thus, at currents between 425 and

600 A, there was a strong dependency of fume generation .

rate on current; at currents below 425 A, the fume genera-
tion rate was dependent upun variables other than current.
It is emphasized that the indicated relationship between

fume generation rate and current is valid only for the data
obtained during this study. '

A video camera was used to study the arc at currents
between 350 and 500 A. At currents around 500 A, the
arc was steady and appeared to have a length of about
3.2 mm (1/8 in.). At currents in the 350 A range, the arc
was turbulent and its length varied rapidly; at times, the
arc was buried. Apparently, the minimum in the curve and
the increase in fume generation rate at lower currents were
associated with this turbulence and the changes in type of
metal transfer.
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Electrode diameter, mm .
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Fig. 2.11-Fume generation rates for E7018 covered electrodes
with different diameters at constant current densities
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Fig. 2.12 ~Fume generation rates for E7018 covered electrodes.
with different diameters as a function of current
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of fume generation rate on welding current. With ap-
proximately equal current densities in each electrode,
the variation of fume generation rate with current was
almost linear. Four EG0I0 and four E6013 electrodes were
evaluated in a similar manner and similar results were
obtained; these data are shown in Tables B33 and B34

respectively.
Arc Voltage—Arc Length Effects

Arc voltage and arc length are closely related welding
parameters; for any given arc length, there is a corre-
sponding value of voltage whose magnitude is determined
by the characteristics of the electrode (resistivity, melt-
ing rate. etc.) and those of the welding process and power
supply. During the investigation, the fume gencration
characteristics of selected clectrodes as a function of
voltage (measured across the electrodes) and arc length
were studied. Because of the interrelationship between
these variables, their effects on the rate at which fumes
were produced were similar.

Previously discussed studies to evaluate the fume
generation characteristics of a flux cored electrode,
E70T-1 (41), were extended to include the effects of
voltage. To investigate the dependency of fume genera-
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tion rate on voltage, weiding was done at high and low
voltages near the low, middle, and high portions of the
current range used for this electrode (330 to 600 amperes).
For any given current, the “high” voltage was slightly
below that at which the arc became unstable and difficult
to control; the “low" voltage was just higher than that at
which stubbing of the electrode occurred. The results
obtained at the middie and high portions of the current
range are shown in Fig. 2.13; tabular data are provided
in Table B28. The results showed an increase in voltage
was accompanied by an increase in the fume generation
rate. Other investigators have reported similar results. In
this instance, the effect of voltage was most pronounced
at higher current levels. :

The effects of ar¢ voltage (or arc length) on the fume

generation characteristics of an E6010 covered electrode

were also examined. Welding was done at a nominal
current of 150 amperes over a voltage range that ex-
tended from about 20 to 40 volts. Data on fume genera-
tion rates for this electrode are also plotted in Fig. 2.13;
complete data on the results of this study are shown in
Table B35. Although fumes were produced at different
rates by the E6010 and E70T-1 electrodes, the trend
toward increasing quantities of fumes at higher voltages
was common to both.

250
O EG010

@ E70T1
® 707

2.00 1 —

1.50 [—

Fume generation rate, g/min

0.00 | 1

- 7
W 3

{540-555A)

| !

0 20 25

30 35 40

Voltage, V

Fig. 2.13—Fume generation rates for an E6010 covered
electrode and an E70T-I flux cored electrode as a function of

voltage at selected current levels

¢
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Arc length effects were studied with 4 mm (5/32 in.)
diameter E6010, E6013, and E70I8 electrodes. A video
camera connected to a television unit and a video tape
recorder were used to display and record are length:
current and voltage were monitored with a strip chart
recorder.

Fume samples were obtained when welding was done
with each electrode at selected arc lengths. To obtain
the desired data, a welding arc was established and the
power unit was adjusted to provide current at about 150
amperes. The arc was photographed with the video
camera and the result was concurrently displayed on the
television screen and stored on video tape for future use,
Then. as the welder monitored the screen to maintain
as constant an arc length as possible, a bead-on-plate
weld was deposited and the fume sample was collected.
The welding time was about 30 seconds. This process
was repeated for each arc length,

The resulting data were analyzed to determine the
~ effects of arc length on fume generation rates. To ac-

complish this objective. the data stored on the video tape

were displayed on the television screen and the aver

arc length over the welding interval was measured fr
the plate surface to the electrode tip. It should be «
phasized that this was a subjective measurement.
cause the arc length varied during welding. Since curr
varied also. the fume generation rates were normalizec
a current of 150 amperes to provide a common basis
comparison. The results of this investigation are su
marized in Fig. 2.14: supporting data are provided
Table B36.

Fumq,.-genemnon rates increased with mcreaslng
length for all of the electrodes included in this inve:
gation. The slope of the lines relating these variab.
indicated that arc length had slightly more effect on t
rates at which fumes were produced by the E6010 a:
E6013 electrodes than on the rate at which fumes we
produced by the E70I8 electrode. The results of th
investigation (i.e.. the increase in fume generation ra
with increasing arc length) are in general agreement wi
those observed by Kobayashi, Maki, and Ohe (Ref. 2.5

In a related experiment, the welding current w:

Average arc length, mm

9.5 127 15.9

/

pd
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1.50 .
O 6010
@ ee01d
® :08
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o &

075 /

o —1

Fume generation rate, gfmin

Fume generation rates

0.25 normalized at a current
of 150 amperes
0.00 -
0 0,125 0.250 0.37% 0.500 0.625
Averaye arc lenygth, i,

Fig. 2.4 =Fume gencration rates for selected covered electrodes
as a function of arc length
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initially established at 150 amperes for an arc length
that would normally be used during welding. The current
was not adjusted thereafter, but was aliowed to vary with
different arc lengths. For example, when the arc length
was increased, voltage increased and current decreased.
. Fume sampies were collected at selected arc lengths for
E6010. E6013, and E7018 electrodes during welding
intervals of about 30 seconds. Arc length data were
recorded on video tape and analyzed later in the manner
described previously. All fume generation rates were
normalized to a common current of 150 amperes for
comparison purposes. The results were similar to those
discussed previously; that is, fume generation rates in-
creased with increasing arc length (see Table B36).

Contact-Tube-To-Work Distance Effects

The distance between the end of the contact tube and
the surface of the base plate is a variable that affects
the melting and metal deposition rates in flux cored arc
welding and gas metal arc welding. Since fume genera-
tion rates are closely associated with melting rates, the
effects of contact ube-to-work distance were included
in this investigation.

The fume generation characteristics of an E70T-1 flux
cored electrode as a function of contact tube-to-work
distance were determined. Welding was done at two
current levels. nominally 450 and 520 amperes, and the
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contact tube-to-work distance was varied from 19 mm
(0.75 in.) to 38 mm (1.50 in.). As the contact tube-to-
work distance was varied, the wire feed rate was adjusted
to maintain the selected current level, The power supply
voltage remained constant during these studies, even
though it would be normally increased or decreased with
changes in contact tube-to-work distance so that arc
length could be controlled. '

The following observations are based on an examina-
tion of the data presented in Tables B42 and B43 and
in Fig. 2.15: : :

(1) At each current level, there was a gradual in-
crease in metal deposition rate with increasing contact
tube-to-work distance (Tables B42 and B43). When the
contact tube-to-work distance increases, the wire feed
speed must be increased to maintain a constant current
level. The increased melting rate is accompanied by a
higher deposition rate.

(2) For each current level, the fume generation rate
remained essentially constant for each contact tube-to-
work distance. . '

(3) The ratio of weight of fumes to weight of de-
posited metal decreased gradually with increasing contact

" tube-to-work distance.

(4) The effect of current on fume generation rate is

_ evident in Fig. 2.15. At 450 amperes, the fume genera-
tion rate was about | g/min; at 520 amperes. the rate

was about 1.3 g/min.

Contact tube-to-work distance, mm

19,1 25.4 1.8 38.1

2.00 P
T 150
£ _ §
£ § 1 ", —— ~ 520A
s _
s I
[ =
e -450A
P :
&
E
-
e

0.50

0.00 /s

0 % 1.00 1.25 1.50

Contact tube-to-work distance, in.

Fig. 2.15~Fume generation rate’of 2 2.4 mm (3/32 in.) E70T-1
flux cored electrode as a function of contact tube-to-work
distance at selected constant current levels

I-26




Y/ EUMES AND GASES

. Shielding Gas Effects

The shielding gas is a variable associated with the flux
cored arc welding processes, and it affects
fumes are produced during welding and
the fumes. The type of shielding gas
alsoaﬁ‘emthekindofgasestobefoundin the weld-
ing area,

The effects of shielding gases on fume generation rates

already been
- line dara for flux cored and gas metal arc welding elec-

" trodes. These rates were highest when CO, or gas mix-
tures containing CO, were used to shield the welding arc.

Since the ox potential of the shielding gas affects

discussed in the review of the base.

data plus the calculated weight percentages of e.
are shown in Table 2.14 and the apparent trend
cussed below:

(1) Iron (iron oxide) contents wers highe
welding was done in the spray transfer mode wi
Ar-2 Oz or Ar-9 CO, shielding and lowest when
was done in the globular transfer mode with CO, s

results are in agreement with those of H
Hill (Ref. 2.3).

(2) Manganese (manganese oxide) conten
highest when welding was done in either the spra
fer mode with Ar-9 CO, shielding or in the globul:
fer mode with CO, shielding; this element (or ele
oxide) content was Jowest when welding was don.
Spray transfer mode with Ar-2 O; shielding. He
oxidation potential of the shielding gas had a slight
on the contents of manganese (manganese oxide)
fumes.

(3) Silicon (silicon dioxide) contents were h.
when welding was done in the globular transfer

was evaluated using welding conditions 10 produce the with an oxidizing gas, CO,. These results are also in : -
following transfer modes: (3) spray transfer with Ar-2 0, ment with those of Heile and Hill (Ref. 2.3). There w
shielding, (b) spray transfer with Ar-9 CO, shielding, and apparent cxplanation for the low silicon content i:
(c) globular transfer with CO; shielding. The fume sam. fumes produced by the E70S-3(54) and E70S-:
ples were collected on cellulose membrane filters and electrodes,

analyzed by atomic absorption procedures. The resulting (4) Copper contents in the fumes appeared to be

Table 2.14
Effects of shielding gas on fume compasition
| Shielding  Fume sampie : Composition, weight %

Flectrode gas weight, g Fe (Fe203) Mn (MnOz) Si (Sioz)_ Cu
E70S-3 (54) Ar2 022 0.23 61.7 (83.2) 4.6 (1.3) 1.0 (1.6) 0.0
E70s-3 (54) Ar-9 COZ' 0.55 625 (89.4) 6.1 (9.6) 0.5 (0.8) 0.0:

. E708-3 (54) COz 0.42 56.3 (80.5) 6.3 (10.0) 23 (3.6) 0.1¢<
F10S3  (S7)  Ar20,2 0.32 627 (89.7) 44 (1.0 1.1 a.n  oss
E7083  (57)  Ar9 co, 0.44 62.2 “(88.9) 6.5  (10.3) 0.4 (0.6) 0.70
E70s8.3 (57) (2'02 0.33 55.4 (79.2) 6.8 (10.7) 1.5 (2.4) 1.20
E708-3 (58) Ar2 022 0.4} 62.) (83.8) 5.6 (8.3) 1.1 (1.7) 1.29
E708-3 (58) Ar-9 C02 O._54 62.0 (88.7) 4.6 (1.3) 1.5 (24) 0.99
E708.3  (58) co, 0.40 525 (75.1) 5.5 (8.7) 25 (3.9) 1.00

l. Welding Conditions:

For spray wransfer welding with A-2 0, shiciding
Electrode No. 54: 35 V:260-280 A
Hectrode No. §7: 35 V.270-280 A
Hectrode No. $8; 34.5 V:290-300 A

For globular transfer welding with CO3 shiclding
Electrode No. 54: 36 V:330-340 A
Electrode No. 57: 35 V:320aA
Electrode No, 58: 2v:3304

I-27

For spray iransfoer welding with A-9 CO3 shiciding

Eecirade No. 54: 345 V:210-220 A
Flectrade No. 57: 35 V;205-215 A
Electrade No, S8: 38 V;215-225 A

2. Average of three analyses.




~ental vaporization, condensation,
nd oxigation enhanced vaporiza-

Addlt:onal support for the vaporiza-
~= ~pndensation-oxidation mech-
(V-C-0Q)is also found in the data
sented in Table 5 covering GMA
sing of aluminum alloys. Because
~ert shielding, the mechanism for
.=2 generation is simply vaporiza-

~z-zrial. Aluminum 35356 generates
-2 fume because of the additional
-a=emibution of Mg, Note that the Mg
sa=:ont of the 3356 fume (MgG/Al =
‘#: ;s enriched over that of the wire

-+ A = 1/16). This results from the
-hat Mg has a considerably higher

sr pressure In the range of 2000~

1 K and its activity coefficient in

- :an a2luminum is 0.5. In making' a
- —=arison of the above data, note

- finer wires produce less tume at

2 -""arable currents ang arc lengths.
~~g above discussion applies
zz.ally well to fume generation in
22 and SMA welding. In these
--ssasses, the fume results from the
*.Z of elemental and lower oxide
.=:as, and the V-C of oxide and
~ge flux species, As might be ex-
-2z, the composition of the fume is
.~gly dependent on flux com-
:_ruon since significant quantities of
¢« =alting peint flux components are
2z=tzaineg in the fume.
© V.C-0 mechanism advanced
= .5 Domtis essentially a simple ong
~z..ng to do with the vapor pres-
:.-as and latent heats of vaporiza-

-~ 5f the constituents present in the

= »f the consumabies anc with the

nizing potental of ‘the shieiding
_: 't one s used. To first order. these
crors getermine the amount of a
arucutar constituent appearing in
e ‘urne. Obviously, rate controlling
s:20s nvolving diffusion of the various
-gagiants and products will affect the
== and composition of the fume as
«2, A more compiete model re-
2.-2s consideranon of ihese rate
. =-plling tactors anc the gynamic

-ure of the metal ransfer process

Jging such factors as residence

-2 pi the moiten dropiet at a par-
- zular remperature, degree of sur-
‘222 axoosed for participation in the
.zsermizanon process. ang the ef-
~z:i2ngy of energy agsorption cy the
turtace. These contributions will be
zorsigered in turn,

Sor instance, as observed pre-
“2usly, the higher FFR for CO, com-
' .-a¢ with argon-based shield gases

aeiieved to be gaused by the

_ :aier sontrisution of oxide species
ing from the increased oxidizing

= .ual of the CO, shielding gas.
“dgitionally, the inability to achieve
-anid drop detachment when using
20, may further augment the oxide
2nnancement. With CO,, the molten
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drop of metal spends a significant
fraction of the total transfer time at-
tached to and wandering about the
wire tip. This instability can produce
turbuient effects resulting in -con-
tamination which, coupled with the
long detachment times, can further
enhance the vanorization due to oxide
species over and above the natyral
oxidizing potential of the shield gas.
The rapid drop detachment obtained
in the spray mode using argon-based
shield gases dees not permit this con-
dition to occur. This fact and the lower
oxidizing potential of the argon-based

shield gases are sufficient to account

tor the differences in the mean FFRs.

The problem of instabilities and
turbulent effects in FCA and SMA
similar to those which exist with CO,
in GMA is compounded by the
presence of extremely volatile flux
components. Hence. the FFRs for
these processes are substantially
higher than for GMA,

In an effort to gain more precise in-
formation about how these dynamic
effects affect the V-C-O process. it
was felt necessary to determine
where the vaporization is occurring.
Two experiments were performed.
The first was to exarmine fume forma-
tion using the GTA process. As stated
earlier, no measurable amounts of
fume were obtained for all currents
between 50 and 450 A using argon
shielding. The initial implication is that
the molten metal in the weid puddie
does not substantially contribute to

Fig. 13 - Data of Fig. 12 replotted in mg/g

the fume. The weld puddie is cool
relative io the arc. While vaporizauon
is occurring, the partial pressures and
hence the contribution -to the total
fume level is substantially reduced.
Adding oxygen to the shielding gas

- did produce small arnounts of fume,

supporting the hypothesis of en-
hanced vaoporization due 1o oxige
species.

The second axpenrnent involved

- the welding of Mg bearing Al plate us-

ing the GMA process. Two wire types
were employed, type 5356 containing
Mg and type 1100 containing no Mg.
Referring back to Tabie 5. Mg was
found in the fume when the 5356
wires were used, but no Mg was found
when the 1100 wires were used even
though Mg was present in the plate in
both cases. The conclusion to be
drawn, therefore, is that the vaporiza-
tion of elemental and oxide species is
occuring at the .wire tip and in the

welding arc, but not in the weid pud-

die to any comparable degree. This is
totally consistent with known
temperature distributions of the are.

A feeling for just how the fume
evoiution is affected by the welding
conditions and shielding gas can now
be gained by a more critical examina-
tion of the behavior of the fume data

in CO,; and argon-based shielding.

gases exnibited in Figs. 10 and 12.
The CO; resuits are presented in
Fig. 12. Two features are apparent.
For a given vokage, there is a mono-
tonic increase of fume ‘with current;

WELDING RESEARCH SUPPLEMENT | 207-s
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Table 2.15
Summary of data on effects of iron powder on fume generation
characteristics of high titania and low hydrogen covered electrodes

_Fume gencration raté___ weight of fume/

Normalized l. wet. of deposited

Current. A Measured,

Electrode Covering . (nominal) g/min g/min metal, g/kg~
6013  High titania 165 073 0.8 29.86
17014~ High titania 175 072 0.75 23.72
£7024  High titania 210 0.68 0.47 12.13
E7016 Low hydrogen 170 0.50 0.51 20.84
E7018 Low hydrogen 175 0.51 0.50 18.39
7024 Low hydrogen 230 1.03 0.58 21.27

1. Fume gengration rates normalized to 175 A.

2 gfkg = 10 = weight of fuine cxpressed 3s a pereentape of deposit weight.

arc length differences; however, in both instances, the
rates decreased with increasing electrode angle by about
the same amount.

Welding with covered electrodes is done mostly at
large (>>60 degree) angles between the electrode and

workpiece, so problems with fumes are minimized. Itis

important to be aware that increased amounts of fumes can
be expected when welding is done under confined con-
ditions where the electrode angle might be restricted to
small values.

Base Plate Effects. Fume generation characteris-

tics for the covered, flux cored, and solid electrodes in-
vestigated during this program were determined with base
plates whose composition was similar to that of the core
wire or sheath. That is. E6010 and E70T-1 electrodes
were evaluated with carbon steel plate, E410-15 elec-
trodes with 400-series stainless steel plate, and so on.
Since the base plate has relatively lintle effect on the pro-
duction of fumes. the need to match the base plate to the
electrode was questioned. particularly with respect to the
evaluation of stainless steel elecrrodes. To resoive this
question, fume samples for gravimetric and chemical
-analyses were collected during the deposition of stain-
less steel bead-on-plate welds on carbon steel and stainless
steel plates. Welding was done with a 4 mm (5/32 w.)
diameter E316-16 covered electrode at baseline conditions.
The experimental results are discussed below with the
aid of Tables 2.16 and 2.17.~

(1) As indicated in Table 2.16, fume generation
rates and ratios of weight of fumes to weight of deposited
metal were unaffected by the type of base metal used dur-
ing welding. Thus. either carbon steel or stainless steel
could be used with equal facility to evaluate stainless steel
electrodes in terms of their fume generation rates. Cau-
tion in extrapolating these results to other clectrodes is
advised.

(2) The composition of the fumes did reflect the
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composition of the base metal upon which the welds we:
deposited as well as that of the clectrode. When the E3le
16 electrode was evaluated on stainless steel, the fume
contained higher contents of manganese, nickel. ar
chromium than when this electrode was used on carbc
steel (Table 2.17). The effects of the electrode itself ¢
fume composition can be estimated by examining tk
composition of the fumes produced when welds we:
deposited on carbon steel. The difference between tt
contents of manganese, nickel, and chromium in th
sample and in the sample collected when welding w:
done on stainless steel represents the effects of the stai.
less steel base plate on fume composition. It was coi
cluded that electrode and base plate should be matche
if fume compositions are to be determined.
Diameter Effects with Flux Cored Electrodes. Tk
fume generation characteristics of a 1.6 mm (1/16 in
diameter E70T-1 clectrode were compared to those of
2.4 mm (3/32 in.) diameter electrode made by the sam:
manufacturer. Welding was done at current levels apprc
priate for the respective electrodes and CO, was used fc
shielding (Table B41). Data on the "as measured™ an
“normalized™ fume gencration rates are presented below

Elecwode Weiding Fume gcneﬁtion rate.

diam., in. current, 3_Irnin.
Electrode (mm) A Measured Normalized
E70T-1(40) 3/32(2.4) 480 1.36 1.36
E707-1(45) 1/16(1.6) 330 1.01 2.14

*Fume generation rates normalized 1o a current of 480 A.

The measured fume generation rate for the small diarr
cter electrode was less than that associated with the larg
diameter electrode. However, when the effect of currer
on this characteristic was taken into account by normaliz
ing the fume generation rates 0 a common current (480
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Table 2.16 :
Effect of base plate on average fume generation characteristics
of 4 mm (5/32 in.) diameter E316-16 covered electrode

Base plate
Characteristic Carhon steel Stainless steel
I;'unuc genceration rate, g/min. 0.24 0.24
Weight of fume/weight of 9.96 9.87
deposited metal, g/kg* '
“pfkg : 10=%
Table 2.17

Compoasition of carbon steel and stainless steel base plate
and composition of fume samples

Composition, weight 7%

Type Fe Mn Si Cr Ni
Base plate

Carbon stee! Bal. 0.68 <0.01 “-- ---
Stainless steel

(Type 304) Bal. 1.70 0.41 19.43 8.31

Fumes

Electrode /base plate
E316-16/carhon steel  7.85 7.53 <0.01 - 4.85 1.03 N
K316-16/stainless steel "8.16 7.80 <0.01 5.60 1.21

in this case), more fumes were produced by the small di-
ameter electrode than by the large diameter one. Fume
generation rates are dependent upon the rate at which
the electrode is consumed. If two electrodes with different
diameters are used at the same current level, the melting
rate for the smaller of the two electrodes will be greater in
the small diameter electrode. The effect of increased I°R
heating in the smaller electrode probably also contributed
to increased melting rate. The effect of /’R heating on
ition rates was studied by Wilson, Claussen, and
Jackson (Ref. 2.22). : :

Section IID. Analytical Studies

Various analytical methods were used to determine
the presence of sclected constituents in the fumes pro-
duced during arc welding operations. Some of the char-
acteristics of these methods are discussed as follows:

(1) Optical emission spectroscopy yields a wealth
of analytical data because 70 or more elements can be
detected simultaneously and their content can be esti-

mated on a semiquantitative basis. It is best suited for
accurately determining the presence of elements that are
present in small amounts. This method is-most valuable
when the elements in question are present in concentra-
tions of 1 percent or less. If elements are present in large
amounts, concentrations are often expressed in percent-
age ranges, and other techniques (e.g., atomic absorp-
tion) must be used to obtain greater accuracy. In the case
of welding fumnes, optical emission spectroscopy can pro-
vide an overview of most of the elements present in the

. fume sample, regardless of their origin; i.c., from the
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core wire or sheath, electrode covering or flux, or base
plate. This method was used during this program in
studies to characterize the nature of welding fumes, and
the results have been presented in a previous section of
this report. It was not used more extensively because
capital equipment costs for optical cmission spectroscopy
are high, and such equipment is not as readily available
in industry as that used with other analytical methods.

(2) Atomic absorption analysis is also capable of
determining the presence of about 70 clements, but the
concentration of each element must be detected indi-
vidually. Analytical costs per individual element are not
high, but they can be appreciable if the sample contains

Wy



ion IID. Analytical Studies/99

e LEE9 T TR LT T TR T T (3 S S X3 680 Ly 1-10L9
e 160 R R L LR LT LI SUN 4 SR 4 | £9°0 9% 1-10L9
= L1 e L L O L 4 S 4 B - 50 SP 1-10L3
e {899 e eeseeeeeeeee oo T L6 9K 160 ey 1-10L4
-es 7900 eseeeseeeeee e L STEL UST 090 I 1-10¢3
-es 7900 R e S 1 | A £5°0 ov 1104

S3P01139]3 P30 XN

CBLESRIPL

“MET-0DL°L __h.__. 10 | --- 69 .- | .- 9 - §T°0 oL amm sau Arj|

16 reve

8100310 6 ¥IL 01 90  §sT .- U0 --- £0 €0 SE0 69 LT soukely
T X S T N I S - 90 20 9 /ST [3uoau]
R R 4 TR 4 B 'z 1o 1€°0 €€ z-ndw3
001 -eseseecee- 10> 69 c-- €0 ST SEQ 87 1DINT -
e eeseesee e 10> ss- TS VEE D z 91-01%3
I L X 3 JEL LN 3 IS 5 B Lo ot 91-91€34
SRR 'L N s SRR L L I SRS A Y S 4 s1°0 o $1-91€3
e __.wm .- 1'o> 91 .- 10 .- 6's 61T 910 Ll €4 810641
.- .m.mm .- - 10> 10 .- €0 .- L sy cl'0 rl £ #1083
.- Sl .. .- .- .- .- .- I8t tvo e nwwanm_
M I A L L LA < wo 9t c810Lt
TSL seeeeees e eeeeeeeee e LTS 170 61 ¢910L3
SRR 1 Lo s€ £v2043
seseeeeee e eeeeneees ee O06E £2°0 0g griotd
T L L L LA 1 pE ¢€1093
S EE 4 { BN ¥ SR 411 €0 6 bZ0LH
R A E LY A S S S €0 8 vz0L3
R A SR + SR o S SR 13 L bT0L3
L I R LT 4 E RN Jl S 4 920 ol 81043
OVl see e eeeeeeeee ee T0> Y LT 0€0 ot #1043
rel -e 0> St 1'92 920 $ gl0L3
.- (N 29 Lo € £1093
es e seeeeeeee Teee 0L S OSP KOO 9 £1093
--- s AL 910 v £1093
== L€ e 9y 950 11 {db) 01094
---§9 vE 96b S{0 Ny 4 01093
Y A1 0¢ Sty 6b0 1 (d1) 0§094

SIPOIIIID PIIDAD))
120 d LIV W oy 1) n) N 1S uy ay 2 1gdam apo) aposaa|g

1waad 1yfiam ‘uolrnuaouo)

adwies nun

.os_u_.:._uau uondiosqe Juuae Aq sesAjeuy)
saposdaja buipgem ase Aq peanpoad sawny 3yl Ul SIUINISUOD PaIII|3s JO SUOIJRIJUBIV0Y

gL'z alqey

I-31



MAA[EUE 213 U3 paunINap sem uon fjuo

'SPY L S35RI UOIRIuAT 2wing

Aurdwio ) jayagy fruonzwIng 'y, ¢ vo suonippe sapmod o jo 133JJ3 2y Apnis o) pasn asam saposaga asayy g

~8 snd dupppapys -9 saprony ajqrnsamey 7

100 v =ni duppps g . sapuong) [miog g

o r-v i duppapys -y . “SatoN

.- s v m.- --- 099 s-- m-- me- “-- teo 9L 043
'€ soL  --- BE0 SL Iv-1vnoyy
0 S EE-M0I i s £0 te- 6l i I'e =-- s i {00 it mmn saudey
MTE i i vo (AL | 8 c-- L4 .- o1 %e L YA ) B9 g9Lic-) saudsy
.- .-- s V.- It 'Sl 690 Lt .- .- 6\ Loo (3 (529 [pueauy
--- .- .. --- .- 100> PPy 12 £9°0 1 oS €10 ¥9 LN)INEY
.- .- Tt T - m.- <. --- A | < <. 010 19 tvoryy
.- .- 8t 0ge  --- --- --- --- m.- .=- .- 90t 09 9sESHY
.- i s s s .. LT | - €60 g's L9 1o 6% $-S0L4
n.- - --- °=- .- .- ot <-- ST s v'ss oo 8s ot"5043
n.e - .- .-- - --- 660 --- s R 079 ¥s0 RS gE-S0LY
.- s s .- ... === 8071 - .- L 8t %t9 0s0 8s " pES0LT
T Tt i i mee ai 08t - o'l ve 109 6b0 8BS pE-SOLY
--- SRR I BT .- m-- --- LiLIN | --- S$0 L) L9 EC0 8s pE-SOLY
e --- iy .- - .- 00l - sl 89 tcs £c€0 iLs of-SOLH
=== T i .- - .- olo .- vo 59 e vro LS s€50L3
< ot "t .- < s vL'O .- 8’1 8's (N L) L] Ls vm.moﬁ._
--- i <= s - .-- 0Tl e 90 St D R 680 Ls pE-S0L]
T .- .-- .- " .- 090 .- 80 8¢ L's9 £e LS pE50L3
.- m- .- - = --- vio .- €¢ £'9 £'9¢ ivo 4 ot 5043
--- .- --- .- T .- 600 .- $0 1'9 §'Z9 §8°0 bs cE'SOLH
.- - .- <= .-- .- 600 <. 6l oS 09 $S0 [ 49 vw..moh.,._
s s-- s-- --- .- .-~ Lo'o .- 't 9t ole S0 14 vn.mch._.
i Tt T s i i 1o .- S00 £ L'€9 s 14 .‘m.wch.n_

SIPOAIA3[3 2sk JrIAWI SRY) .
- z 1 .- = PED £l " 901 $0°0 EL LA $90 139 T91¢
.- AL .- -=- .- .- .-- - 600 601 6l 190 0s $-10L:
== 789¢ = i s .- .- <-- 500> el L9z 06’0 by $-10L3)
<= rabidl. .- s-- .- .- <=- 00> soo> ¢ el 560 95 b-L0LH
.- Zv8o .- === me- .- --- 100> go0> 9t g9l 860 ob r-L0Ly
i PATN m-- s .- =-- .- 100> g¢oo> £e L SPo 14 +l10¢4
("1u02} sapoadaja pasoa xnl4
310 4 I v oW 1D n) N 15 v a. 3 1mAom apo) CI TP RETH]

1uo5ad 1ydom ‘uofienuasuc)

aldwies awin g

100/FuMEs AND GASES

(enbjuyaay uondiosqe suuocye Aq sesAjeuy)

$8p0n2gje Buipjam ose Aq paonposd sawny ayl u) spuemnsuos

{"wu03) gy °Z ayqe,

Po123jas Jo suonesuasuoy

Tt

Jﬂ _

I-32



E70T-] electrodes, each of which was made by a differ-
ent producer. As discussed by Smith (Ref. 2. 17). the
fluxes of some E70T-1 electrodes contain appreciable
amounts of calcium fluoride to form a basic type slag.

Fume Characterization

A study was undertaken to characterize the fumes
associated with various welding operations in terms of
composition, the presence or absence of crystalline
phases, and particle morphology. The fumes produced
by electrodes used for shielded metal arc welding (E7024
and E410-16) and flux cored arc welding (E70T-1, E70T-
4, and ET0T-5) were analyzed for elemental composition
by optical emission spectroscopy (OES) and for crystal-
line phases by x-ray diffraction (XRD). Scanning elec-
tron microscopy (SEM) was used to study particle
morphology. Semiquantitative results of the OES analysis
of the fume samples are shown in Table 2.19.

Optical emission spectroscopy is capable of detecting
the presence of 70 or more elements on a semiquantita-

Section I1D. Analytical Studies/101

tive basis. Thus. totals of data for the individual fume
samples listed in Table 2.19 may approach 100 percent,
if the elemental fume constituents are converted to their
common oxide forms. In some instances, elemental con-
centrations are expressed in percentage ranges. if the
element is present in large amounts. Another analytical
method (atomic absorption, wet chemistry, e1c.) must be
used to achieve more accuracy. Only one crystalline
phase, iron oxide (Fey0,, or magnetite), was detected
by XRD in the fumes produced by the covered elec-
wodes; manganese was probably present in this phase
also since it can replace iron in the crystal lattice. Crys-
talline phases containing silicon werc not detected.
However, since silicon was detected in the fumes pro-
duced by the E7024 and E410-16 electrodes, it was
probably present as a glassy SiO, phase along with
potassium and sodium. The x-ray diffraction pattern
from the fumes produced by the E410-16 electrode had
an extra diffraction line whose presence was attributed

to a chromium compound.
In the fumes produced by the flux cored electrodes.

_ Table 2.19
Elemental composition of fumes produced by various electrodes

1

as determined by optical emission spectroscopy

Composition, weight percent

Element 7024 (7) F7024 (8) E410-16 (21) E70T-1(42) £70T-4 (49)  E70T-5(50)
Fe 20.0-30.0 20.0-30.0 10.0-20.0 30.040.0 15.0-25.0 30.0-40.0
Si 10.0-20.0 5.0-10.0 2.0-3.0 2.0-3.0 0.1 2.0-3.0
K 8.0-12.0 8.0-12.0 10.0-20.0 1.0 2.0 4.06.0
Na 3.0- 6.0 3.06.0 4.0-8.0 4.0-6.0 <0.1 1.0
Mn 2.04.0 2.04.0 1.0-2.0 4.0-6.0 2.0-3.0 4.0-6.0
Ca 0.1 - 0.5 2.04.0 0.1 15.0-25.0 8.0-12.0
Zn <0.1 <0.] 0.1 <0.1 <0.1 <0.1
Ti 0.5 0.3 0.4 0.5 <0.01 0.2
Pb 0.2 0.2 0.01 <0.0! 0.2 0.02
Al 0.1 0.05 X 0.4 7.0-10.0 1.0-2.0
Sn 0.1 0.1 0.2 0.01 <0.01 <0.01
Cr 0.01 0.0l 5.0-10.0 0.01 <0.01 <0.01
B 0.01 405 0.2 <0.01 <0.01 <0.01
Mg 0.01 0.03 0.3 0.02 7.0-10.0 0.2
Mo 0.005 0.005 0.05 £0.01 <0.01 <0.01
v 0.01 20.01 0.03 <0.01 - <0.01 0.02
Cu 0.05 0.1 0.1 0.1 0.0 0.02
Ni 0.005 0.01 0.05 ©0.01 <0.01 <0.01
Co <0.01 0.01 <0.01 <0.01 <0.01
Ba .- <0.01 0.03 0.01 0.05 0.03
Zr 01 <0.01 0.03
Sr < 0.01 <0.01 <0.01

1. The pumber in parentheses following the electrde desigration i the cude number identifying the specific dectrade.
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