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SECTION 1

INTRODUCTION

The document Compilation of Air Pollutant Emissions Factors (AP-42) has been
published by the U.S. Environmental Protection Agency (EPA) since 1972. Supple-
ments to the AP-42 are issued to add new emission source categories and to update
existing emission factors. The EPA also routinely updates AP-42 in response to the
needs of Federal, state, and local air pollution control programs and industry.

An emission factor relates the quantity (weight) of pollutants emitted to a unit of
source activity. Emission factors reported in AP-42 are used to:

1. Estimate areawide emissions.
2. Estimate emissions for a specific facility.
3. Evaluate emissions relative to ambient air quality.

This report provides background information from test reports and other
information to support preparation of a new AP-42 section for Electric Arc Welding.
The information in the proposed AP-42 section is based on a review of the available
literature for particulate phase air pollutants produced by welding operations. Gas
phase pollutants were not included in the scope of the current work assignment.

This report contains five sections. Following the introduction, Section 2
describes welding equipment, practices, and allied processes. Section 3 describes
data collection and rating procedures, and Section 4 describes the emission factor
development. Section 5 presents the proposed AP-42 section.
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SECTION 2

INDUSTRY AND PROCESS DESCRIPTION

2.1 INDUSTRY CHARACTERIZATION"#34>

Welding operations are common, but not exclusive, to manufacturing and
construction industries. Since welding is not usually considered an industry itself, but a
process within an industry, few statistics or trends are recorded for welding operations.
Manufacturers report the number of consumable electrodes sold for arc welding, the
most often used welding process. The percentage of consumable electrodes
purchased in 1991 were distributed as follows:

Shielded Metal Arc Welding (SMAW)—45%
Gas Metal Arc Welding (GMAW)—34%
Flux Cored Arc Welding (FCAW)—17%
Submerged Arc Welding (SAW)—4%

As shown above, SMAW is the most commonly used form of arc welding.

Limited survey data are available for the various welding processes. Data
presented in Tables 2-1 through 2-3 are for welding operations in two shipyards and for
one manufacturer of pressure vessels. These data are based only on availability and,
therefore, do not necessarily represent the normal distribution of welding operations
across all industry types. Tables 2-1 to 2-3 are only intended to show typical utilization
by the different organizations surveyed.

MRI-M\R4601-02.WLD 2'1



TABLE 2-1. WELDING PROCESSES FOR ONE BRITISH SHIPYARD?

Welding process Percentage utilization
Shielded metal arc welding (SMAW) 68.1
Gas tungsten arc welding (GTAW) 13.6
Gas metal arc welding (GMAW) 12.3
Submerged arc welding (SAW) 3.4
Oxyfuel welding 1.3
Atomic hydrogen welding 0.8
Spot welding 0.4
Stub welding 0.2

TABLE 2-2. WELDING PROCESSES FOR ONE MANUFACTURER
OF PRESSURE VESSELS?

Welding process Percentage utilization
Shielded metal arc welding (SMAW) 50
Submerged arc welding (SAW) 25
Flux cored arc welding (FCAW) 20
Gas metal arc welding (GMAW) and 5

gas tungsten arc welding (GTAW)

TABLE 2-3. WELDING PROCESSES FOR ONE CALIFORNIA

SHIPYARD?*
Welding process Percentage utilization
Flux cored arc welding (FCAW) 53.1
Gas tungsten arc welding (GTAW) 27.2
Shielded metal arc welding (SMAW) 17.6
Gas metal arc welding (GMAW) 0.9
Submerged arc welding (SAW) 0.8
Pulse arc welding 0.3
Brazing 0.1

2‘2 MRI-M\R4601-02.WLD



Welding operations continued to grow in the 1980s in value of sales. Sales of
all welding apparatus, including electrodes, arc welding machines, and gas welding
equipment, grew from 1.6 billion dollars in 1982 to 1.9 billion dollars in 1987, as
reported in the 1987 Census of Manufactures.

2.2 PROCESS DESCRIPTION®’

There are more than 80 different types of welding operations, including brazing,
thermal cutting, and gauging, in commercial use. Figure 2-1 shows a diagram of the
major types of welding and the relationship between major variations of each process.

By definition, welding is the process joining of two metal parts by melting the
parts at the joint and filling the space with molten metal. In welding and similar
operations, such as brazing, thermal cutting, and gauging, the most frequently used
method for generating heat is obtained either from an electric arc or a gas-oxygen
flame. The most commonly used processes are described below.

2.2.1 Arc Welding®®®

Electric arc welding, the most frequently used process, includes many different
variations that involve various types of electrodes, fluxes, shielding gases, and types of
equipment. Electric arc welding can be divided into processes using nonconsumable
electrodes and consumable electrodes.

In electric arc welding, a flow of electricity across the gap from the tip of the
welding electrode to the base metal creates the heat needed for melting and joining the
metal parts. The electric current melts both the electrode and the base metal at the
joint to form a molten pool, which solidifies upon cooling. A description of each major
type of electric arc welding process is provided below.

MRI-M\R4601-02.WLD 2'3
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2.2.1.1 Gas Tungsten Arc Welding”**°—

Gas tungsten arc welding (GTAW) uses a nonconsumable tungsten electrode
that creates an arc between the electrode and the weld pool. An inert shielding gas is
used in the process at no applied pressure. Argon is most commonly used as the
shielding gas, and the process may be employed with or without the addition of filler
metal. An illustration of the gas tungsten arc welding process, also referred to as
nonconsumable electrode welding, and tungsten inert gas (TIG) welding is shown in
Figure 2-2.

Advantages of GTAW include its versatility, low equipment costs, control, and
weld quality. It is widely used for the welding of light gauge stainless steel and
aluminum and root passes in pipe butt joints. The GTAW process can easily be set up
as an automated process.

Another positive attribute of GTAW is the very low fume formation rate (FFR).
The filler wire is fed and melted into the weld pool allowing a lower FFR. This
procedure is different from other processes that require the fill material to pass through
the arc. Since filler is fed directly to the weld pool, operating variables have little effect
on the FFR.

Disadvantages of GTAW are its low speed and deposition rate which utilizes hot
or cold wire feed and high heat input efficiency. By using shielding gas, these
problems can be overcome. The GTAW weld zone is also difficult to shield properly in
drafty environments.

2.2.1.2 Plasma Arc Welding®**—

Plasma arc welding (PAW) is a process that fuses workpiece metals by heat
from an arc between the electrode and the workpiece or from an arc between the
electrode and the constricting nozzle. The ionization of the gas issuing from the torch
produces plasma. An auxiliary shielding gas made of a single inert gas or a mixture of
inert gases generally supplements the plasma. The process may be used with or
without a filler metal; pressure is not applied in the system. Figure 2-3 shows the PAW
torch and process.

MRI-M\R4601-02.WLD 2'5
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Figure 2-2. Gas tungsten arc welding (GTAW) operation.'°

(Figure reprinted with permission of the American Welding Society.)
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Figure 2-3. Diagram of a plasma arc welding (PAW)."
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As in GTAW, plasma arc welding makes use of a nonconsumable electrode. A
chamber surrounds the electrode on the PAW torch. The chamber fills with gas that is
heated by the arc to a temperature where the gas ionizes and conducts electricity. This
ionized gas, referred to as plasma, exits from the nozzle at a approximate temperature
of 16,700°C (30,000°F).

Plasma arc welding has the ability to join most types of metals in the majority of
welding positions. A workpiece welded by PAW has a smaller heat-affected zone than
GTAW. PAW also operates with better directional control of the arc than GTAW.
Compared to other welding processes, PAW uses a lower current to produce a given
weld, and there is less shrinkage to the welded area.

The major disadvantage of plasma arc welding is the high equipment expense.
PAW involves more extensive operator training, more complex welding procedures,
and more process control variables, as compared to GTAW. Due to the higher
temperatures used in the process, PAW has the disadvantage of higher noise levels
and higher ozone production than other processes.

2.2.1.3 Shielded Metal Arc Welding**—

Shielded metal arc welding (SMAW) is the most widely used electric arc welding
process and the first type to use consumable electrodes. The process also is referred
to as manual metal arc welding (MMAW). Shielded metal arc welding uses heat that is
produced by an electric arc to melt the metals. The electric arc is maintained between
the welding joint at the surface of the base metal and the tip of the covered welding
electrode (Figure 2-4).

During operation, the core rod conducts electric current to produce the arc and
provides filler metal for the joint. The core of the covered electrode consists of either a
solid metal rod of drawn or cast material or a solid metal rod fabricated by encasing
metal powders in a metallic sheath. The electrode covering provides stability to the arc
and protects the molten metal by the creation of shielding gases from the vaporization
of the electrode cover.

2'8 MRI-M\R4601-02.WLD
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Figure 2-4. Diagram of the shielded metal arc welding (SMAW)."

(Both figures reprinted with permission of the American Welding Society.)
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The arc characteristics of the electrode and the mechanical properties, chemical
composition, and metallurgical structure of the weld are influenced by the type of
shielding used, along with other ingredients within the covering and core wire. Each
type of electrode used in SMAW has a different type of electrode covering, depending
on the application.

The advantages of the SMAW process include its simplicity, low cost, portability,
and the fact that a shielding gas is not needed. One restriction of SMAW is that the
deposition cycle is normally less than for processes using continuous electrodes.

2.2.1.4 Gas Metal Arc Welding'°—

Gas metal arc welding (GMAW) is a consumable electrode welding process that
produces an arc between the weld pool and a continuously supplied filler metal. An
externally supplied gas is used to shield the arc (Figure 2-5). GMAW originally was
referred to as metal inert gas (MIG) welding because it used an inert gas for shielding.
Although it still is sometimes called MIG welding, developments have led to the use of
both inert and reactive gases.

A variation of the GMAW process, referred to as metal cored electrodes, uses a
tubular electrode filled mostly with metallic powders forms. These types of electrodes
must use a gas shield to prevent contamination of the molten weld by the atmosphere.
The American Welding Society (AWS) considers metal cored electrodes a part of
GMAW, although metal cored electrodes are grouped with flux cored electrodes by
foreign welding associations.

Advantages of GMAW include its ability to be operated in semiautomatic,
machine, or automatic modes. It is the only consumable process that can weld all
commercially important metals, such as carbon steel, high-strength low alloy steel,
stainless steel, nickel alloys, titanium, aluminum, and copper. A weld can be performed
in all positions with the proper choice of electrode, shielding gas, and welding
variables. Compared with shielded metal arc welding (SMAW), the deposition rates
and welding rates are higher for GMAW. Also, the continuous electrode feed makes
long welds possible without stops and starts. On the downside, the equipment for
GMAW is more complex, more expensive, and less portable than the SMAW process.

2‘10 MRI-M\R4601-02.WLD
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Figure 2-5. Gas metal arc welding (GMAW) process.°

(Figure reprinted with permission of the American Welding Society.)
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2.2.1.5 Flux Cored Arc Welding*°—

Flux cored arc welding (FCAW) is a consumable electrode welding process that
uses shielding from flux contained within the tubular electrode. The heat-generating
arc for FCAW operates between a continuous filler metal electrode and the weld pool.
Additional shielding may or may not be supplied by an external gas, and the process is
used without the application of gas pressure.

The flux cored electrode consists of a metal sheath surrounding a core of
various powdered materials. The FCAW process is unique in its method of enclosing
the fluxing ingredients within the continuously fed electrode. The electrode core
material produces a slag cover on the face of the weld bead during the welding
process.

The two major process variations of FCAW protect the weld pool from
contamination by the atmosphere with different methods. The first method, called self-
shielded FCAW, protects the welding pool by the break down and vaporization of the
flux core through the heat of the arc (Figure 2-6). The second FCAW variation uses a
shielding gas to protect the welding pool, in addition to protecting the vaporized flux
core (Figure 2-7).

Compared to SMAW, the FCAW process provides a high-quality weld metal at
lower cost and with less effort by the welder. The process allows for more versatility
than submerged arc welding and proves to be more forgiving than gas metal arc
welding. On the negative side, the equipment and electrodes for FCAW are more
expensive than SMAW, and the slag covering produced must be removed.

2.2.1.6 Submerged Arc Welding®**—

Submerged arc welding (SAW) produces an arc between a bare metal electrode
and the work contained in a blanket of granular fusible flux (Figures 2-8 and 2-9). The
flux submerges the arc and welding pool. Generally, the electrode serves as the filler
material, although a welding rod or metal granules may be added.

2‘12 MRI-M\R4601-02.WLD
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(Both figures reprinted with permission of the America Welding Saciety.)
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The flux covering the arc in submerged arc welding is an important factor in the
process. The flux's role influences the stability of the arc and the mechanical and
chemical properties of the final weld deposit. The quality of the weld is dependent on
the handling and care of the flux.

Medium and heavy fabrication industries use the SAW process for fillet and main
butt joints in pipe, cylinders, pressure vessels, columns, and beams. Generally, the
welding head is fully automatic and mounted on a manipulator or carriage; however,
for fillet welding hand held torches are available. Although SAW is limited to the
downhand and horizontal positions, these positions can be utilized by informed design
and job positioning. The process is also restricted by the high proportion of time
needed to align the torch with the joint.

Since the arc operates in a cavity under the flux, the FFR of this process is
extremely low. Hence, changes in operating variables have little effect on the rate of
the fume formation if the flux cover is adequate.

2.2.1.7 Electrogas Welding'®—

Electrogas welding (EGW) is a vertical welding process that uses an arc
between a continuous filler metal electrode and the weld pool. The process is
performed vertically with a backing to confine the welding pool (Figure 2-10). The
method can either use an externally supplied shielding gas or be used without a
shielding gas.

Electrogas welding is performed by an automated machine. The joint, a square-
groove or single-V groove, is positioned vertically. The weld is made continuously in
one pass and cannot be repositioned once the welding process has started.
Electrogas welding is quiet with little splatter and results in a high quality weld deposit.
In thicker materials or on vertical materials, EGW has a cost advantage over
conventional joining methods, such as submerged arc welding and flux arc welding.

2.2.1.8 Electroslag Welding**—

Electroslag welding (ESW) is a process that produces molten slag that melts the
surfaces of the workpieces to be welded and the filler metal. The slag shields the

2‘16 MRI-M\R4601-02.WLD
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weld pool from contaminants. The weld pool and slag move along the full width of the
joint as welding progresses.

The process starts with an arc, generally in a sump below the joint, that heats a
granulated flux and melts it to form the slag. The slag, which extinguishes the arc,
remains molten by its resistance to electric current passing between the workpieces
and the electrode. The molten slag generates enough resistance to fuse the welding
electrode and the edges of the workpiece. The surface temperature of the welding bath
runs near 1650°C (3000°F), while the interior of the molten bath is approximately
1925°C (3500°F). Just below the molten slag, the work-base metals and the electrode
collect and form the weld by slowly solidifying. As shown in Figures 2-11 and 2-12, the
process solidifies from the bottom up, following the upward moving welding process.

Since electroslag welding is the predecessor to electrogas welding, there are
many similarities in processes and advantages. The electroslag welding process is a
continuous welding process performed by machine. Once the process has started, it is
performed to completion. The process results in a high-quality weld deposit and has no
angular distortion of the base metal plates. It is also quiet, spatter-free, and has the
ability to weld very thick sections in one pass.

2.2.2 Oxyfuel Gas Welding®*°

The second major type of welding process, oxyfuel welding, uses combustible
gases to heat and melt the base metal without a welding electrode. Welding rods are
only used when extra metal is needed as a filler for the joint to make a complete bond.
The consumable rods are close in composition to the base metals, and the rod
composition varies with application.

One advantage of oxyfuel welding is the greater control a welder can obtain over
heat input and temperature, independent of the addition of filler metal. The welding
equipment is inexpensive, generally portable, and versatile, allowing it to be used in a
variety of operations such as bonding, preheating, surfacing, and brazing.

2‘18 MRI-M\R4601-02.WLD
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Figure 2-12. Consumable guide method of electrosiag welding (ESW).™

(Both figures reprinted with permission of the American Welding Society.)
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2.2.3 Resistance Welding®

In resistance welding, pieces of metal are pressed together while a electric
current is passed through them. At this contact point, the resistance is sufficient to
increase the temperature and melt the base metals.

2.2.4 Brazing®*

In brazing, metals are heated and joined together by a molten filler metal at
temperatures exceeding 450°C (840°F). The filler metal used in brazing may take on
one of many forms including wire, foil, filings, slugs, powder, paste, or tape. To prevent
atmospheric contamination, a flux must be used.

One advantage of brazing is that it is relatively economical when done in large
batches. The joint can also be taken apart at a later time. Another important
advantage of brazing is that dissimilar metals can be joined because the base metals
are not melted. A disadvantage is that a highly skilled technician must perform the
operation.

2.2.5 Soldering®®

Soldering is similar to brazing. The main difference between the two processes
is that soldering uses a filler metal in a liquid state below 450°C (840°F), and brazing
uses temperatures over 450°C (840°F). The filler metal is held in the joint or drawn
into the joint by capillary action.

One advantage of soldering is that the low temperatures of the process have
minimum effect on base-metal properties. In addition, the low temperatures require low
energy and allow precise control of the process. Many different methods of heating
allow flexibility in design and manufacturing procedures.

2.2.6 Oxyfuel Cutting™®

In oxyfuel gas cutting (OFC), metal is severed or removed at high temperatures
by a chemical reaction with oxygen. The necessary heat is generated by a flame that is
produced by burning a gaseous fuel in oxygen. Chemical fluxes or metal powders can
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be added to aid in cutting oxidation-resistant metals. Figures 2-13 and 2-14 show
typical cutting torches used in OFC.

Although the process has been called various other names, such as burning,
flame cutting, and flame machining, the cutting process is performed by the oxygen
stream. The oxygen-fuel gas flame raises the base metal to the acceptable preheat
temperature range and maintains the cutting operation.

An advantage of the OFC torch is its versatility. Generally, it is portable, able to
cut plates up to 2 m (7 ft) thick, and is capable of cutting straight edges and curved
shapes. In addition, the cutting direction can be changed continuously throughout the
operation.

2.2.7 Arc Cutting™®

Arc cutting (AC) includes a group of thermal cutting processes that use the heat
of an arc between an electrode and the workpiece to sever or remove metal.
Generally, arc cutting is used with nonferrous metals, stainless steel, or steels with
high chromium or tungsten content.

Arc cutting covers a list of processes that include:

I Plasma Arc Cutting (PAC)

I Air Carbon Arc Cutting (CAC-A)
1 Shielded Metal Arc Cutting (SMACQC)

I Gas Metal Arc Cutting (GMAC)
I Gas Tungsten Arc Cutting (GTAC)

I Oxygen Arc Cutting (AOC)

I Carbon Arc Cutting (CAC)

Plasma arc cutting and air carbon arc cutting are more commonly used than the other
processes listed.
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2.3 AIR POLLUTANT EMISSIONS®?1>16.17.18

The main pollutants of concern during welding operations are particulate matter
and particulate phase hazardous air pollutants. Only electric arc welding generates
pollutants in quantities of major concern. Resistance welding using certain materials
also may generate hazardous pollutants. Due to the lower temperatures of the other
welding processes, fewer fumes are released.

The quantity of emissions released depends largely on the type of welding
process used and its operating conditions. Figures 2-15 and 2-16 show the variations
in FFR for different processes according to the type of electrode and applied current,
respectively.®** Depending on the choice of electrode and its diameter and
composition, emissions are reduced or increased. The workpiece composition also
affects the quantity of fume released. Coatings on the workpiece generate organic and
metallic fumes (e.g., galvanized coatings, cleaners, oils, paints, etc.), depending on the
particular application. Operating conditions that influence fume emissions include
travel speed, voltage, current, arc length, polarity, welding position, electrode angle,
and deposition rate.

The welding fume is formed by the vaporization and recondensation of metallic
elements upon cooling in ambient air. As such, the particulate matter produced is
generally submicron in size with approximately 50% to 75% of the particles having
diameters in the range of 0.4 to 0.8 um.*® The amount of the emissions generated can
vary substantially from process to process. Essentially no fume is generated by
submerged arc welding, and nearly 80 g fume/kg electrode is produced by flux cored
arc welding operating at high current.®*

The elemental composition of the fume varies with the electrode and workpiece
composition. Hazardous metals listed in the 1990 Clean Air Act Amendments, which
have been detected in welding fume, include manganese, nickel, chromium, cobalt, and
lead. Manganese is present at detectable levels in most welding processes. The other
metals are found at lower quantities. Again, the amount of hazardous metal emissions
depends largely on the process, electrode, workpiece, and operating conditions used.
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While gas phase pollutants are generated during welding operations, little
information is available on the gases produced. Known gaseous pollutants (including
"greenhouse" gases) released in some welding processes include CO,, CO, NO,, and
O,. Also, many of the gases produced are not considered hazardous pollutants, but
only simple asphyxiants.

2.4 CONTROLS®

Welding operations are diverse and dynamic, making the use of controls difficult.
Many site and operator variables play important roles in the amount of fume produced.
The following describes some of the controls and steps used to reduce welding fume
emissions.

2.4.1 Process Controls®®91314.1516

The amount of fume generated must be considered when deciding upon a
particular welding process. Results of the two source tests graphed previously in
Figures 2-15 and 2-16 show that different welding methods generate different amounts
of fume. Whenever specifications and conditions allow, the process generating lesser
fume should be chosen. In general, SAW has the lowest fume emission and FCAW
has the highest fume emission.

Other process controls should be used as applicable. When permitted, a base
metal workpiece should be selected that produces less fume and allows a low fume
emitting process to be used. The type of electrode and, if necessary, the type of
shielding gas should be given consideration in the control of emissions. Figure 2-16
shows that there are not only variations in fume emissions between processes, but
between different electrode types within the same process. The same holds true for
different shielding gases. A CO, shielding gas usually will have a higher emission than
an inert gas such as argon.

2.4.2 Operating Variables®®13141516

The proper current, arc voltage, arc length, travel speed, and welding electrode
angle should be selected to reduce fume emissions. The skilled welder pays close
attention to all these variables to ensure low fume emissions and good weld quality.
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Figure 2-16 shows that an increase in current tends to increase the amount of fume
generated. The operator should select the lowest recommended current and voltage
that will provide quality welds. By maintaining the welding angle close to
perpendicular, the voltage can be reduced, which will likewise reduce the fume
emission.

2.4.3 Capture and Collection®112131516.19

Except for manual welding, welding fume normally is captured by forced air
removal from the building or shop area. A forced air booth or room may be a good
option in an automated welding process.

Manual welding uses portable ducts or hoods for emissions capture. For small
items and repetitive work, small booths equipped with hoods or stationary ducts
satisfactorily remove the fume. For large or random work, portable or flexible ducts are
used. Figure 2-17 shows a typical flexible duct fume capture system and its
appropriate placement. The portable ducts are moved to the welding location in the
shop and later moved to another welding operation as needed.

Side baffles or flanges on the hood or duct inlet have been found to assist in the
capture of a larger quantity of fume. It is important that all hoods or duct inlets be
placed as close to the welding as possible. Generally, a placement distance of 6 to
12 in is recommended.*

Another method used to capture the fume is torch fume extraction. The
extracting duct, mounted on the torch, removes the fume directly from the work area
(Figure 2-18). Care must be observed so as not to also extract the shielding gas.

Once the fume has been captured, it is delivered to some type of collector.
Typically, the particulate is removed with a high efficiency filter or electrostatic
precipitator (ESP) and then the organic gases are removed by adsorption on activated
carbon. Particulate scrubbers, which provide another technique to remove welding
fumes, are generally less efficient.
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2.4.4 Cleanup®

When cleaning up a welding area, no potentially toxic materials should be swept
up dry or blown off the surface. Instead, these materials are cleaned up by wet
mopping or by vacuum pickup. This procedure is considered a safety item, but it also
helps reduce potential fugitive emissions.

2.4.5 Work Awareness®

All of the practices discussed in the previous subsections should be passed on
to the welder. The welder should be informed of operating techniques and all
procedures that reduce welding fumes. The training should describe how tasks are
properly performed, how work practices reduce fumes, and how these practices will
benefit the welder. Although much of this knowledge is acquired in safety training and
is monitored as good safety practices, it applies to good environmental practices as
well. While the previously discussed controls help reduce fumes, a skilled, aware
welder, following proper procedures and techniques, can reduce fumes by up to a
factor of 6.°
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SECTION 3

GENERAL DATA REVIEW AND ANALYSIS

3.1 LITERATURE SEARCH AND SCREENING!

The first step of this investigation was an extensive search of the available
literature relating to the fume emissions associated with welding and allied processes.
This search included data contained in the open literature (e.g., National Technical
Information Service); source test reports and background documents located in the files
of the EPA's Office of Air Quality Planning and Standards (OAQPS); data base
searches (e.g., SPECIATE); and MRI's own files (Kansas City and North Carolina).

The search was thorough but not exhaustive.

To reduce the large amount of literature collected to a final group of references,
the following general criteria were used:

1. Emissions data must be from a primary reference:

a. Source testing must be from a referenced study that does not
reiterate information from previous studies.

b. The document must constitute the original source (or publication)
of the test data.

2. The report must contain sufficient data to evaluate the testing procedures
and source operating conditions.
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The above criteria were followed except in very limited cases where the inclusion of
such information was felt to substantially expand the data base and improve the
resulting candidate emission factors.

A final set of reference materials was compiled after a thorough review of the
pertinent reports, documents, and information according to the above criteria. This set
of documents was further analyzed to derive candidate emission factors for welding
operations.

3.2 DATA QUALITY RATING SYSTEM!
As part of MRI's analysis, the final set of reference documents was evaluated as
to the quantity and quality of data. The following data were always excluded from

consideration:

1. Test series averages reported in units that cannot be converted to the
selected reporting units.

2. Test series representing incompatible test methods.

3. Test series in which the control device (or equipment) is not specified.

4, Test series in which the welding process is not clearly identified and
described.

5. Test series in which it is not clear whether the emissions were measured

before or after the control device.

If there was no reason to exclude a particular data set, each was assigned a
rating as to its quality. The rating system used was that specified by the EPA's Office
of Air Quality Planning and Standards (OAQPS) for the preparation of AP-42 Sections.*
The data were rated as follows:

A—Multiple tests performed on the same source using sound methodology and
reported in enough detail for adequate validation. These tests do not necessarily have
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to conform to the methodology specified by EPA reference test methods, although such
were certainly used as a guide.

B—Tests that are performed by a generally sound methodology, but they lack
enough detail for adequate validation.

C—Tests that are based on an untested or new methodology or that lack a
significant amount of background data.

D—Tests that are based on a generally unacceptable method, but the method
may provide an order-of-magnitude value for the source.

The following criteria were used to evaluate source test reports for sound
methodology and adequate detail:

MRI-M\R4601-02.WLD

Source operation. The manner in which the source was operated is well
documented in the report. The source was operating within typical
parameters during the test.

Sampling procedures. The sampling procedures conformed to a
generally accepted methodology. If actual procedures deviated from
accepted methods, the deviations were well documented.

Sampling and process data. Adequate sampling and process data were
documented in the report. Many variations may be unnoticed and occur
without warning during testing. Such variations can induce wide
deviations in sampling results. If a large spread between test results
cannot be explained by information contained in the test report, the data
are suspect and were given a lower rating.

Analysis and calculations. The test reports contain original raw data
sheets. The nomenclature and equations used were compared to those
specified by EPA (if any) to establish equivalency. The depth of review of
the calculations was dictated by the reviewer's confidence in the ability
and conscientiousness of the tester, which in turn was based on factors




such as consistency of results and completeness of other areas of the test
report.

3.3 EMISSION FACTOR QUALITY RATING SYSTEM!

The quality of the emission factors developed from analysis of the test data was
rated utilizing the following general criteria:

A—Excellent: Developed only from A-rated test data taken from many randomly
chosen operations or facilities in the industry population. The source category* is
specific enough so that variability within the source category population may be
minimized.

B-Above average: Developed only from A-rated test data from a reasonable
number of operations or facilities. Although no specific bias is evident, it is not clear if
the operations or facilities tested represent a random sample. As in the A-rating, the
source category is specific enough so that variability within the source category
population may be minimized.

C—Average: Developed only from A- and B-rated test data from a reasonable
number of operations or facilities. Although no specific bias is evident, it is not clear if
the operations or facilities tested represent a random sample. As in the A-rating, the
source category is specific enough so that variability within the source category
population may be minimized.

D—Below average: Developed only from A- and B-rated test data from a small
number of operations or facilities, and there is reason to suspect that these operations
or facilities do not represent a random sample. There also may be evidence of
variability within the source category population. Limitations on the use of the emission
factor are footnoted in the emission factor table.

E—Poor: Developed from C- and D-rated test data, and there is reason to
suspect that the operations or facilities tested do not represent a random sample.

* Source category: A category in the emission factor table for which an emission
factor has been calculated (generally a single-type of process equipment or operation).
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There also may be evidence of variability within the source category population.
Limitations on the use of these factors are always footnoted.

The use of the above criteria is somewhat subjective depending to a large extent on the
individual reviewer. Details of how each candidate emission factor was rated are
provided in Section 4.4.

3.4 EMISSION TEST METHODS

A number of different methods have been developed over the past 20 plus years
for the quantification and characterization of welding fume. In general, these methods
involve the total enclosure of the welding operation by means of either a small,
laboratory-scale chamber or through the use of temporary barriers. A flow of air is then
introduced through the enclosure and the emissions are collected on a filter for
subsequent gravimetric and chemical analyses. Operating variables also are
characterized during testing to determine the FFR, usually in terms of mass of fume/
mass of electrode consumed.

In the United States, the American National Standards Institute/American
Welding Society (ANSI/AWS) test procedure is generally recognized as the most
accepted method for testing welding fumes.? While there has not been an agreed-on
standard method internationally, the ANSI/AWS test procedure is similar to many other
test methods. The different test methods used to collect emissions data on welding
fume that were considered during the development of the candidate emission factors
for this source are described in the following subsections.

3.4.1 ANSI/AWS F1.2-852

The conical test chamber, shown in Figures 3-1 and 3-2, is utilized in the
ANSI/AWS Method F1.2-85. The chamber contains two hand holes for access and a
sighting window, equipped with shaded lens, is located in the center. An air gap of
% in to % in is maintained, and leveling bolts allow air to enter the bottom of the
apparatus. The fumes are collected at the top of the unit by the filter and its supports
for later analysis. The filter is generally made of cellulose fiber. A pressure drop gage
and a constant flow rate pump are mounted on the top of the chamber.
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The ANSI/AWS chamber may be used for testing either automatic,
semiautomatic, or manual processes. For the automatic process, plate movement on a
turntable is suggested. The torch is mounted through one of the hand holes.

3.4.2 Swedish Fume Box*

The Swedish Fume Box test method was developed by Swedish electrode
manufacturers and became a standard in Sweden in 1976. The method has been used
in testing at four different research laboratories. Several other methods used to test
fume formation rates are modified versions of the Swedish Fume Box or are similar in
design and method.

Through the slot in the front of the fume box (Figure 3-3), the welder places a
horizontal-vertical fillet, using the maximum recommended current for the electrode. An
extractor pump draws the emitted fume and the air in the chamber up the outlet duct to
be collected on 240-mm diameter filter paper. The total fume emitted from the welding
process is collected on the filter. The fume emission rate can be calculated by the net
fume weight collected and the welding time.

3.4.3 Battelle Fume Collection Chamber®®

The Battelle fume collection chamber (Figures 3-4a and 3-4b) occupies a volume
of approximately 33 ft* (0.93 m®). The sheet metal chamber tapers inward at the upper
portion of the chamber with the filter and holder located at the top. An exhaust blower
removes the fumes from the chamber. The chamber can be sealed to prevent loss of
fumes during sampling .

During testing, the welder operates the torch that is mounted on a stationary
stand. The workpiece is placed on a variable speed turntable. A prefilter and an
absolute filter are used to collect the total fumes. The prefilter is made from two layers
of glass fiber insulation, and the absolute filter is a glass fiber absolute (i.e., HEPA)
filter.
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3.4.4 Press/Florian Fume Chamber’

The Press/Florian fume capture chamber (Figure 3-5) stands2mx2mx2m
high plus the fume hood. The welding, which is carried out automatically within the
chamber, is performed with disks on a rotary table and a stationary welding torch. The
fume extraction is carried out isokinetically to provide a representative sample of solid
particles.

3.4.5 Welding Institute Fume Box®®*°

The Welding Institute (Great Britain) fume box consists of a hollow cone placed
on a box at table height. Air enters through an opening in the front of the box.
Specified welding conditions are followed as the weld is performed on a vertical plate.
A pump pulls the particulate fume that is emitted during welding up the cone where it is
collected on a large diameter filter. Sampling continues until the chamber has cleared
of the fume.

3.4.6 High Intensity Fume Collector?

The High Intensity Fume Collector (Figure 3-6) was designed by the Australian
Welding Research Association. It is a modified version of the Swedish Fume Box. In
this case, however, a felt made from polyester fibers is used for the filter, which is
augmented electrostatically to improve collection efficiency. The filter was later
analyzed to determine the fume formulation rate from the welding process tested.

3.4.7 Japanese Method**

Tests have been made by Japanese investigators using a total sampling
technique similar to the Swedish method. The Japanese standard method for this
determination is JIS Z 3930-1979, "Method of Measuring Total Amount of Weld Fumes
Generated by Covered Electrodes."

3.4.8 BOC Fume Chamber?*?

The BOC Fume was designed at BOC Limited to remove all generated fume
particulate without disrupting the shielding gas. The test chamber (Figure 3-7) is nearly
350 mm square, with a height of 550 mm and a collection face 100 mm in diameter.
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Figure 3-5. Diagram of the Press/Florian fume chamber.”
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The fume is collected on glass fiber filter paper supported by a stainless steel mesh
with a rubber seal. A Nederman welding smoke extractor attached to the top of the
chamber (with a 45-mm diameter hose) removes the fume from the chamber. Auto-
matic welding is performed by moving the workpiece with a Kat Tractor system. A
flexible skirt attached to the base of the box prevents fume loss.

3.4.9 Automatic Welder and Fume Collection System?®*!415

In research performed for the Australian Welding Research Association, an
automatic welder and fume collection system was used (Figure 3-8). A 30 cm x 30 cm
hood was located over the automatic welder operating on a horizontal work table. The
fume generated was collected by high-volume air sampler. The sampler was fitted with
20 cm x 25 cm glass fiber filter paper.

3.4.10 Lund University Fume Hood*®

A fume hood developed at Lund University in The Netherlands has been used to
characterize welding fume emissions. A skilled welder maintained constant welding
conditions for SMAW, and a fixed torch and workpiece mounted on a rail-operated
wagon was used to evaluate the GMAW method.

The fume generated was drawn through an aluminum hood shown in Figure 3-9.
A Battelle-type single orifice cascade impactor drawing 1 L/min was used to determine
particle size distribution. A glass fiber filter sampled the fume to determine total mass
emissions. A membrane filter was used to obtain a sample suitable for the
determination of elemental composition.

3.4.11 Modified Stack Sampling Technique?’

In the modified stack sampling technique, a duct (Figure 3-10) is placed over a
stationary welding torch to collect most of the fume generated. Welds are performed
on a rotating workpiece. An inclined manometer measures duct velocity. A probe
inserted into the duct is connected to a filter and sampling pump. The velocity of the
probe is set to match the velocity of the duct (i.e., isokinetic sampling). Welding began
and steady-state conditions were established before sampling started. Glass- fiber
filters are used to determine fume generation rates and triacetate filters are used to
collect fume for chemical analysis.
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3.4.12 BOHS Method®*

The BOHS method was proposed by the British Occupational Hygiene Society
(BOHS). The welder works in a enclosed room with a volume of approximately 20 m® in
still air and no ventilation. The skilled welder lays down a single fillet weld in a mild
steel workpiece using 300 mm of the electrode. Two minutes lapse to equilibrate the
fume by a fan within the room, then the air is sampled using a high volume air sampler
for 3 min.

3.4.13 Closed Environment®

Closed environment sampling has been performed to characterize welding fume.
A polyvinyl chloride sheet is used to enclose the welding area up to the hood creating
an area of 7 m® (Figure 3-11). After the welding process is completed, the environment
is stirred up for 15 s with two small fans to obtain a homogeneous distribution of fumes
and gases generated from welding. Sampling follows for 3 min from the breathing
zone.

3.5 ANALYTICAL METHODS!?*

As stated above, particulate samples are normally collected on filter media for
later chemical analysis. Of particular interest are heavy metals considered to be
hazardous air pollutants (HAPs) under the Clean Air Act. These metals include:
antimony (Sb); arsenic (As); beryllium (Be); cadmium (Cd); chromium (Cr); cobalt (Co);
lead (Pb); manganese (Mn); mercury (Hg); nickel (Ni); and selenium (Se).

From the reviewed source tests, the most commonly used analytical methods are
flame atomic absorption spectrometry and X-ray fluorescence. A brief description of
these and several other common analytical methods are included in the following
sections.
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3.5.1 Inductively Coupled Plasma—Atomic Emission Spectrometry (ICP-AES)*

This analytical technique allows sequential or simultaneous quantitative analysis
following acid digestion or dissolution of a number of elements in the parts-per-million
to parts-per-billion range. An argon plasma is used to atomize or excite atoms to a
higher state by collision with other atoms. These excited atoms emit their characteristic
wavelength radiation as they return to a stable state. The emission of radiation at their
characteristic wavelength is nearly proportional to the concentration of the element in
the sample as compared to a known standard. This quantitative technique eliminates
many elemental interferences as compared to using FAA and other methods.

3.5.2 Flame Atomic Absorption Spectrometry (FAA)>®>131517.22.23,24

In FAA, an energy source, such as a hollow cathode lamp, is used to atomize
the sample following aspiration into the flame. The light energy absorbed at a
characteristic wavelength is measured in units of absorbance and compared to the
absorbance of a known standard. This quantitative technique is sensitive to sub-parts-
per-million level for most elements following sample digestion.

3.5.3 X-Ray Fluorescence (XRF)3%11131517.23

This analytical technique involves the exposure of a specimen to an X-ray beam.
The result is the emission of characteristic fluorescent line radiation for each element
that is converted to electrical pulses presented as X-ray counts for quantitation. Due to
X-ray spectra being quite simplistic, relatively few spectral interferences occur during
analysis by XRF. Prior to analysis, the fume is typically fluxed and fused into a bead
for analysis. Numerous interferences are common to XRF.

3.5.4 X-Ray Diffraction (XRD)**%132°

XRD is a physical technique used to analyze crystalline compounds. Specimens
are ground to a homogeneous powder or a single crystal may be radiated with the
X-ray beam. This produces a unique diffraction pattern for each compound, which may
be recorded photographically or electronically and compared to known catalogued
patterns. The intensity and spacing of the diffraction angle (based on the wavelength)
are the most important criteria in determining the compound(s) present. Problems in
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gualitative identification of the diffraction patterns arise when several compounds are
present in a single specimen.

3,13,15

3.5.5 lon Specific Electrode

lon specific electrodes are used to measure ion activity within the sample
dissolved in a liquid relative to the ion exchange process. Activity is a concentration
indicator, which in dilute solutions approaches the ion concentration. The resulting ion
activity (mV) reading from an ion specific electrode is compared to that of a calibration
curve of known activity for evaluation purposes. Interferences can be quite apparent
due to differences at phase boundaries and due to ion complexes with other free ions,
which will decrease signal strength.

3.5.6 Flame Emission Spectroscopy®

This type of analysis is similar to ICP-AES in theory, but it uses thermal energy
produced by the flame to excite the atoms to higher energy states. Upon returning to
ground state, energy is emitted at the characteristic wavelength. Standards of known
concentration are used as a reference to determine elemental concentration in
samples. Due to the lower energy level of the flame as compared to the plasma, this
technique is useful only for strongly emitting species.
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SECTION 4

EMISSION FACTOR DEVELOPMENT

After a review and analysis of the data obtained during the background search,
the following test data and methodology were used to develop the draft AP-42 section
for welding operations. Excerpts from the various tests reports are contained in
Appendices A through M.

4.1 REVIEW OF SPECIFIC DATA SETS

Some 52 reference documents were collected and reviewed during the literature
search. These documents are listed in Table 4-1 and are marked with an asterisk to
indicate that the report contains potentially useful emissions data.

Utilizing the criteria outlined in Section 3.1, the original group of documents were
reduced to a final set of 12 primary reports. Table 4-2 summarizes the reason(s) for
the rejection of those documents not used. The data contained in each of the primary
references are discussed below. The test data are presented in the units in which they
were originally published.

4.1.1 Reference 11 (1987)

In these tests, fumes were generated and collected in an enclosed chamber,
similar to the Battelle fume collection chamber (see 3.4.3). Shielded metal arc
electrodes E308-16, E310-16 stainless steel, ECoCr-A, ENICI Ni, Mn-Cr buildup alloy,
E7018 carbon steel, E11018-M low alloy steel, and FCAW electrode E11018-M were
tested for fume generation rate and chemical constituents. Between 11 and 35 test
runs were made for each electrode. Welding was performed on a base metal of mild
steel.
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TABLE 4-2. DOCUMENTS NOT INCLUDED IN EMISSION
FACTOR DEVELOPMENT

Reference No. Cause for rejection
1 No emission test data.
2 No emission test data.
3 Cannot derive emission factor—emission rate data only.
4 No emission test data.
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Reference No. Cause for rejection

5 Insufficient information to determine emission factor.

6 Not original source of test data.

7 Not original source of test data.

8 Insufficient analytical description.

9 No emission test data.

10 Insufficient process description.

13 Not original source of test data.

14 No emission test data.

16 Insufficient process description.

17 Insufficient process description.

18 Same source test as Reference 21

19 Insufficient information to determine emission factor.
20 Insufficient information to determine emission factor.
22 Not original source of test data.

23 Insufficient process description.

24 Not original source of test data.

25 Insufficient process description.

26 No emission test data.

27 Insufficient process description.

30 No emission test data.

31 Not original source of test data.

32 Not original source of test data.

33 No emission test data.

35 No emission test data.

37 Insufficient information to determine emission factor.
38 No emission test data.

39 Insufficient process and analytical description.

40 Not original source of test data.

41 Insufficient process and analytical description.

42 Not original source of test data.

43 Insufficient information to determine emission factor.
44 No emission test data.

45 No emission test data.

a7 No emission test data.

49 No emission test data.

52 No emission test data.
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Two layers of 0.5 in (1.27 cm) thick fiberglass aircraft insulation were situated at the top
of the chamber to collect fume for weight determination. Fume for chemical analysis
was collected on Whatman No. 4 cellulose filters, backed by one layer of the glass
material.

All procedures for collecting the fume followed ANSI Standard F1.2-79. Seven

elemental compounds were analyzed using AAS, while titanium was analyzed
colorimetrically. A summary of the test results appear below.

TABLE 4-3. SUMMARY DATA FROM REFERENCE 11

Total fume Wt % HAP in fume?
Welding Electrode emission factor
process type (a/kg electrode) Cr Mn Ni
SMAW E308-16 10.9 - - -
E310-16 15.1 - - -
ECoCr-A 27.9 - - -
ENICI 18.8 - - -
14Mn-4Cr 81.6 1.7 28.4 2.1
E7018 17.7 - 6.4 -
E11018-M 17.5 - 7.9 -
FCAW E11018-M 57 1.7 24.5 -
# HAP = hazardous air pollutant as defined by the 1990 Clean Air Act
Amendments.
Wt. % = weight percent of element measured in the total fume
collected.

Upon review of Reference 11, it was found that a generally sound test methodology
was used; however, a questionable type of filter media was used to collect the samples.
Therefore, data were assigned a rating of C. Applicable portions of Reference 11 are
included in Appendix A.

4.1.2 Reference 12 (1986)

Reference 12 reports the collected fume results from a range of nine classified
wires using the flux cored arc welding (FAW) process. An Australian Welding
Research chamber (Section 3.4.2), similar to the Swedish Fume Box, provided the
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apparatus. An electrostatically assisted, felt filter system made from polyester fibers
collected the fume. The base metal welded was not specified.

Test runs ranged from 10 s to 60 s. The voltage was kept constant and the
current varied from 120 amps to 550 amps. The travel speed was recorded and varied
from 110 mm/min to 675 mm/min. Fume analysis was performed by XRF.

The results presented in tables and on individual graphs show that gasless,

wire-type electrodes have higher fume generation rates than the gas-shielded wires
tested. A summary of the test results is shown in Table 4-4 below.

TABLE 4-4. SUMMARY DATA FROM REFERENCE 12

Wt % HAP in fume?

Total fume
Welding Electrode emission factor
process type (g/kg electrode) Cr Mn Ni
FCAW E70 T-1 7.3-12.0 0.01-0.04 7.2-13.5 0.03-0.08
FCAW E71T-1 7.3-13.4 0.01-0.03 7.8-13.5 0.03-0.06
FCAW E70 T-G 4.7-9.8 0.01-0.03 13.3-15.6 0.03-0.65
FCAW E70 T-2 9.8-11.9 0.01 10.5 0.02
FCAW E70 T-4 14.6-26.0 0.01 0.7-1.9 0.02-0.06
FCAW E70 T-5 8.8-22.3 0.01-0.03 7.7-12.0 0.01-0.04
FCAW E70 T-7 23.0-41.0 0.01-0.15 0.74-0.76 0.03-0.04
FCAW E110 T5-K3 20.8 0.01 9.7 0.54
FCAW E71T-11 17.0-21.0 0.01 1.2 0.03

& HAP = hazardous air pollutant as defined by the 1990 Clean Air Act Amendments.
Wt. % = weight percent of element measured in the total fume collected.

The test methods and analytical methods for the report proved to be sound and well
defined. Because the report lacked the information necessary to verify results, the test data
were given a B rating. A copy of the documents is provided in Appendix B.
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4.1.3 Reference 15 (1986)

Reference 15 reports the results of tests conducted on 12 different electrodes and
different welding processes, SMAW and GMAW. The Lund University fume hood (Section
3.4.10), which is similar to the Swedish Fume Box, was used as the test system. The fume
was collected on a glass fiber filter and the air velocity near the welding point was < 0.15 m/s.
The fume was collected for chemical analysis with a membrane filter arrangement and particle
sizing was performed with a cascade impactor.

Particle Induced X-ray Emission (PIXE) was used in the tests for analytical quantitation
of various metallic elements of interest. A special procedure was developed to determine the
mass of soluble and less soluble Cr(lll) and Cr(VI), which included PIXE, electron
spectroscopy, a spectrophotometric method, and transmission electron microscopy.

A skilled welder performed the welding on a base metal of stainless steel while three to
five samples were taken for each set of welding conditions. For shielding gas in the GMAW
process, CO, was used for one electrode, an Ar/CO, mix for one electrode, and Ar for the
other three GMAW electrodes. The fume generation in mass of fume per time, mass of fume
per mass of electrode used, and the percentage composition for 16 elements are reported in
tabular format. The mass median aerodynamic diameters were calculated and compared to
past studies. A summary of the test results is presented in Table 4-5 below.

TABLE 4-5. SUMMARY DATA FROM REFERENCE 15

. Total fume Wt % HAP in fume
Welding  Electrode emission factor
process type (g/kg electrode) Cr Cr VI Mn Ni Pb
SMAW E7028 15.7-21.7 0.07 - 2.8-5.9 - 0.07-0.10
SMAW E7018 26 0.04 - 3.7 - -
SMAW E308 L-15 11.3 3.4 1.7 2.4 0.22 -
SMAW E316 - 15 15.6 3.1 2.3 2.7 0.24 0.03
SMAW OK 69.21° 12.4 3.0 1.6 14.0 0.44 0.04
GMAW E70 S-6 54 0.07 - 7.3 - -
GMAW ER316 I-Si 3.8-5.7 10.0-12.0 0.2 4.8-5.3 4.8 -
GMAW ER 1260 20.5 0.02 - - - -
GMAW ER 5154 24.1 0.04 - 0.14 - -

& HAP = hazardous air pollutants as defined by the 1990 Clean Air Act Amendments.
Wt. % = weight percent of element measured in the total fume collected.
Swedish electrode designation (no AWS designation available).

Upon review of Reference 15, it was found that sound methodology was used during
the testing and elemental analyses conducted. Since the source test report is an original

b
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summary, insufficient information was available to verify the reported data; therefore, the data
were given a rating of B. A copy of the test report is provided in Appendix C.

4.1.4 Reference 21 (1985)

Reference 21 focused on the welding of stainless steel. Several welding processes
were measured using the Welding Institute fume box (Section 3.4.5) to collect the fume:
manual metal arc welding (now SMAW), metal active gas welding (now GMAW) electrode with
Ar-2%0, shielding gas, flux cored (FCAW) wire self-shielded electrode, and metal cored wire
(now GMAW) gas shielded electrode.

Horizontal-vertical fillet welds were performed on 250 x 50 x 10 mm, 316 stainless
steel test-pieces in the Welding Institute fume box. The fume was collected on 240-mm
diameter, preweighed glass fiber filters. The voltage was held constant, and the current
varied from 145 to 290 amps. The gas flow was maintained at 16 L/min.

Fume analyses included: pyro-hydrolysis for fluorine; alkaline extraction and
s-diphenyl carbazide colorimetric finish for total hexavalent chromium; emission
spectrophotometry for sodium and lithium; and XRF for the 16 other elements. Fume
generation rates were presented in mass of fume per mass of electrode deposited and mass
of fume per time. The results of the tests were presented in both tabular and graphical form.
A summary of test results appears in Table 4-6.

Upon review of Reference 21, it was found that the test method used was similar to the
AWS/ANSI standard and that a sound analytical methodology was employed. However, the
test report contains only summary data; therefore, the data were given a rating of C. A copy
of the documents is provided in Appendix D.
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TABLE 4-6. SUMMARY DATA FROM REFERENCE 21

Total fume _ )
emission Wt % HAP in fume
Electrode factor® (g/kg

Welding process type electrode) Cr Cr VI Mn Ni
SMAW (MMA) E316L-16 7.3-8.8 5 4.1 5 0.4
GMAW (MAG) ER316L Si 3.9-4.1 134 0.2 126 4.9
FCAW (FCW) E316LT-3 4.6-5.8 5.1 2.7 4.8 4.7
GMAW (MCW)  E316LT1,2,3 3.0-4.0 11.7 0.2 9.3 4.7

@ Data from the presented graph.
® HAP = hazardous air pollutant as defined by the 1990 Clean Air Act Amendments.
Wt. % = weight percent of element measured in the total fume collected.

4.1.5 Reference 28 (1984)

Reference 28 used the Australian automatic welder (Section 3.4.9) and five different
electrode types to generate and collect fumes for metal analysis. All electrodes were used to
weld 8-mm mild steel at a travel speed of 150 mm/min. The fumes were collected on glass
fiber substrates and analyzed using XRF, XRD, atomic absorption, spectrophotometry, ion
selective electrodes, and ion chromatography. The percentage of 19 elemental compounds
found in the fume are presented in tabular form. The Hazardous Air Pollutants tested included
Cr, Cr VI, Mn, and Ni. A summary of the analytical data is presented in Table 4-7 below. No
emission factors were determined in the study.
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TABLE 4-7. SUMMARY DATA FROM REFERENCE 28

Wt % HAP in fume®

Welding

process Electrode type® Cr Cr VI Mn Ni
SMAW (EO1) 2.50 2.70 4.6 0.04
SMAW E9018-G 0.03 0.03 5.0 0.20
SMAW E9015-B3 0.50 0.60 3.9 0.02
SMAW (E11) 0.05 0.03 26.1 1.40
SMAW (E12) 4.70 1.70 6.5 0.04

& Australian Welding Research classification of electrodes.

®  Determined using X-ray fluorescence spectroscopy. HAP =
hazardous air pollutant as defined by the 1990 Clean Air Act
Amendments.
Wt. % = weight percent of element measured in the total fume
collected.

The tests described in Reference 28 varied slightly from the AWS/ANSI standard
method. Although the tests used sound analytical methods, insufficient information was
presented on the test protocol and the only data presented were in the form of summary
tables. Therefore the data were assigned a rating of D. A copy of Reference 18 is provided
in Appendix E.

4.1.6 Reference 29 (1984)

In Reference 29, the Australian automatic welding and fume collection system were
used to measure the fume from five different electrode types using SMAW. Tests were
performed with both an AC and DC power supply using the recommended optimal power
setting. The electronic controller maintained a constant preset voltage, operated the
horizontal drive table at 150 mm/min, operated the power supply, and displayed the voltage
and current. An airflow of approximately 16 L/s was used. Glass fiber filters collected the
fume sample for gravimetric analysis.
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Graphs of fume formation rates in mass of fume per mass of electrode were provided
for the electrodes at various power levels for DC and AC current. Results showed that AC
and DC welding generated approximately the same fume rates when operated at the same
power level. A summary of data collected in the study is presented in Table 4-8 below.

TABLE 4-8. SUMMARY DATA FROM REFERENCE 29

Total fume
Welding emission factor
process Electrode type (g/kg electrode)?
SMAW (E01) 1855A4° 26-55
SMAW E9018 G 15-25
SMAW E9015 B3 10-22
SMAW (E11) 1215A4 35-70
SMAW (E12) 2355A1 40-75

& Range from presented graph.

® Australian Welding Research classification of electrodes.

Review of Reference 29 showed that the method varied substantially from the
ANSI/AWS welding chamber technique. In addition, the only data presented were two
summary graphs; therefore, the data were assigned a rating of D. A copy of the test report is
provided in Appendix F.

4.1.7 Reference 34 (1983)

Reference 34 used the ANSI/AWS F1.1-79 standard method (see Section 3.4.1) with a
conical chamber to sample six different types of electrodes for fume composition. Nuclepore
filter samples were collected for analysis, which provided data from individual fume particles.
Sample analysis was performed by energy dispersive X-ray analysis, XRD, automated
electron beam analysis, gas chromatography-mass spectrometry, and scanning transmission
electron microscopy.

The analytical data presented fume composition and particle sizing results. The
average particle size for welding fumes ranged from 0.14 to 0.33 pum in physical diameter. No
emission factors were presented in the reference. A summary of the analytical data is
presented in Table 4-9 below.
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TABLE 4-9. SUMMARY DATA FROM REFERENCE 34

% HAP in fume?

Welding process Electrode type Cr Mn
SMAW E6010 - 4.0
SMAW E7018 - 4.6
GMAW E70S -3 - 7.8
FCAW E70T -1 - 111
SMAW E308 - 16 5.6 6.2
GMAW E5356 - 5.4

& HAP = hazardous air pollutant as defined by the 1990
Clean Air Act Amendments.
Wt. % = weight percent of element measured in the total
fume collected.

After review of Reference 34, it was found that the test report lacked a detailed
description of the test method. Although the test followed AWS standard method F1.1-79, no
information was provided on the testing conditions. Due to the lack of background and test
information, the data were given a D rating. A copy of the test report is provided in
Appendix G.

4.1.8 Reference 36 (1982)

Reference 36 used an Australian automatic welding and fume collection system to
determine the emissions for SMAW using a AWS A5.4 E316L-16 electrode. The welding was
performed on 304 stainless steel base metal. During testing, the current varied from 80 amps
to 120 amps, and voltage varied between 20 V and 40 V.

The fume, which generated from two to four electrodes, was collected on the paper
filter, dried, weighed, and analyzed using atomic absorption spectroscopy. Results provided
the mass of fume collected per mass of electrode used and the percent composition of
10 elemental compounds. The report stated that replicate values on fume generation were
within £5% of each other. A summary of test results are presented in Table 4-10 below.

TABLE 4-10. SUMMARY DATA FROM REFERENCE 36
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Total fume )
Wt % HAP in fume®

emission
Welding Electrode factor (g/kg
process type electrode)? Cr Mn Ni
SMAW  E316L-16 6-22 3.0- 3.040 0.6-1.0

6.0

% Range from presented graph

b HAP = hazardous air pollutant as defined by the 1990 Clean Air
Act Amendments.
Wt. % = weight percent of element measured in the total fume
collected.

Upon review of Reference 36, it was found that the test method varied substantially
from the accepted ANSI/AWS technique. Since the only data presented were two summary
graphs, the data were assigned a rating of D. A copy of Reference 36 is provided in
Appendix H.

4.1.9 Reference 46 (1979)

Reference 46 is a detailed laboratory investigation of the fume generation
characteristics of representative electrodes for the following processes: SMAW, FCAW,
GMAW, and GTAW. Testing was performed in a clean room with controlled humidity. The
square Battelle fume chamber (see Section 3.4.3) was used for testing 38 different electrode
types. Voltage was kept constant, and current was operated at recommended levels for each
electrode, which ranged from 110 amps to 485 amps.

Samples were collected on prefilters and glass fiber absolute filters for determination of
fume weight and on cellulose membrane filters for elemental analysis. All samples were
collected in triplicate and showed little variation in the sample weight collected. Atomic
absorption analysis was the primary analytical technique used in detecting elemental fume
constituents. A summary of test results is presented in Table 4-11 below.
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TABLE 4-11. SUMMARY DATA FROM REFERENCE 46

Total fume Wt % HAP in fume?®
emission factor

Welding Electrode (9/kg electrode) Cr Mn Ni
process type

SMAW E6010 35.85 - 3.0-3.9 -
SMAW E6013 14.16-25.75 - 4.1-51 -
SMAW E7018 20.35-21.85 - 3.6-4.5 -
SMAW E7024 8.92-11.11 0.01 5.3-7.8 -
SMAW E8018 C3 15.92-17.89 0.1 7.2 0.3
SMAW E9018 B3 11.19-14.94 1.6 5.9 0.1
SMAW E316-15 8.02-11.08 1.6 7.7 1.1
SMAW E316-16 6.56-11.92 6.5 8.8 1.5
SMAW E410-16 11.75-13.97 5.0-10.0 5.2 0.1
SMAW ENi-CI 12.90 - 0.3 6.9
SMAW ENi-Cu-2 10.08 - 21 4.2
SMAW ERNiCrMo-3 9.24 5.9 4.6 -

(Inconel 625)
SMAW ENiCrMo-4 14.20 2.5 0.3 1.1
(Haynes C-276)

SMAW Haynes 25 8.94 6.9 4.6 1.8
FCAW E70T -1 6.65-17.51 - 6.2-13.5 -
FCAW E70T -4 12.76-13.86 - 1.0-4.6 -
FCAW E70T -5 17.87-23.63 - 10.9-11.3 -
FCAW 81-C3 8.69 - - -
FCAW 91 -B3 8.42 - - -
FCAW E308LT - 3 9.11 - - -
FCAW E316LT - 3 6.97-12.32 12.5 7.3 1.06
GMAW E70S -3 3.09-8.34 - 3.4-6.8 -
GMAW E70S -5 2.61-5.01 - 5.8 -
GMAW ER316 0.58 - - -
GMAW ERNICu - 7 2.02 0.01 1.1 221
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Total fume Wt % HAP in fume?
emission factor

Welding Electrode TAB(gEg-¢e¢Codthued) cr Mn Ni

process type

GMAW ERNiCrMo-3 0.87 15.4 27.2
(Inconel 625)

GMAW Haynes 25 1.38 14.9 15.4 7.1

GMAW ENiCrMo-4 6.98 8.2 1 32.5

(Haynes C-276)

& HAP = hazardous air pollutant as defined by the 1990 Clean Air Act Amendments.
Wt. % = weight percent of element measured in the total fume collected.

Sound methodology was used in Reference 46, and it contains excellent
documentation of test procedures, results, and raw data collected. The data were assigned a
rating of A. Applicable portions of the test report are provided in Appendix I.

4.1.10 Reference 48 (1975)

Reference 48 gives the results of tests conducted using a modified stack sampling
technique on various welding methods. Ferrous material electrodes were used for SMAW,
including cellulosic type, rutile type, rutile-iron powder type, and low hydrogen type. The
FCAW samples used a rutile-base electrode with CO, shielding gas, a silica-base electrode
with CO, shielding gas, and a fluorspar-base electrode with no shielding gas. The GMAW
process used rutile-base flux, fluorspar-base flux, silica-base flux with CO, shielding gas.
Several tests also were run with various Argon shielding gases. Voltage was kept constant
and current ranged between 110 amps to 230 amps for all samples collected.

A probe in the fume stream collected samples on glass fiber filters to determine total
mass emission rate and on triacetate filters to determine elemental composition of the fume.
Sampling time varied between 10 s and 120 s. The tests determined the fume formation rate
in mass per time and the mass of the fume generated per mass of metal deposited. The
composition of the fume also was determined, but the only HAP measured was manganese.
A summary of test results is presented in Table 4-12 below.

TABLE 4-12. SUMMARY DATA FROM REFERENCE 48

Total fume
Welding emission factor Wt % Mn in
process Electrode type (g/kg metal) fume?®
SMAW E6010 19-24 -
SMAW E6012 7-9 -
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SMAW E7018 8-18 -

SMAW E7024 7-13 -
SMAW E308-16 10-16 -
FCAW E70T -1 11-12 5.0
FCAW E70T -5 18-22 4.0
FCAW E70T -4 18-20 2.0

& Mn = manganese.

Upon review of Reference 48, it was found that the tests were conducted with a
generally sound methodology; however, the modified stack method differs considerably from
the standard ANSI/AWS technique. The data were assigned a C rating. A copy of the test
report is provided in Appendix J.

4.1.11 Reference 50 (1973)

In Reference 50, the fumes and gases produced during the welding of carbon steel by
SMAW, GMAW, FCAW, and SAW were determined. Six different types of electrodes were
evaluated in a square Battelle fume chamber during testing. Absolute filters with precleaners
were used to collect the fume samples.

Total fume quantities were measured, the concentration of elemental compounds were
determined, pollutant gases were analyzed, and particle size was characterized in the
program. A mass spectrograph identified elemental composition, XRD identified major
compounds in the sample, and optical emission spectroscopy helped verify and identify
elemental composition. A cascade impactor inertially separated and classified the fume
particles by aerodynamic diameter.

Table 4-13 summarizes the data presented in the report. The elemental compositions
were reported as a concentration, and thus they were not in units useful for emission factor
development.

TABLE 4-13. SUMMARY DATA FROM REFERENCE 50
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Welding
process

Electrode type

Total fume
emission factor
(g/kg electrode)

SMAW
GMAW
FCAW
FCAW
SAW
SAW

E11018 - M
E70S -3
E70T -1
E70T -4
EM12K 1
F72-EM12K 2

111
2.120-4.750
6.700-7.760

15.5-19.9
0.034-0.041
0.0016-0.014

Sound test methodology was used in Reference 50 and adequate documentation was
provided in the report to assess the quality of the data. The raw data were not included,
however, and the test method varies slightly from the ANSI/AWS standard test method. With
these considerations, the data were assigned a rating of B. Applicable portions of the test
report are provided in Appendix K.

4.1.12 Reference 51 (1992)

Reference 51 is the report of a recent study performed for EPA. The document
reported on tests of the 10 most commercially used electrodes for quantity and composition of
fumes. Testing procedures followed the ANSI/AWS F1.2-85 standard method. Voltage was
kept constant for each test, and current was operated at recommended conditions in the
range of 130 amps to 180 amps. Fume was collected on glass-fiber filters located at the top
of the welding chamber and weighed to determine total mass emissions. Composition of the
sample for nine metals was determined using analysis techniques specified in EPA Method
6010 for evaluating solid waste. A summary of results for the electrodes tested is shown in

Table 4-14 below.

4-18
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TABLE 4-14. SUMMARY DATA FROM REFERENCE 51

Total fume Wt % HAP in fume®

Welding factor (g/kg

process Electrode type electrode) Cr Co Mn Ni
SMAW E6010 a 22.7 0.018 0.0023 3.9 0.026
SMAW E6010 b 20.5 0.011 0.0035 4.4 0.008
SMAW E6011 38.4 0.012 0.0025 2.6 0.014
SMAW E6013 13.6 0.030 0.0030 4.1 0.018
SMAW E308-16 6.4 6.200 0.0078 3.8 0.820
SMAW E7018 15.7 0.024 0.0016 3.9 0.012
GMAW E308L Si 8.6 6.000 0.0071 6.4 3.400
GMAW E70S -3 7.9 0.020 0.0017 6.7 0.007
GMAW E70S -6 5.4 0.015 0.0029 104 0.014
FCAW E70T-1 8.7 0.013 0.0022 9.0 0.006
FCAW E71T-1 12.0 0.014 0.0029 8.1 0.004

& HAP = hazardous air pollutant as defined by the 1990 Clean Air Act Amendments.
Wt. % = weight percent of element measured in the total fume collected.

Upon review of the information contained in Reference 51, it was found that the tests
were conducted using sound methodology with good documentation; therefore, the data were
assigned a quality rating of A. Applicable portions of the test report are provided in
Appendix L.

4.2 DEVELOPMENT OF CANDIDATE EMISSION FACTORS

Emission factors were developed for the following welding operations: shielded metal
arc welding (SMAW), gas metal arc welding (GMAW), flux cored arc welding (FCAW), and
submerged arc welding (SAW). Other welding processes either did not have sufficient test
data or did not generate sufficient emissions of concern. The following sections describe the
development of emission factors for both total particulate matter and hazardous metals

MRI-M\R4601-02.WLD 4'19



4.2.1 Particulate Emissions

The data obtained from each of the primary references described earlier were
combined to calculate candidate AP-42 emission factors for total particulate (fume) emissions.
Since welding fume is essentially submicron in size (see Section 2.3), all particulate emissions
are considered to be in the PM-10 (i.e., particles < 10 um in aerodynamic diameter) size
range.

Candidate emission factors were developed for SMAW, GMAW, FCAW, and SAW
processes using average data from each primary reference. Table 4-15 summarizes the
average data used and the candidate emission factors obtained during this analysis. Also
shown in Table 4-15 are the number of tests contained in each data set, as well as the
average current and voltage used during testing.

To derive each candidate emission factor, arithmetic averages of the test data in each
reference were calculated according to both the type of welding process(es) tested and the
type of electrode(s) used. Next, the individual averages were grouped by process and
electrode type in Table 4-15. Weighted averages, based on the number of tests conducted in
each study, were then calculated to obtain the candidate emission factor for each
process/electrode combination. A rating was assigned to each candidate factor based on the
guality of the data used. Example hand calculations for obtaining the candidate emission
factors are provided in Appendix M.

As shown in Table 4-15, the candidate emission factors are generally rated either C or
D, depending on the quality of the individual data sets used in their derivation. All available
data, regardless of quality, were used to develop each of the candidate emission factors. This
approach was deemed to be most appropriate in order to obtain a more accurate
representation of the fume generated by each process/electrode combination.

4‘20 MRI-M\R4601-02.WLD



T¢v

TABLE 4-15. SUMMARY OF PM-10 EMISSION DATA AND CANDIDATE EMISSION FACTORS?®

Candidate
Average emission factor
Welding No. of tests Average Average emission factor Data quality (9/kg Emission factor
process Electrode type Reference No. conducted current (A) volt (V) (g/kg electrode)® rating electrode)® rating
SMAW 14Mn-4Cr 11 23 198 24 81.6 Cc 81.6 C
E11018-M 11 30 161 24 175 Cc 16.4 Cc
E11018-M 50 6 175 26 111 B
E308-16 11 35 174 23 10.9 Cc 10.8 Cc
E308-16 48 2 185 26 13.0 Cc
E308-16 51 2 130 24 6.4 A
E308L-15 15 1 115 33 11.3 B
E310-16 11 26 164 24 15.1 Cc 15.1 Cc
E316-15 15 1 140 24 15.6 B 10.0
E316-15 46 9 151 26 9.8 A
E316L-16 21 2 145 29 8.1 Cc
E316L-16 36 22 102 26 10.5 D
E316-16 46 9 149 23 9.0 A
E410-16 46 9 153 23 13.2 A 13.2 D
E6010 46 3 150 23 35.9 A 25.6 B
E6010 48 2 140 30 22.0 Cc
E6010a 51 3 130 29 22.7 A
E6010b 51 3 130 29 20.5 A
E6011 51 6 145 34 38.4 A 384 Cc
E6012 48 2 149 21 8.0 Cc 8.0 D
E6013 46 9 154 23 21.0 A 19.7 B
E6013 51 2 180 30 13.6 A
E7018 11 35 161 24 17.7 C 18.4 C
E7018 15 1 140 23 26.0 B
E7018 46 12 175 23 20.9 A
E7018 48 2 190 24 13.0 C
E7018 51 2 155 25 15.7 A
E7024 46 3 207 40 10.2 A 9.2 C
E7024 48 12 229 33 9.0 C
E7028 15 3 220 34 18.0 B 18.0 C
E8018C3 46 7 164 23 17.1 A 171 C
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TABLE 4-15 (CONTINUED)

ecv

Candidate
Average emission factor
Welding No. of tests Average Average emission factor Data quality (9/kg Emission factor
process Electrode type Reference No. conducted current (A) volt (V) (g/kg electrode)® rating electrode)® rating
SMAW E9015B3 29 4 112 29 17.0 D 17.0 D
E9018G 29 9 117 29 21.0 D 16.9 C
E9018B3 46 10 168 23 13.3 A
ECoCr-A 11 27 138 25 27.9 Cc 27.9
ENi-CI 11 27 139 23 18.8 Cc 18.2 Cc
ENi-Cl 46 3 135 21 12.9 A
ENiCrMo-4 46 6 139 34 11.7 A 11.7 Cc
ENi-Cu-2 46 3 143 23 10.1 A 10.1 C
GMAW! E308LSi 51 2 250 23 5.4 A 5.4 Cc
E70S-3 46 37 252 31 5.2 A 5.2 A
E70S-3 50 6 275 30 34 B
E70S-3 51 5 245 27 8.6 A
E70S-5 46 9 275 29 4.0 A
E70S-6 15 1 180 30 5.4 B
E70S-6 51 2 275 29 7.9 A
ER1260 15 1 180 20.5 20.5 B 20.5 D
ER5154 15 1 160 241 241 B 241
ER316I-Si 15 2 180 26 4.8 B 3.2 Cc
ER316L-Si 21 8 220 22 4.0 Cc
ER316 46 3 170 32 0.6 A
ERNiCrMo 46 6 179 32 3.9 A 3.9 Cc
ERNiCu-7 46 3 257 32 2.0 A 2.0 C
FCAW! E110T5-K3 12 1 370 32 20.8 B 20.8 D
E11018-M 11 11 303 30 57.0 C 57.0 D
E308LT-3 46 3 400 32 9.1 A 9.1 Cc
E316LT-3 21 2 290 24 5.2 Cc 8.5 B
E316LT-3 46 6 382 29 9.6 A

MRI-M\R4601-02.WLD



ey

TABLE 4-15 (CONTINUED)

Candidate
Average emission factor
Welding No. of tests Average Average emission factor Data quality (9/kg Emission factor
process Electrode type Reference No. conducted current (A) volt (V) (g/kg electrode)® rating electrode)® rating
FCAW! E70T-1 12 5 410 29 11.0 B 15.1 B
E70T-1 46 15 451 31 11.7 A
E70T-1 48 4 375 30 12.0 C
E70T-1 50 6 450 31 7.2 B
E70T-1 51 2 425 31 8.7 A
E70T-2 12 2 340 28 11.0 B
E70T-4 12 6 420 29 20.0 B
E70T-4 46 10 391 31 16.4 A
E70T-4 48 4 375 32 20.0 C
E70T-4 50 6 450 31 17.7 B
E70T-5 12 8 370 29 155 B
E70T-5 46 6 441 31 20.8 A
E70T-5 48 4 375 30 20.0 C
E70T-7 12 3 340 25 313 B
E70T-G 12 5 370 32 8.2 B
E71T-1 12 7 280 28 9.4 B 12.2 B
E71T-1 51 2 275 25 12.0 A
E71T-11 12 3 460 19 19.0 B
SAW EM12K1 50 5 450 32 0.04 B 0.05 C
F72-EM12K2 50 5 550 31 0.01 B

2 All fume generated is < 10 um in aerodynamic diameter (i.e., PM-10).
Average emission factor obtained in test series expressed as mass of pollutant emitted per mass of electrode consumed.
Mass of pollutant (PM-10) emitted per mass of electrode consumed determined as weighted average of all data sets.

For GMAW and FCAW, the type of shielding gas employed will substantially influence the actual emissions generated.
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4.2.2 Hazardous Metal Emissions

Candidate emission factors were also developed for hazardous metals listed in
the 1990 Clean Air Act Amendments using the data available in each primary
reference. Again, all HAP emissions are considered to be in the PM-10 size range as
discussed above.

The same averaging approach used to develop the candidate emission factors
for PM-10 emissions was used to derive similar factors for hazardous metals. A
summary of the data used and the candidate emission factors obtained is provided in
Table 4-16.

As was the case for total particulate, the candidate emission factors for
hazardous metals are generally of poor quality. Again, all available data were used in
an attempt to improve the representativeness of the candidate emission factors shown
in Table 4-16.
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TABLE 4-16. SUMMARY OF HAZARDOUS AIR POLLUTANT (HAP) EMISSION DATA AND CANDIDATE EMISSION FACTORS?

Avg. emission factor (10 * g/kg electrode or 10 *1b/10° 1b
electrode)”

Candidate emission factor (10 * g/kg electrode or 10 *1b/10°
Ib electrode)®

Avg. Avg.
Welding Ref. Noof current voltage Data Emission
process  Electrodetype No. tests (A) (V) Cr Cr(VI) Co Mn Ni Pb rating Cr Cr(VI) Co Mn Ni Pb  factorrating
SMAW 14Mn-4Cr 11 23 198 24 1397 -- -- 232 17.14 -- C 13.9 -- -- 232 171 -- C
E11018-M 11 30 161 24 -- -- -- 13.8 -- -- C -- -- -- 13.8 -- -- C
E308-16 51 2 130 24 3.97 -- 0.01 2.43 0.52 -- D 3.93 3.59 0.01 2.52 0.43 -- D
E308L-15 15 1 115 33 3.84 3.59 -- 271 0.25 -- B
E310-15 15 1 140 24 25.3 18.8 -- 22.0 196 0.24 B 253 18.77 -- 22.0 196 0.24 C
E316-15 46 9 151 26 5.69 -- -- 7.55 0.51 -- A 5.22 3.32 -- 5.44 0.55 -- D
E316L-16 21 2 145 29 4.05 3.32 -- 4.05 0.32 -- D
E316L-16 36 22 102 26 4.94 -- -- 3.68 0.84 -- D
E316-16 46 9 149 23 5.84 -- -- 7.91 1.35 -- A
E410-16 46 9 153 23 -- -- -- 6.85 0.14 -- A -- -- -- 6.85 0.14 -- C
E6010 46 3 150 23 -- -- -- 11.8 -- -- A 0.03 0.01 -- 9.91 0.04 -- B
E6010a 51 3 130 29 0.04 -~ <0.01 8.85 0.06 -- A
E6010b 51 3 130 29 0.02 -- 0.01 9.02 0.02 -- A
E6011 51 6 145 34 0.05 -- 0.01 9.98 0.05 -- A 0.05 -- 0.01 9.98 0.05 -- C
E6013 46 9 154 23 0.24 -- -- 10.3 - -- A 0.04 -~ <0.01 9.45 0.02 -- B
E6013 51 2 180 30 0.04 -~ <0.01 5.58 0.02 -- A
E7018 11 29 161 29 -- -- -- 11.3 - -- C 0.06 -~ <0.01 10.3 0.02 -- C
E7018 15 1 140 23 0.10 -- -- 9.62 -- -- B
E7018 46 12 175 23 -- -- -- 8.58 -- -- A
E7018 51 2 155 25 0.04 -~ <0.01 6.12 0.02 -- A
E7024 46 15 225 34 0.01 -- -- 6.29 -- -- A 0.01 -- -- 6.29 -- -- C
E7028 15 3 220 34 0.13 -- -- 8.46 - 1.62 B 0.13 -- -- 8.46 - 1.62 C
E8018C3 46 7 164 23 0.17 -- -- 12.3 0.51 -- A 0.17 -- -- 12.3 0.51 -- C
E9018B3 46 10 168 23 2.12 -- -- 7.83 0.13 -- A 2.12 -- -- 7.83 0.13 -- C
ENi-CI 46 3 135 21 -- -- -- 0.39 8.90 -- A -- -- -- 0.39 8.90 -- C
ENiCrMo-3 46 3 145 25 5.45 -- -- 4.25 -- A 4.20 -- -- 0.43 2.47 -- C
ENiCrMo-4 46 6 133 23 3.55 -- -- 0.43 1.56 -- A
ENi-Cu-2 46 3 143 26 -- -- -- 2.12 4.23 -- A -- -- -- 2.12 4.23 -- C
FCAW E110T5-K3 12 1 370 32 0.02 -- -- 20.2 112 -- B 0.02 -- -- 20.2 112 -- D
E11018-M 11 11 303 30 9.69 -- -- 7.04 1.02 -- C 9.69 -- -- 7.04 1.02 -- C
FCAW E316LT-3 21 2 290 24 2.65 -- -- 2.50 0.68 -- C 9.70 1.40 -- 5.90 0.93 -- B
E316LT-3 46 6 382 29 12.05 1.40 -- 7.04 1.02 -- A
E70T-1 12 5 410 29 0.03 -- -- 12.0 0.06 -- C 0.04 -- -- 8.91 0.05 -- B
E70T-1 46 15 451 31 -- -- -- 10.8 -- -- A
E70T-1 48 4 375 30 -- -- -- 6.00 -- -- C
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TABLE 4-16 (Continued)

electrode)”

Avg. emission factor (10 * g/kg electrode or 10 *1b/10° 1b

Candidate emission factor (10 *g/kg electrode or 10 *1b/10°
Ib electrode)®

Avg. Avg.
Welding Ref. Noof current voltage Data Emission
process  Electrodetype No. tests (A) (V) Cr Cr(VI) Co Mn Ni Pb rating Cr Cr(VI) Co Mn Ni Pb  factorrating
E70T-1 51 2 425 31 0.01 -~ <0.01 7.83 <0.01 - A
E70T-2 12 2 340 28 0.01 -- -- 11.6 0.02 - B
E70T-4 12 6 420 29 0.02 -- -- 2.80 0.06 - B
E70T-4 46 10 391 31 -- -- -- 4.93 -- - A
E70T-4 48 4 375 32 -- -- -- 4.00 -- - C
E70T-5 12 8 370 29 0.03 -- -- 14.11 0.03 - B
E70T-5 46 6 441 31 -- -- -- 23.0 -- - A
E70T-5 48 4 375 30 -- -- -- 8.00 -- - C
E70T-7 12 3 340 25 0.19 -- -- 2.35 0.13 - B
E70T-G 12 5 370 32 0.02 -- -- 2.28 0.06 - B
E71T-1 12 7 280 28 0.02 -- -- 10.3 0.05 - B 0.02 -~ <0.01 6.62 0.04 -- B
E71T-1 51 2 275 25 0.02 -~ <0.01 9.72 <0.01 - A
E71T-11 12 3 460 19 0.02 -- -- 2.28 0.06 - B
GMAW E308LSi 51 2 250 23 3.24 -~ <0.01 3.46 1.84 - A 3.24 - <0.01 3.46 1.84 -- C
E70S-3 46 37 252 31 -- -- -- 2.75 - - A 0.01 -~ <0.01 3.18 0.01 -- A
E70S-3 51 5 245 27 0.02 -~ <0.01 5.76 0.01 - A
E70S-5 46 9 275 29 -- -- -- 2.30 -- - A
E70S-6 15 1 180 30 0.04 -- -- 3.94 -- - B
E70S-6 51 2 275 29 0.01 -~ <0.01 8.22 0.01 - A
ER1260 15 1 180 22 0.04 -- -- -- -- - B 0.04 -- -- -- -- -- D
ER5154 15 1 160 24.1 0.10 -- -- 0.34 -- - B 0.10 -- -- 0.34 -- -- D
ER316I-Si 15 2 180 26 5.28 0.10 -- 2.45 2.26 - B 5.28 0.10 -- 2.45 2.26 -- D
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TABLE 4-16 (Continued)

Avg. emission factor (10 * g/kg electrode or 10 *1b/10° 1b Candidate emission factor (10 *g/kg electrode or 10 *1b/10°
electrode)” Ib electrode)®
Avg. Avg.

Welding Ref. Noof current voltage Data Emission
process  Electrodetype No. tests (A) (V) Cr Cr(VI) Co Mn Ni Pb rating Cr Cr(VI) Co Mn Ni Pb  factorrating
GMAW ERNiCrMo-3 46 3 192 34 1.34 -- -- -- 2.37 -- A 3.53 -- -- 0.70 12.5 -- B

ERNiCrMo-4 46 3 165 30 5.72 -- -- 0.70 22.7 -- A

ERNiCu-7 46 3 257 32 <0.01 -- -- 0.22 4.51 -- A <0.01 -- -- 0.22 4.51 -- C

@ All HAP emissions are in the PM-10 size range.

 Average emissions factors obtained in test series expressed as mass of pollutant emitted per mass of electrode consumed. Cr = chromium; Cr(VI) = chromium +6 valence state; Co = cobalt;
Mn = manganese; Ni = nickel; and Pb = lead.

¢ Mass of pollutant emitted per mass of electrode consumed determined as weighted average of all data sets. Cr = chromium; Cr(VI) = chromium +6 valence state; Co = cobalt;
Mn = manganese; Ni = nickel; and Pb = lead.
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SECTION 5

PROPOSED AP-42 SECTION

The following pages contain the proposed new AP-42 section for welding
operations as it would actually appear in the document.
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TABLE 1. - Weld deposit compositions (filler metal specifi-
cations) for welding electrodes (13), weight percent

AWS code and Cc Cr Fe Mn Ni Other'
electrode type
AS.4: ;

£108-16ccss.-. | NS.. | 18-2] Bal | 0.5-2.5 9 =11 2.0

E310=164sasaees | NG.. | 22-28 Ba) |1 =2.5 20 =22.5 2.0
A5.13:

ECoCr~A..+.... | Bal. | 25-32 Bal 2 3 10.9
A5.15: }

ENMClueeevecass | NSou NS 5 1 857 9,5
14 Mn=4 Cr3..... | NS.. [ 4= 5 8| .5-4.0 | 14 ~16 .5
AS5.1:

E7018ecanavceas | NS, .20 ]| Bal 1.60 .30 1.1

©AS.5:

E11018-M...... | NS.. .40] Bal | 1.3-1.3 1.25- 2.50 1.3

Bal Balance. NS Not specified.

'Mayimum,

2Minioum.

3Not tlassified by AWS; data supplied by manufaccurers of elec-

trodes used in this study.

hardfacing and - rebuilding, welding |is
done {n multiple layers of the weld fil-
ler metal. The weld alloy, rather than
the original steel of the welded part,
then becomes the substrate. To assess
tne effect of this new substrate on fume
generation, a double-layer bead pad of
the weld alloy was deposited onto a mild

RESULTS

MILD STEEL SUBLTRATE

The data collected from the tests are
the weight of the fume collected, the
welight of the electrode consumed, the arc
time, and the chemical analysis of the
fume. Welding conditions such as vol-
tage, current, plate speed, and electrode
feed rate were recorded or derived for
each test. For the alloy groups, two ad-
ditional quantities, a maximum allowable
fume exposure and ar exposure rating,
have been derived from the data. '

Two quantities based on the welght of
fuwme generated are the fume generation
rate, FGR, and the fume weight per weight
of electrode consumed, f,. The FGR mea~-
sures the fume generating tendencies of
an electrode and 1is used to derive the
exposure rating. Where the arc is oper-—
ating intermittently, as during a work

steel plate.
this pad served as the new
fume generation tests of that same alloy,
with the

After sandblast

performed in the same manner as

mild

from each
groups was tested this way.

shift, fo may be
ing
either case, the
ating conditcions

at least, to

the amount of fume

given.

or letters.

ments and analyses.

Fume generation data for
groups are listed in table 2.
trode brand has been given a
Replicates were measured on
one of the brands, code D, to get an est-—
imate of the repeatability of the experi-.
Code D was chosen at

more useful

steel plate substrates.
of the five

for

the electrode

the electrode
Each elec~
code letter

random from among the electrodes

group.

level, show no

A-4

Comparisons of
and f, values between the
the original data set, using
t statistic (14) at the 90-pct confidence
significant differences.
The coefficients of variation (CV) of the
data sets of code D, for both FCR and f,

the derived FGR
replicates and
the Student

i

cleaning,
substrate for

One brand
high-alloy SMAW

in estimat-
generated.
data apply to
stated and,
the gize of

the oper-



TABLE 2. -~ Fume generatlon data for electrodes

" Code Runs Average FGR, SD, | f,. pcti sSD, pet
J_ Voltage, V [ Current, A | mg/min | mg/min .
TYPE E308-lo--dc, ELECTRODE POSLITIVE; 3.97-mm CORE DIAM;
280-nm/min TRAVEL SPEED; l-min ARC TIMC
Assceonsonsssnsvannns 5 23 171 394 51 0.R8 0.10
Bucesssosessnssannnas 4 24 175 478 13 1.21 .18
Covenvosoncasonnscnns 5 24 173 514 27 1.31 .04
Deveneecennnnneenssan| 5 22 173 622 | 58 1.06 RY
5 23 176 396 30 .95 - .07
0 23 174 415 27 1.04 .07
Eeeensosaoasensnnacns 5 23 173 472 k)| 1.22 .07
Mean. .ossoesseees | NAP 23 174 440 55 1.09 .16 o
TYPE E310-16--d¢, ELECTRODE POSITIVE; 4.76-mm CORE DIAM;
280-mm/min TRAVEL SPEED; l-min ARC TIME
Feesevasanosaarnssens 3| 24 163 446 26 1.11 0.06
Cevevonnncsnsenvensns 6 23 166 540 37 1.47 .1l
H'eeeaeooooonsnannase 6 24 164 659 31 2. 47 .13
P T T 6 23 165 455 | 33 1.20 13
;I-o--on-a.oo.ooolollo 5 25 160 527 32 1.39 -10
Mean.sseosseseses | NAD 24 164 534 84 1.51 L0 i
TYPE ECoGr-A--dc, ELECTRODE POSITIVE; 3.97-mm CORE DIAM;
280-mm/min TRAVEL SPEED; 45-s ARC TIME
Keoooosvonanaonsensonosa 5 26 140 766 59 2.58 0.20
5 26 137 571 17 1.77 .32
o 6 25 134 713 23 2,31 .07
Neveeusoossanossossvas 6 24 139 1,086 74 4.29 .32
02 usnenrsnsorsnnanns 5 28 176 . 1,041 46 2.86 .11
Mean>3sssesvaensss | NAp | . 25 138 795 | 204 2.79 1.01 o=
TYPE ENiCI-=-dc, ELECTRODE POSITIVE; 3.97-mm CORE DIAM;
280-mm/min TRAVEL SPEED; l-min ARC TIME
Cesssesvensssesesssee 6 24 135 612 12 2.08 0.06
) 6 22 140 538 13 1.90 .08
Reveoessnnoancanansns 4 24 143 598 12 1.78 .06
Sivasesssravssssannas 6 24 138 560 18 2,14 o1l
Teeeosenncssconnanans 5 23 139 461 16 1.38 .06
Mean..sesreseseess | NAp 23 139 554 | 54 1.88 .28
‘14 Mn-4 Cr_SURFAClNG ALLOY=—de, ELECTRODE POSITIVE; 4.76-mm CORE D1AM;
280-mm/min TRAVEL SPEED; 20-s ARC TIME
Uvvevvvossernccaacasns 4 24 200 3,010 140 8.08 0.37
Visesonnsassssanvanens 3 24 199 3,280 82 9.16 .10
Wevosnosonosoncvannna 5 24 198 3,170 270 7.81 $43
Xeessvaossavonsvnanes 5 26 197 3,280 200 8.82 «50
b G T T T 6 24 196 2,380 250 7.13 95
Mean..+----+.00.- | NAD 24 | 198 2,980 | 420 B.16 .79

See explanatory notes at end of table.



TABLE 2. - Fume generation data for electrodes=-Continued

Code Runs Average - FCR, sn, fo, pec | 8O, pet
Voltage, V| Current, A me/min | mg/min
TYPE E/0Ll8--dc, ELECTRODE POSITIVE: 3.97-mm CORE DIAM;
280-mm/min TRAVEL SPEED; l-min ARC TIME

CCuovosooevrsssnenoevs 6 ~ 24 161 459 30 1.55 0. 10

DNuevacoscsanssssannns 5 24 159 515 20 1.81 .08

EE e vveasasovasacasss| 6 2 165 653 | 40 | 2.17 .15

FFeuescanneosanananen 6 24 : 158 475% 21 .62 .07

Clevnvesnnssvnsassnasl 6 24 164 511 21 1.70 .08
MEAMNsoencoaeossss | NAD 74 161 523 75 77 | .14 o

TYPE E11018-M~-dc, ELECTRODE POSITIVE; 3.97~mm CORE DIAM;
280-mm/min TRAVEL SPEED; l-min ARC TIME

HHeeuevwosasosessooonns 6 24 163 445 Y 1.46 0.06
Ileeecesavacsvannsnne 6 24 160 S50l 12 1.96 .05
JJeseosooansscannansee 6 26 160 518 15 1.72 .06
KKeeovavosonosssnnonee 6 24 163 560 20 1.90 .06
Llsssrssocosansscoces 6 24 158 513 34 1.70 .10 _
MeaANessessnsnsvnase NAP 24 161 520 47 1.75 0194'1!

Mn-Cr SURFACING ALLOY FLUX=CORED WIRE=--dc, ELEE?“ODE POSITIVE;
2.78-mm DIAM, 38-mm WIRE STICKOUT; 430-mm/min TRAVEL SPEED;
2,200*mm/min WIRE FEED; l-min ARC TIME; NO SHIELD CAS

28 eeiaonneenonseres 6 30 288 5,070 200 6.2 0.24

BBY . ieevsocnvnonsasas 5 29 317 4,320 190 5.2 .23
Meansesessesaness | NAP 30 303 4,700 | 530 5.7 .73 o v

AA% . iiesoncsacecanns 6 30 287 5,416 620 6.1 .70

f, Fume weight per weight 'Composite ccre.
of electrode consumed. 24,76=mm core diameter.

FGR Fume generation rate. 3Excludes code O data.

NAp Not applicable. 4Nominally 15 pct Mn, 4 pet Cr.

SD  Standard deviation. SNominally 1.5 pet Mn, 16 pet Cr.
determinations, vary from 6.5 to 13.7 Because rhc code O electrodes are of a
pct. These are similar to values com— larger diameter than are the other type
puted for the other brands in this group. ECoCr-A electrodes, they were tested at

For the most part, the results pre- commensurately higher voltage and current

sent=d in the tables are straightforward. settings, and their data were not in~
Code H electrodes, in =the type E310-16 cluded in calculating the means for the
geries, give higher fume generation data group. However, its FGR value, ({f re-
than do others in the group. This may be duced by the ratio of the group electrode
due to their unique construction. Unlike cross section to its own cross section,
the solid filler core of the other elec~ is noL significantly different from the
- rodes, code H elecirodes cousist of a group mean. Note also that lts fume
hcllow tube filled with granular metal. fraction, f4, which effectively corrects
This construction results in a larger for the difference in size, 18 quite
gsurface area per unit weight of filler close to that of the group mean.

metal, thus generating more  fume. : .
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elements,
lated as

the exposure

value was calcu-

11

thereby leading to higher values of the
ratings. Also, lower TLV's, such as for
Cr or Ni, are used. The NHL is given in

Ci,max " [Z(E, rume/TLY D17, (3) cubic meters per hour. Because of these
_ differences, the exposure rating R tis
The resulting relative exposure indices used 1in this report. Values for the
for the electrode brands are given as C, electrode brands appear {in table 5.
values in table 5. ‘ According to this ranking, the ECoCr-A
A second index, the exposure rating, R, . _
{s derived from C, and the FGR, as TABLE 4. - Threshold limit values
(TLV's) for fume constituents
R(m3/min) = %EE_ (4) (4), milligrams per cublc meter
m
- TLV TLV TLV
1f taken literally, it represents the Al....|10 Cr®'..| 0.05] Naeooo| (%)
amount of fresh air per minute needed to Ba.... S Il Fovwoool 245 I Niawveo 1
dilute the fume being generated to a safe Ca.... '1.4 || Feesas| 5 S{eoos| 2.8
level. it is essentially equivalent to Co..-. ol | Keweeol (2) || STeuee ()
the nominal hyglenic air requirements Cre... .5 JMn.... 1 Tiesoo ] (4)
(NHL) developed in Sweden to rate the TBased on 2-mg/m’ TLV for CaO.
fume hazards of electrodes numerically 2None established in reference.
(14-15). The NHL, however, combines all ‘3Based on 6-mg/m® TLV for amorphous §10,.
of the components, using equation 3, 4TLV for Ti0; deleted from reference.
TABLE 5. - Exposure index (Cw) and exposure rating (R)
values for welding electrodes
Group and Cm, R, (F Group and Cm, R, Group and Cms R,
code mg/m>{m>/min code mg/m>|m3 /min code mg/m3{m3 /min
E308-16: _ ECoCr=-A-=Con: Mn=Cr buildup
Aveovosaceas| Lol 370 Mean'....| 0.40] 1,980 wires=—Con:
Beeccosneooo| L2 4000l 2 SDe.......| :.10{21,420 BBZ...e....f 3.8 [ 1,150
Canavvsencas .89 S80 || ENICI: Meanscesos 4,1 1'1“0
Deccvocnsven .92 440 Povesoosssnos| laB 340 2 SDecesaaes| 1.0 +30
Eeennessccooal| 94 500f| Quecocncesee| 1o6 360 AAd.......e0] 4.8 | 1,140
Mean.....| 1.0 460 Revosossasses| la7 350| E7018:
2 SDevenases| 2427 +170 Seceacnosvoes| 1o5 370 CCevvvovnase|ll.b 40
E310-16: Tecaceoonsos| la2 390 DDevesesaaael 1045 49
U B P | 410 Meafteoess| 1.6 360] EEccecssacesl19.8 33
Ceveonnasens| 1.0 5201 2 SDeesoeses| 2.26]  #43)  FFe.eeen....|18.2 26
Heaoovoosooows| 1ol 590 || Mn—Cr buildup: CGevosnveanal 15,7 32
Loveveaaoasa| 92| S00| Usesioeoasae| 4ol 730 Mean.....| 15.2 36
N .84 630 Vevooosonaoa| 2.8 1,180 2 SDueessasel 8.1 +18
Mean.....| 1.0 530 Weeoooowoooss| 38 840| E11018-M: ",
2 SDesvacaas| £.23 +170 Xesovsosanes| 3.9 840 HHeoconaaonel 6.9 64
ECoCr-A: Yeecsasooane| 346 700 Ileeceasneanell5.1 37
Keacaososnne .36 2,150 Meaneeees| 3.6 860 JJeaasanseee|13s6 38
Licecesacses .43 1,320 2 SDevoccese|tls0 +380 KKeooooonaoa| 1307 41
Mecaveonnoee| 46 1,540| Mn=Cr build- LL.cesesasss|llsl 46
Neeeeoosonos| 37| 2,910) up wires: Meane.sso| 12.1 45
[ TR 44| 2,380 220 eeeenonas| 4.5 ] 1,130 2 SDescncese] 6.5 £22

2 8D

2 standard deviations.
TExeludes code 0 data.

3Nominally 1.5 pet Mn, 16 pct Cr.

2Nominally 15 pet Mn, & pct Cr.

A-8
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electrodes, as a group, are 55 times more
hazardous to use than the
E7018 electrodes. Included {n the data
are two standard deviation (2 SD) values

calculated from the data listed. Al-
though not strictly justifiable from the
small number of samples ueed, this sta-

tistic should encompass most of the elec~
trode brands not tested.

The data in figures 2 through 5 were
tested to determine fits to curves of the
form £, = a, + a1f, and £, = a5 + ayf,'/2
+ a,f,, where f, and f, are the elemental
fractions in the fume and electrode, re-
spectively. Although the second curve
gave slightly better fits for each of the
elements, negative values for the coef-
ficient ay for Cr and Fe argued 1in favor

of linear fits for these data. Figure 2
plots data for five of the electrode
groups 1in which Cr was a contributer to
the fume. The least—squares fit shown
is

fer, fume = ~0.31 + 0.66 fcr, iec» (3)
with deviatlons of about 24 pet. All
fume fractions in equations 5 through 10
are in welght percent. More precise fits
result from separately grouping the
CECoCr-A or the stainless steel electrodes

20 T T T T T

KEY
E 308-i6
E 310~-16 Qo p
E CoCr-a

14Mn=ALr

1aMa=4Cr (wiwe)
ZMn=16 Cr (wire)
l Weld=-metal specrficoton

[T
1
sso0Dad

Cr IN FUME | wt pct
o
1

-
1

o lo ls* él

Cr IN ELECTRODE, wtpct

FIGURE 2.—Chromium fraction In tume as (unction of Cr
contant of electrode, Including flux coating, Welding onto
mild-atesl plate,

A-9

carbon steel -

with Mn-Cr electrodes, giving for the

ECoCr=A group
fer. tume = =0e11 + 0.75 fcr, aracs  (6)

and for the stainless steel E308-16 and
E310-16 electrodes combined

- -0505‘. + 0057 fcr' aloc® (7)

fCrv fume

ﬁenn values
for Cr

Shown also in the figure are
of the weld-metal specifications
in these alloy groups. These values,
representing the Cr level in the weld
deposit, are the only Cr fractions gen~
erally available. '

Levels of hexavalent Cr 1in
did not follow a pattern with respect to
total Cr content in the electrode. The
valence of the Cr is sensitive to the
flux composition, which is quite complex
for these electrodes.

A linear fit to the Fe data (fig. 3) is
given by

the fumes

frer fume ™ 0:916 + 0.45 fro g1ece  (8)

Again, scatter is significant at about 30
pct. The weld-metal specification values
are shown also. The Mn and Ni data are
described by the relations

40
I | l8 |
KEY R e

E 308-16 o

E JI0 -6

E CoCr—-A

£ NiCl
MMn=-4Cr

E 708

E 1HOIB-M
Weld-metal

specificaton

30 =

qoo0+09D

20 =

Fe IN FUME, wt pct

R A

1
o] 20 40 60 80 100
Fe IN ELECTRODE, wt pct

FIGURE 3.—Iron fraction in fume as function of Fe content
of electrode, including flux coating. Weiding onto mild.steel
plate,
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Emne tume = —0+99 + 4,60 £ 2., olec electrodes Ls 0.5420.06. If {ts fuming
_ rate were linear with electrode concent,
+ 0.57 fun, elec? (9) Co would fall between Fe and Cr in fuming
and propensity. It does not follow in order
of 1its vapor pressure, which is lower

Enivrume ™ <078 + 1.59 £1/2y, 0 g than that of Ni. _
Partly because of the 1low fuming po-=
- 0.04 £/, H1eer (10) tential of Ni, the exposure index for the

EN{CI electrodes was detarmined primarily
respectively. Figures 4 and 5 give the by the Ba content of the fume, with eec~
data and the weld-metal specification ondary contributions from Sr and Ca.
values. Mn comes the closest to matching Although the fuming potentials for
these values in terms of the total elec- these elements, as determined by ratios
trode c.ntent. 1ts propensity to fume is of fume to electrode fractlons, were
substantially greater than that of the
other metals shown, while Ni displays the 20

least. The curves, combined in figure 6, TKEY ! ' . '
show that these metals fume in ascending & E£308-16
order as Ni, Fe, Cr, and Mn, roughly in sl v £ 310-18 _
proportion to thelir vapor pressures. E’E:‘:‘g"
Because Co was not present in the other O 14Mn-4Cr
electrodes, the data for it were not 15151’.;'.'.. tpecitication *

plntted. The mean ratio of fume to elec-
trode fractions for the five ECoCr-A

40

Ni IN FUME, w! pct
o

T T 5 -
[-]
o 3
o dé 20 40 €0 80 100
Ni IN ELECTRODE, wt pct
30~ - FIGURE 5.—Nickel fraction in fume as function of NI con-
tent of electrods, including flux coating. Weiding onto miid-
stesl plate.
F
3
. a0
[T
2 20| — S
[V -3
z ¥ -
£ KEY o
& E 308-i6 -3
v E£310-16 2
O ECoCr=A
« ENCE
10 o 1aMn-4Cr ___ Z 20 -
@ 1AMA=4Cr (mwe)
® 2 Mn=I6Cr(mire} ;
¢ ETOIB w
w ENOIB-M =
¢ Weldwmetol speciiication 8 to -
=
o
: Q
I § |
o g 10 20 30 ! ! 1 L
Mn IN ELECTRODE, wipct 0 20 40 60 80 100
COMPONENT IN ELECTRODE, wt pct
FIGURE 4.—Manganese fraction in fume as function of Mn
contant of electrode, including flux coating. Weiding onto FIGURE 8.--Comparison of elemental components of fume
mild-steel plate, to their respective contents in alectrode.
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substantially higher than for the filler of ft to the corresponding mild steel
metal components, the scatter was too weld component from the fume of the same
great to be of use in predicring fume electrode code. The uncertainties arc

contents of untested electrodes. calculated from the code D replicate data
(table 3) using the t statistic. Values
ALLOY SUBSTRATE for hexavalent Cr and Co  were estimated

at *9.5 and %26.3 wr pct, respectively.
The components of interest in the fumes in only a few cases do the results indi~
of electrodes deposited onto double-layer cate a significant increase {n the compo-
alloy deposits (the substrate) are those nent fraction arising from the alloy
found in the deposited filler metal. substrate. The 9-pct rise in Co and a
Fume compositions for the five electrodes 16~pet rise in Cr in the code L electrode
tested this way avpear in table 6. fume are troublesome in terms of welder
Except for hexavalent Cr, elements not  exposure because of their already high
exceeding 1 pect in the fume from mild level in the fume. The other elements
steci weldiny were not analyzed for in showing large fractional increases are at
the alloy welding fumes. Below each ele- low enough levels as to cause minimal
ment fraction in the table is the ratio  concern.

TABLE 6. ~ Chemical composition of fumes generated from electrodes
weld-deposited onto double-layer alloy substrates, weight percent

E T 1 3 Y
. _|Fume Ratio' |Fume| Ratio' |Fume Ratio' |Fume| Ratio' |Tume Ratio’
Covssancs] NA NA| NA NA|25.4 |1.0920.07| NA NA NA NA
Zee.....0 8.7|1.0 #0.1 |12.5[1.0820.1 [18.2 1.16¢ .11] NA NAl 2.1 [1.0 20.1
cr®*....| 4.2| .88+ .08| 4.8| .87 .08 2.0 | .87+ .08 NA NA| .36|1.4 ¢ .1
Feveuens| 17.6] 942 .05[16.2[1.06% 06| 2.2 "67+ .04| 2.7|0.93+0.05|3C.8 [1.02% .06
Moo oo..| 7.2 .96% .05{ 7.8| .94 .05] .12} .04 .00l NA NA[29.2 | .99% .05
Nioooounl 2.8{1.6 ¢ o1 | 5-6f1.1 % .1} 1.1 922 .07]110.4] .90: .07} 2.5 [1.9 * .1l
Si......| 4.2| .95t .06] 3.8] .842 .06 _NA Na| 1.7] .63% .04] 3.5 |1.6 * -1

NA Not analyzed.
'Alloy-generated component to mild-steel-generated component.
2petermined by acid leach-titration.

DISCUSSION

The exposure indices determined for the or E111018-M steels should bias the
eclectrodes can be useful in a number of selection towards the leamner electrodes.
ways. The mining personnel responsible (It might be noted that a ¢ statistic
for specification of welding consumables test shows no significant differences ho-
could use these data to guide their sel-  tween the indices of E308-16 and E310-16
ection of electrodes. Often, more highly or between E7018 and E11018-M. A larger
alloyed austenitic stainless steel fil- sampling might confirm the glight differ-
lers are used to repair quenched- ences seen in the taole.)
and-tempered steel structural components Knowledge of relative exposure hazards
because they are considered more "for- of the various types .of electrodes would
giving” to less than optimum welding also alert the welder to take extra pre~
practices (16). The order of magnitude cautions during welding when using elec~
difference in exposure indices between trodes with higher exposure indices.
the stainless steels and the E7018 Those with knowledge of any total fume

A-11
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P9-44-85 (REVISED 15/9/86)

FUME GENERATION AND CHEMICAL ANALYSIS OF FUME FOR A SELECTED
RANGE OF FLUX-CORED STRUCTURAL STEEL WIRES — AWRA DOCUMENT

By L.D. Henderson*, U.E. Senff** and A.J. Wilson***

ABSTRACT
This report sets down the collected fume resuits from a range of nine classified wires supplied by five welding
companies. The intention was to look at commonly used flux-cored wires in the structural welding field and investigate the
fume characteristics by operating the wires at the manufacturers’ recommended conditions.
In part. the results have been compared with similar work completed by A WS and they show reasonabie correlation.
The report also describes the methods employed in collecting the fume by an elecrrostatically assisted filter and the
technique of elemental chemical analysis using x-ray fluorescence spectromelry.

INTRODUCTION
This investigation whic? is an extension of the AWS

data on flux-cored welding wires was intended to give an

overview of the consumabies used in this segment of the
industry to see:
{a) what level and type of particulate fume was gener-
ated. and
b}  how this would show up in the classified divisions of
the consumaoles.
The following ciassified electrodes were employed in
the exercise.

AWS SAA TYPE

T E70T £TD-Cp-W502H (Gas shieided
ETIT " ETP-Cp-W502H & Mp Gas shieideq
E70T -~  ETP-Cp-W502H & Mp Gas shieided
E70T T - Gas shielded
E70T-- ETD-No-W500 No gas shieid
E70T-5 ETD & P-Cp & Mp-W503 Gas shielded
ETOT-7 ETD-NN-W500 No gas shield
E110T5-K3 Not classified Gas shielded
E717-11 ETP-Nn-W500 No gas shield

~ Not nominated by the suppiier.

These classifications are defined in the AWS Codes
AS5.20" and A5.292 and the Australian Standard AS2203%

The programme was divided into sections. The
CSIRO Division of Manutacturing Technology in Adelaide
carried the operation of running the wire at the recom-
mended welding parameters and measuring the fume rate
(g/hr) and the fume produced per kg of consumaoie (g/kge).

Samples of fume, electro-deposited on hard filter paper
and then collected by scraping, were then sentto BHP Steel
International Port Kembla for chemical analysis.

In order to facilitate the testing operation the iollowing
information was requested from the electrode supplier for
each consumabile: current; arc voltage; wire feed rate: travel
speed; contact tip to work distance; gas shielding; chemical
glements in the wire; and electrode angle 1o work.

1 FUME MEASUREMENT EQUIPMENT

CSIRQ Division of Manufacturing Technology deve-
loped an electrostatically assisted felt filter system to cope
with the high fume generated by the fiux-cored range of
wires. The AWS experiments on flux-cored wires of the
E70T-1 type showed that deposits were of the orderof 12 g
per square metre of filter and this was collected in 30
seconds.

Since some wires would produce fume atarate of 10
times this figure, the limit of 12 g/m? would be reached in 3
seconds, which is too short for testing these wires.

*  CSIRO Adeiaide Laboratory

**  BHP Steel International
= AWRA
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The AWS report also mentioned clogging and over-
loading being a problem possibly occurring at the high
generation rate of 200 g/hr, and if a reasonable filter load
before clogging is taken to be 15 g'm? the maximum arc
time would be of the orcer of 13.5 seconds.

When a tubular open ar¢ harcfacing electrode was
tested locally in a device similar to a Swedish Fume Box
and using 2 memorane of 200 mm diameter (area 0.03 m?),
the system was hepelessly clogged very shortly after the
testbegan. From the visual evidence of fume production as
compared to a flux-cored, gas shieided electroce, it was
apparent that a system iess susceptible 10 clogging would
have to be designec.

The immediate search for a filter medium of greater
flow. perhaps compensated by a larger effective area and
thicker cross-section (ie. longer trapping path), was centred
on the materials used in bag-houses such as exist at igad

oo ii
1O tewtRRUGAL [ImaySY |
| ) ! ;

CLAw i JUBIACES
wint aviY EalTe
Ny - /

e [y
-}

=
POLYESTER FELT CarTURE l@'hﬂ/ Fp—
A 3
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COMNDUCTOR 10.000v
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FUME COLLECTMG JxmT
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FIG 1. HIGH INTENSITY FUME COLLECTOR.
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FIG 2. FUME BOX ASSEMBLY (WITH FRONT
PERSPEX PANEL REMOVED).

smeiting works (ie. CSIRO considered filters used at the
Port Pine Smeiters). All possible sources of fiiters, felt cloths

andtne like werg contacted for samples and information. In

order to recuce the tendency of fine particies to pass
througn the intersticies detween filter fibres or the like. it was
decided that a corona beam should suopiy Gaseous current
in the direction of flow of the panicies in the air stream. to
constrain the particies to & path perpendicuiar to the equipo-
tential planes and nence to a site on a soiig surface. ie. the
filter fibre. The thoughts benind the electrostatic aig to filtra-
ton fcilow naturally from the benaviour relationships
between chargea substances, ie. thick film insuiators dis-
charge mechanisms of absorbed gas layers anc cther eiec-
rrostatic phenomena.

The final choice was a felt made from polyester fibres.
and an array of needle points at 12.000 volts procucing
point 1o piane electncal corona discharges 1o this feit isee
Figure 1),

Fume monitoring requires that the rate of collecticn
versus time be constant, ie. at the first indication of a dimin-
ished rate of capture. which is defined as the onset of
clogging, the fume collection must be ceasec.

Typical CSIRO collection times for fume rates of 200
g/hr (which is quite a high rate) was 30 seconds and for very
high rates of 800 g/hr the times were reducec to 10
seconds.

Onset of clogging was found to occur at afilter loading
of 15 g:m2 of filter area or higher.

Figures 2 and 3 show the Fume Box arrangement -

and the gun adjustment mechanism for adjusting electrical
stickout.

Avictralinam Woldinm Dacaarrcrh Maramhoar 1984
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FIG 3. CLOSE-UP OF TORCH SHOWING THE
MECHANISM FOR GUN ADJUSTMENT.

2 METHOD OF CHEMICALLY ANALYSING

THE FUME

Knowr weignts of the welding fume sampies ranging
rom 0.1 to 0.5 grams. depencing on sample availability
were mixed with 8.0 grams of a lithium borate flux (12 parts
lithium tetracorate to 22 parts lithiurn metaboratej in Pt-Rh-
Au zlloy crucibies. This mixtura was fusec in a muffle fur-
nace for 15 minutes at 1000°C swirling the metal at five
minute intervals {0 ensure compiete sampie qissolution and
homogeneity. The metal was then cast into Pt-Rh-Au alloy
moulds also heated to 1000°C. On cooiing, this oroduced
glass Deacs 40 mm in giameter suitadie for analysis on
x-ray fluorescence (XRF) spectrometers.

The concentration of all elements in Table 2 except
fluorine were determined on a PW1400 wavelength disper-
sive XRF spectrometar. The spectrometer was 2quipped
with a chromium tupe powered at 50 kV and 30 mA, Mea-
surements were made on the Lo line of barium and Kz lines
of the remaining elements. All measured lines were cor-
rected for background and line overiaps if present. Matrix
effects were accounted for using matrix cdefficients
obtained from a fundamental parameters programme writ-
ten by one of us (UES) which is based on the method of de
Jongh?,

The concentration of fluorine was not determined in
the PW1400 due to the low excitation efficiency of the
chromium tube for this element.

Fluorine concentrations were‘ therefore determined
on a PW1600 wavelength dispersive XRF spectrometer
using a rhodium tube at 40 kV and 50 mA. The concentra-

[+
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TABLE 1 RESULTS OF FUME TESTING BY CSIRO ADELAIDE FUME_GENERATION DATA

Flux Cored Welding Wires (Gasless and Gas Shieided)
M. = 25% CO: in argon
M: = 16% CO., 2.5% Q. in argon

¥

V¥

SAA AWS Travel Fume Gen- Fume Genera-
Classification Classification dia Current  Veoltage  Speesd eration tion per kg of
mm mm: min Rate g/hr slectrode
gikge

1 ETD Co-W5024 EY0 T-1-CO» 18 275 ‘28 360 30 120

2 ETD Cp-wa02H E70 T-1.C0. 1.8 330 28.5 310 33 7.3

3 ETD Mp-w502 E70 T-1.M, 1.6 200 30 610 1G0 154

<4 " c70 T1.CO: 2.4 450 28 485 73 94

z : £70 T-1-CO- 24 550 33 575 20 T80

(<] ETP Mp-W302 E71 T-1-M: 1.2 240 26 310 45 9.0

7 ETP Co-W502H E71 T-1-CO: 1.2 240 28 345 4a& 9.0

8 ETP Cp-wWs02 E71 T-1-CO- 1.2 250 N 410 40 7.3

2 ETP Mp-W502H E?1 T-1-M. 1.6 275 26 310 40 75
10 ETP Cp-W8&02H ETY T-1-CO: 1.8 27t 27 310 2 8.7
11 =T0 Mo-W304H £71 T-1-M, 1.8 300 28 360 38 134
12 ETP Co-W502 E7 T-1-CO- 1.6 350 32 510 &3 501
33 ETD Mp-W5(2H Z70 T-G-M: 16 340 30 470 48 73
14 ETD Co-wW502H €70 T-G-CO: 1.6 340 32 463 52 B.3

s £T0 Mp-ws02H ETOHT.G-M- 1.6 350 325 190 30-80 47-9.4
15 ETD Co-W502H E70 T-G-CO: 1 380 33 560 63 8.+
17 ETD Cp-wst2H ETOT-G-CO: L 450 32 530 TG 8.3
18 - E70 T-2-C0: 1.6 300 27 350 60 11.9
19 * ETD T-2-CO- 156 375 30 480 72 98
20 ETD No-WEQ0 E7GT-2 24 325 28.5 360 25 7
21 ETD Np-W5B00 E70 T-4 2.4 350 30 400 112 146
22 ETD Np-W500 ET0T-4 3.0 400 28 36C 115 218
23 ETD No-W500 E70 T-4 3.0 420 28 340 180 19
24 =TD Np-WS00 E70 T-4 30 470 28-29 385 240 ‘23
25 €7D Np-W530 E70 T-4 3.0 530 31-32 530 350 26
26 £TD Mp-W5s03H E70 T-5-M, 1.6 3c0 26 340 48 8.8
27 ETD Co-WSQ3H £70 T-3-CO- 16 300 28 370 85 1.3
28 ETP Cp-W503H E70 7-5.CO- 1.6 360 32 510 105 147
29 ETD Mp-W503H E70 T-5-M, 16 400 30 500 85 12.2
30 * £70 T-5-CC: 24 300 26 290 95 18.8
3 £7D Co-w3503H E70 T-5-CQ:- 2.4 400 28 470 100 17.3
32 ET? Co-W503H £70 T-3-CO. 2.4 400 32 480 10 18.4
33 y E70 T-3-CO: 24 500 32 609 196 223
34 ETD Nn-W500 - E70T-7 2.4 200 21 1 70 23
35 ETD Nn-W5Q0 E707-7 2.4 340 25 3c 180 29
36 ETD Nn-W500 ETQT-7 2.4 490 30 550 430 a1
37 e E110 T5-K3 CO, 2.4 370 32 360 120 20.8
38 ETP Nn.-wW5s00 E71 T-11 1.7 120 19 110 25 19
a9 ETP Nn-W500 E71 T-11 1.7 140 19 120 40 21
40 ETP Nn-w500 E71 T-11 17 200 19 160 50 17

" Supplier has not orovided Australian Classification.
*~ There is no Australian Classification.
B-5
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ORDER OF EXPRESSION FOR AUSTRALIAN SAA CLASSIFICATION SYSTEM (AS 2203)

Tlecrrode
Tubular Construrtion
welding Fesicion

Single n=m (if

applicable)
2T XS H
Tirzt Zroup Second Group

Co Mg 2rz,

tions of the remaining elements of Table 2 with the excep-
tton of V. Ni, Cu and 8a were also determinec on this
instrument for use in correcting for marrix effects on the
fluorine Ka radiation and to provide a check onthe PW1400
results. .

Concentrations of V. Ni. Cu and Ba were not ceter-
mined on the PW1600 because axisting calibrations on this
instrument dic nct include these eiements.

Since 2 glass bead technique was used 1o prepare

the samples, panicle size and mineraiogical effects on the.

ntensities of the analyte tines are eliminated and matrix
effects are greatly reguced. The effect of omiting the fluo-
rine matrix corraction to the determined concentrations of
the remaining slements measured on the PW1400 was
thus expecred to be small due to the small matrix coefficient
of fluorine or the remaining elemerts. The effact of exclud-
ing V. Ni Cu anc B matrix corrections in the PW16C0 results

wvere also expeciec 1o be small due to the low concentra-

ftions of these alements in the fjume samples. These expec-
tations were confirmed by the close agreement between
results obtained on both instruments.

3 RESULTS

The wires have been classified according to AWS
and SAA. The essential parameters lisied for sach are
snown in the Tables.

Tabie 1 shows the fume generation data {intrinsic or
total particulate matter generated over a specific arcing
time). The generation rate is measured in gms. hour. There
is also 2 figure showing generation in gms kg of electrode
wire t0 show the effect of welding procuctivity, which is a
feature of these wires. '

Table 2 shows the elemental analysis of furhe depos-
its as a percentage by weight.

Table 3 shows the weld parameters nominated by
manufacturers for their particular flux-cored wires.

Tabie 4 shows the comparison between CSIRO and
AWS fume results for 3 wire types E70-T1, E70-T4 and
E70-T5. [AWS had a limited range of F'C wires.)

Figure 4 shows fume generation graphs in g/hr
related to the welding current for various types of wire. The
graphs are shown for each wire classification and freehand
curves have been drawn between the points.

Figure 3 shows the weight of fume per kg of electrode
consumed, related to welding current for various types of
wire.

4  DISCUSSION
The method of fume coilection established by CSIRO
Adelaide is an important one for coping with the high fume
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and current type
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Weld Mecal
0.1 Tensile Strength
Trgact Energy Grade Mo.

Controlled Hydrogen
I (if appiicable)

WX Y H

generation processes associated with flux-cored wires.
The abiiity to operate the weiding for long periods before the
onset of clogging means that the results can be more accu-
rate dug to ionger averaging times.

Comparing the resuits with some similar work com-
nieted by AWS in 1979 shows by and iarge agreements in
the major fume measuring parameters for three types of
wirg. Table 4 is a comparison that has been made on results
for the type wires E70-T1, £E70-T4 and E70-T5. The com-
parison is limited because the other wire tvpes were not
tested by AWS. There were also limitations in the wire sizes
available for compariscr as the more recent trend is to use
thirner wires particularly for out of positior welding. Given
the changes in welding conditions between the two sets of
test figures there is reasonable cerreiation between the
results.

The work completed in this study extends previous
data® orn fume generation and anaiyvsis o electrodes
covered by the AWS classifications E71T1, E70T8. E70T2
E70T7, E110T5-K3 and £71T11.

By using XRF to analyse the fume. the presence of
elements of atomic number greater than eight could be
detected and quantitatvely determined. However, the
method precluded a stucy on the lithium content of the
fume. a component kKnown to De a minor constituentin some
siectrodes. _

Smail guantities of strontium were found in the
E71T11 electrode fume. This is not considered significant in
terms of health risk.

The various wire classifications conformed in a
generai way chemically. despite the variety of wires being
tested from five different companies, ie. the gasiess wires
contain levels of alumimnium, magnesium, caicium and fluo-
ride. the basic wires are high in fluoride and calcium whilst
the rutile eiectrodes are higher in titaniurn, etc.

The significance of these results is that they can be
used for estimating the requirements of ventilation, The
limitanon of respirable air for dust loading at 5 mg/cubic
metre will be rapidly exceeded by many of these wires in a
confined location. The individual element fimitation for iron
oxide and fluorides is also likely to be exceeded in ¢onfined
areas.

Overall, the results show that gasless wires type
E70T4, E70T7 and E71T11 have higher fume generation
than gas-shielded wires although the figures are modified
when the deposition rate is considered.

Small amounts of bariurn were measured in the gas-
less wires E70T7 and E71T11 but.only negligibie amounts
in the E70T4 type.

The gasless wires have the ability to withstand wind

7
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TABLE 2 WELDING FUME ANALYSIS

Elemental Composition in %

Sampie
Classification No. Ti Si Fe Al Mn Ca Mg S K Na Cr F Zn Ni  GQu Ba vV Sr
1 S70T.1C02 4 25 55 455 03 108 A B 1 M} 05 06 30 02 <1 10 03 R M 03 ND
2 ET0T1002 18 28 53 378 4 935 29 48 29 A 53 .02 9.4 15 03 13 < 04 ND
3 S70T-IMm1 3 N 34 528 27 72 a6 30 a5 a3 96 <O .1 02 04 AT <D 009 NI
4 ETOT-1CO2 40 22 75 431 03 135 o7 G5 04 29 10 04 <1 04 08 32 <01 03 ND
5 ETQT-1082 41 22 T3 437 Q3 133 a7 05 04 29 10 o4 o< M a8 a2 N0 2 ND
1 37 55 387 .1 135 25 09 04 2 3§ 03 < 08 02 1T <01 95 ND
2
1 55 34 393 79 100 Ad 7 a0 8 45 0 15 03 2 «<2Y 09 ND
] EE] T 3 w3 143 29 12 10 o8 38 02 . .08 05 18 <h 06 ND
8 i5 TT 34 28 142 25 a2 g nse i3 - a2 08 05 19 <1 %6 ND
[ 27 29 382 - 178 ta as 08 12 43 03 06 04 LRI 1 04 ND
12 50 36 3.0 & 105 14 K-y a7 a3 36 02 g2 6 20 <o 38 ND
13 E707T-5-M2 25 3 46 =31 32 143 o7 05 05 1.7 31 01 <0 el 29 L 24 ND
T4 ZTO0T-G-C02 22 A.9 4 9.0 7¢ 149 & 12 o4 13 18 03 4 33 21 < 10 ND
07-3-M2 0 13 58 46.3 v 133 AL -2 07 Q2 05 01 Ta a3 13 <5 208 ND
0T-G.C02 26 69 4 90 74 140 50 12 G 13 6 Jox] 2 45 21 o 0 ND
07-G-CC2 23 49 &5 0.5 58 158 2 07 05 1.3 13 03 A 41 2 02 08 ND
16 E707-2-002 42 17 42 474 05 105 o 05 28 15 41 o1 <t 2 ] 28 2 52 ND
19 ZTOT-2-C02 13 17 =3 474 ns 105 a7 05 .08 H- T N <3 02 82 08 <M Jj2 ND
20 7074 16 0 28 213 82 7 198 89 23 13 T - 185 03 05 0 C1 -.005 ND
2" ZTOT-+ 7 02 81 200 2 1.4 139 e 28 3 20 4 156 04 02 08 <01 -LDeE ND
22 ETCT-+ -] kg .28 283 8.2 1.0 143 -} 8 32 5 - - 135 <O a6 06 o1 00 NE
32 01 =9 258 T T8 147 101 i) 18 27 EH 184 09 23 G5 04 .J05 ND
3 o )t 19 259 g4 16 3.9 27 7 20 08 <) b -X N g2 05 04 2005 NO
30 01 19 s2 6.4 1.3 150 1.0 o6 21 43w 16.2 1 22 12} 04 005 ND
24 a5 22 azr e Ty o129 T2 0e 44 b T 1 191 H- hE 435 L0 005 ND
20 12 2 362 -} T8 139 AR K 43 4 01 21 *5 03 29 = 005 ND
14 04 338 a7 A TT 0.0 kA vt 08 19 2 B3 o4 Q2 LIt 0t ND
3 19 za 36.7 27 84 124 < 03 el 22 =N 150 26 a2 29 03 208 ND
-~ 28 33 3 A3 120 197 a2 27 Lrs o2 15.5 04 o3} 09 n o1 N
21 24 34 259 HE 4.8 186 i e 5z 1 a2 225 T 02 a0 005 ND
- 13 5 35 383 1 80 2.0 3. e e 15 L3 2.3 T a3 18 LD g2 ND
23 E70T-5-202 48 29 3.3 343 '35 120 0.7 RS ) 27 17 Q2 133 g4 . M 09 01 21 ND
34 ETCT-T 38 ol) 15 218 75 7410 T 22 1T 10 12 28 02 e .Gd. 6 <005 ND
25 ETOT-T kr) O 2 2es 77 74 10 168 ) T 05 No)l "7 0z ka2 25 7 -.BG3 ND
36 STOT-T ] o .08 2862 78 18 8.2 133 6 4 10 o1 104 Nz Q3 et k-] 605 12
37 =Z11375-K3CC2 © 9 0 4.3 375 32 97 ar <L 0s ol 43 o1 1310 0a 5+ 18 M 02 ND
38 7T 35 o < Jas 2 12 <25 L 0 < 33 N 44 ks fex 06 a4 <1805 29
39 =TT 34 Rl <01 i 6.6 12 «20h5 132 ar o<« A5 Koy ER| Q3 wd 0a 3 L2005 4z
a0 =TT 23 2t < 287 T 12 05 23 < 42 <M g5 03 03 4 3 L0 58
TLY TWA img m? Ay —_ -— 3 3 2 0 3 - - 2 3 2 3 Q5 x
TLV STEL 'mg md A - 20 10 — k| - — 10 — - 4 "0 3 - —_ — -

TLV lavers for Time Weigntea Average :TWA) anc Short-Term Exposure Limuts i(STEL,; are taxer from ma Nanonal Heaith ard Meaical Researcn Councl (Threshola Limit Values 1983-84"

ND = Not Deteciec

TWA = Time Weightea Average

§TEL =  3hon-Term Exposure Limn

TLV ®  Thresnolc Limit Vaiue

Cr2.2.8 = are giftarent torms of Chromium with soecific TLV lavels.
¥ =  Cansidered o be very sumiar io Ca

effects to a resonable degree and hence these wires are
commonly used in field applications, thus minimising the
problems of ventilation.

REFERENCES

1 ANSI AWS A5.20-80 — Specification for carbon steel elec-
trodes for flux-cored arc welding.

Australian Welding Research, December 1986

AWS A5.29-80 — Specificanon for low ailoy steei electrodes tor
flux cored arc welding.

AS2203-1881 — Carbon steel electrodes, cored (for arc
welding).

X-ray Spectrom by W.K, de Jongn. 2(1973) 151.

Fumes and Gases in the Welding Environment. American
Weiding Society (1979).

-

trs

g -

X LN



61 oM, E70-T1 B E71-T1
14 ELECTRODE 12 ELECTRODE
12 c 11
10 ;c’) X S 0 2
Y =)
8 c 9k
(® ~ 1.6 mm Wire Dia) (® — 1.2 mm Wire Qial
6 (x — 2.4 mm Wire Dia 8 . {x — 1.6 mm Wire Dia)
4k 7 c - -
WELDING CURRENT 5 ' WELDING CURRENT.
2 1 ] [ { 1 1
200 300 400 500 600 200 300 400
E70-TG 12f- E70-T2
[_ ELECTRODE ELECTRCDE
10 M 110
: xC
- D
g / o2
2 c B
8 r— o C 7 Sk
-1 M. (® — 1.6 mm Dia) 8k
d {(x = 2.4 mm Dia) (® — 1.6 mm Dia Wirg)
6 4™
- !_ WELDING CURRENT 5 WELDING CURRENT '
b=} 1 i 1 L J
300 350 400 450 200 250 300 350 380
E70-T4 30k . E70-T§
26 {: ELECTRODE / ELECTRODE
-]
24 2 :
¥ E) 2'
2 A 204~ c __—
X X
= C
200 ©
X C M;
-1, ia Wi i (® — 1.6 mm Wire Dia)
186 x =30 mm Dia re) M (x — 2.4 mm Wire Dia)
14 W?LDING CURRENT : 0 WELDING CURRENT
200 300 400 500 600 300 400 500
E70-T7 E71-T11
ELECTRODE ELECTRODE
40
20~ /‘_\
[+4]
2
30 3
(® — 2.4 mm Wire Dia) 10k
(® — 1.7 mm Wire Dia)
20
L WELDING CURRENT WELDING CURRENT
15 ] { L ] ) | ] 1 B ] 1 )
200 300 400 500 600 110 120 130 140 150 160 170 180 190 200
FIG 5. WEIGHT OF FUME PER kg OF ELECTRODE g/kge.
B-9

10

Australian Weiding Resaarch, December 1986




. “ TABLE 3 WELDING PARAMETER DETAILS

Classification Gas Torch Stick- Wire Classification Gas Torch Stick- Wire
Flow Angle out Feed Flow Angie out Feed
litres/ degrees mm  metres/ litres/ degrees mm metres;
min min min ) . min
1 ETOT-1C02 15 80 20 5.0 26  E70T-3-M1 10 75 25 75
2 E7QT-1C02 20 90 25 108 27  E7QT-5-CO2 10 75 25 8.0
3 E70T-1M1 15 80 20 7.4 28  E70T-5-CO2 20 80 25 9.0
4 ETOT-1CO2 20 75 25 44 29  E70T-3-M1 15 80 20 8.5
5  ETOT-iCO2 20 75 25 5.4 30 E70T-5-CO2 20 75 25 2.7
n E70T-5-CO2 10 73 25 34
6 ETIT-1-M1 15 80 20 126 32 ETOT-5-CC2 20 a0 25 35
7 ET1T-1-CO2 - - - -_ 33 E70T-5-CO2 20 75 25 31
8 ETIT-:-CC2 20 30 25 128
g ETIT-1-M 15 80 20 5.7 34 EVOT-7 — 60 40 19
10 E71T7-1-C02 15 80 2C 56 35 £70T-7 - 680 10 28
1" E71T-1-M1 _ 15 80 20 5.2 36  E7O0T-7 - 60 40 5.85
12 E7T1T1-CO2 20 80 25 104
37 ENOT5-K3CO2 20 90 25 33
13 E70T-G-M2 10 75 25 8.4 ,
14 E70T-G-CO2 20 75 25 8.2 38 ETMT-1 - 73 20 1.
15 E70T-G-M2 20 80 25 7. 33 ENT-1 - 75 20 1.9
16  E70T-G-CO2 20 75 25 9.8 4 EMT-M - 75 20 28
17 ETOT-G-CO2 20 75 25 4,
18 E7OT-2-CO2 15 75 20 6.4
19 E7OT-2-CO2 15 75 20 9.1
20 E70T-4 - o0 40 3.8 = TRAVEL
21 E707-4 -_ 80 50 48 /
=T0T-4 —_ it
5 cror - 0% n TORCH ANGLE =
24 ETOT-4 - 60 7 445 { _y
25  E70T-2 -_ 60 70 57 l ./—\ RRRIARA N

TABLE 4 COMPARISON OF FUME GENERATION RESULTS (AWS2AND CSIRO)

Fume Weight
Reference Wire Current — amps Voltage Fume Gen'’ to Weight EI" Stick Out
and Size Malt Rate (kg. hr) (volts dc) g-hr g-kge (mm)
Classification  (mm) :
AWSE CSIRO AWS CSIROQ AWS CSIRO AWS CSIRO AWS CSIRO
E70-T1
[AWS 44°, Tables 445:(8.17) 450 (7.9 29 28 61 75 75 9.4 254 25
B12 and B43)° 24
(CS!RO Nos. 4 & 5) 515/{8.9) 330.19.9) 28 33 79.2 90 7.9 9.0 254 25
£70-74 .
(AWS 48¢, Table B12V 385,(9.2) 350.(7.6) 32 30 178 112 19.2 145 70 50 -
24
(CSIRQ Nos. 20 & 21) 390/(9.2) 325(5.5) Ky 285 177.6 95 19.1 17 70 40
E70-T5 '
IAWS 44° Table B13)° 425,(8.7) 400;(5.7) 30 28 136.2 100 155 17.3 38 25
24
(CSIRO Nos. 31 & 32) +45.(8.8) 400(5.9) 31 32 1356 110 154 18.4 38 25

a = Amencan Welding Society Data taken from, “Fumes and (ases in the Welding Environment”. 1979.
n = Appendix B of AWS puolication (see a).
¢ = Electrode Cooe No. in AWS Publication {see a).
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PROCESS-DEPENDEHT CHARACTERISTICS OF WELDIHG FUME PARTICLES

KLAS G MaLmguisT!, ceap Jonansson?:?, mars BOHGARD' *2 AND K ROLAND AKSELSSOM?

1. Department of Huclear Physics, Lund University Institute of Sclence and
lechnology, Box 118, S 220 00 Lund, SHEDEH

2. Department of Working €nvironment, Lund Unlversity Institute of Sclence and
Technology, Box 118, S 224 00 Lund, SWEDEM

3. Department of Enviromental Health, University of Lund, Stlvegatan 21,
S 223 62 Lund, SWEDEN

INTRODUCT 10K

In electric-arc welding operzlions more or less hszardous particles are _
generated. Thus there is a need for actions against health effects such as changes
of welding techniques and welding parameters, changes of jolning technique, local
exhausts, respiratory protective equipment, job rotation and robotization. To
glve priority to actlions tnvelving economic as well as heslth factors, there is
s need for rellable dose-response relatlons and for good exposure data. For bolh
of these nseds extensive dala on process-dependent characteristics of welding
fume particles are of utmast importance.

This paper describes a comprehens bve Investigation of the tota) mass emlssion,
particle size distribution and elemental composition for 13 different welding
methods at different currents and voltages. The oxidatlon state of chromium was
atso investigated where applicable. See ref. 1 for an extensive report of this
work performed at the Lund Institute of Technology. the results are discussed in
the Vight of some recent results from tha Vitersture.

EXPERIMENTAL ARRAHGEMENTS
Sampling equipment

Figure | shows the design of the sampling arrangement. The welding takes place
beneath ths aluminium hood. The velocity of the air Is low (<0.15 m/s} around
the welding point to ensure that the welding process and the aerosol formation
are not significantly affected. Vo obtain the size distribution the welding
serosol was sampled by & Battelle-iype single orifice cascade lnpu:lurz drawing
% Vitre/min. For an accurate investligatlion of the eiemental compasttion of Lhe
welding serosols, a membrane fllter arrangement was used. The flow-rate was
1-3 1/min, To determine ihe total mass of the welding aerosol a glass Fibre
filter wes used.
Ansiytical methods

In this Investigation more than 3000 samples have been anzlysed for many
elements. The multi-elemental analysis method PIIEJ. Particle Snduced %-ray
tmisston, was wsed for quantiflcation of s}l elements heavier than phosphorous.
A nuclear reactlon, 'grtp.a1]|50. was used for fluorine annlysis‘. An analylical
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Fig. 1. Sampling equipment for the characterization of welding aerosels, The
lrgous lndizfte gha air velocity in different parts of the system,

procedure was developed to quantify the masses of soluble and 1ess soluble
cr(I11} and Cri¥1) {ref. 5). This procedure includes the PIXE method, electron
spectroscopy for chemical anatysis (ESCA), a spectrophotometric method and trans-
mission electron microscopy {TEM).

EXPERIMENTS
Sampling procedures

Table 1 shows the electrodes used in this investigstion, For each of the
electrodes the welding current was varied within the intervals recommended for
each of the electrodes by the manufacturer, white the welding voltage was
varied in an interval significantly larger than the recommended in order to
enhance any systematic effect on the fume production.

For the direct current SMAW (Shielded Hetal Arc Welding) methods reversed
polarity [positive electrode) was used. The welding was performed manually by

———

1

Electrode Type ﬂusai-ciass.

Coatling/Gas Dam. {nun}
1 DK 38.65 SMAM iron powder, low hydr. £ 1028 1.25
zlrconium added
2 OK 38.85 SHAM {ron powder, Yaw hydr. [ 1028 5
rutite
J 0K 38.95 SHAM fron powder, low hydr. E 7028 |
zlrconium added
0K 48,00 SMAM fron powder, Yow hydr, E 018 2,).25,4
oK 61.41 SH&Hb} rutile € 308 L-15 3.25

4
5
6 OK 63.35 suaW®
?
8
9

_ low hydrogen £ 316-1% 2.5,3.25,4.%
ok 69.21  SM®)  low hydrogen-rutile . 3.25,4,5
Ok 12.51 G COp E 70 5-6 1.2
ok 16.32 o) ar ER 316 | Si 1.2
w ok 16.32  cu®  Arscop R 316 1 S4 t.2
11 0K 18.0% GMAWS) Ar £r 1260 1.2
12 0K 18.43  GMANE)  Ar R 5154 $.2

a) AWS-class. = American Welding Soclety classification
b) welding on sisinless steel; c) welding on aluminium

mE

Table 1. A 1ist of the welding methods tricluded 1n this study. The numbers are
used for fdentification in the various figures.

a skilled weldar exerting himself to maintain constant welding conditions.

For the GMAM (Gas Metal Arc Welding) melhods the welding gun was mounted in @
fixed position perpendicular to the work plece, which was. fixed onto & wagon
running on rails, The speed of the wagon could be varied to simuelate the noymat
velding speed,

For each set of welding parameters three to flve measurements were carried out.
The results are glven as sverages,

RESULTS AND D1SCUSSION
Jotal Fume Emission

For the comparison of fume production from different welding techniques, lwo
entities can be deflped, viz. the total fume emission rate, £ (g/min}, and Lhe
relative fume formation index, R, which Is the total mass of emitied fume norma-
Vized to the mass of the deposited consumable (excluding slag) in wg/g. In Table
2, our experimental values of € and R are summarized.

The total fume emission rate is dependent on electrode dimenslons and eleciric
power, Due to variatlons in these parameters, € varles In the interval 0.2 10 2
g/min for the methods in the present study (encept for GTAW). As can adso be seen

fivta ]
i
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Elecirode Diam, {wm} llM' U{\n‘l' tlg/min) Rimg/q)
UK 38.65 1.25 160 15 0.58 6.1
0K 38.85 5 300 N 1.30 5.7
0K 38.95 ’ 210 32 0.93 21.7
oK 38,952 q 2052 3? 0.75 19,2
0K 48.00 3.25 10 2 0.45 26.0
0K 61.41 1.25 1s 3 0.38° n.3?
0K 63.35 1 140 2 0.39 15.63
oK 69.21 [ 140 22 0.29 12.4
oK 12.51 €0 1.2 180 3 0.22¢ .44
0K 16,32 Ar 1.2 160 26 0.20 3.0
0K 16,32 Ar/CO, 1.2 180 2 0.29° 5.7
0K 18.01 Ar 1.2 160 22 0.49 20.5
0K 18.13 Ar 1.2 160 2 241

0.91

1) Direct current; reversed polarity {slectrode as anode},

2} Alternsting current.

3) Standard error of the mean: 5-10%,
4) Standard error of the mean: 10-151,

Table 2, The welding situations referred to in the text as “normai® welding, im-
plying that the welding currents were chosen to be In the middie of the intervals
recommended. E and R denote the tota]l fume emisslion rate and the relative fume
formstion index respectively. The standard errors on the mean were less than

5% {f not explicitly glven. :

from Teble 2, large varistions in the relative fume formation index are found
between the different methads (3-35 mg/g). It mey slso be Inferred that, with the
one exception of GMAW on aluminium, the SHAW methods generally give higher values

than the GMAM methods for both E and R,

The results in Table 2 can be compared with those obtatned in the systematic
study presented In ref, 6, The differences are normally smaller than 10X, The
discrepancies might be explained by somewhat different sampling and welding con-
ditlons ss well as by varlations In different brands of welding consumables of
the same classification and between different conditicns and sges of the covered

electrodes,

Shielded Metal Arc Welding. Besplte their different dimensions, coatings and

core compositions, the seven SMAN methods In this study seem to have approximately
the same current dependence [see flg. 2). These resutls are in good agreement
with those of refs, 6 and 7.

13

fume emistion rafe (9/min)

| T S | | | 1
&0 ¢ oo 100 00 (1]

welding current [A)

Figura 2. Total fume emission rates for all the SMAW methods In this study

plotted versus welding current {rf=0,80}. The number st each symbol refers to
the corresponding welding method In Table |,

For the relative fume formation index, Lhe influence of welding current is
normally Yow.

In figs. 3 and 4 the total fume emission rate, E, and the relative fume forma-
tion index, R, for three SHAW methods are plotted versus wetding voltage, In-
creases In both € and R are observed with increasing voltage. A high voltage, l.e.
a long electric arc, implies an increased residence time for the transferred
welted matertal before reaching the weld pool, Lhus tncressing the fume formation,
The covering forms a protective craler for the arc hindering oxygen penetration
Into the arc reglon. Khen the arc length 1s increased Lhls protecllion may be Vess
efficlent and oxygen may tnterfere In the arc reglon. This normally promotes fume
formation (ref. 8). The bong arc also suffers from more severe wire explosions
and bubble bursting of bolling material, The instantaneous evaporation in wire
explosions and the spatter from bubble bursting have been shown by Gray el ai’
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fums emitsion rote (g/mn)

' walding voltage V)

Flgure 3, Total fume emission rates for three SHAW methods istnin]ess steel
welding) and for the GMAW method with £0, as protective gas ml1d steel welding)
plotted versus welding voltsge. The nuwber st sach symbol refers to the corre-
sponding welding method in Table 1. The welding currents were 115, $60 and 140 A
for wethods 5,6 and 7 respectively, and 200 A for method S. The error bars show
ons standard error on the mesn.

to be significant sources of fumes. In GMAM the spatter produced up to 30% of the
fume and 1s probably also fimportant in SMAW.
The tncrease {n the emission rate with voltage as seen in fig. 3 {3 very similar
to that cbserved in other studies {10,11}. From fig. 4, 1t ts avident that the
_|nflﬁence of the welding voltage on the fume formation index is dependent on the
type of coating on the electrode in question. Part of the explanation for this
finding may be the coating dependent relatton between voltage and arc length, A
stgnificant impact from coating composition on fume formation has been demon-
strated by Kobayashi et &l Z '
" Gas Meta) Arc Nelding. In semi-automatlic gas metal arc welding the influence of
the protective gas on the electric arc and on the metal transport process makes
the fume emission & complex function of the welding parameters.
With pure CO, the transfer of the melted metal from the electroda tip to the
. work plece 1s charscterized by Yarge globules {diameter: 2 to 3 m). [f, however,
the protective gas s ‘argon or mixtures of argon and €0,, different modes of
transfer will occur. For low voltage and very low current the transfer witl be
short-ctrcutting and for somewhat higher current the transfer wll} be globutar
with decreasing size snd {ncreasing number of globules for increasing current.
in these modes the tendency towards wire explosions and bubble bursting

n

walding vollage IIVI

Figure 4. Relstive fume formatlon index plotted versus welding voltage for the
same SMAW methods as in flgure 3 snd for the GMAW method with pure argon ()
and an argon/€0z mixture { =) as protective gss respectively. The nunber at each
synbol refers to the corvesponding method in Table 3, The welding current in
method 9 and 10 was 180 A. The error bars show one standard error on Lhe mean,
Hote the shift of scale on the ordinate anis.

ts rather high with spatter ylelding significant fume emission as was shown by
Gray et alg. For high voltage and high current, metal transfer becomes & spray
of smatler dropiets (diameters between 0.5 and 1 nm}. The drop size remsins
essentially constant when the current §s Increased. The delachment of the small
droplets from the electrode is due partly to the magnetic "pinch effect” and
transport along the arc 1s due mainly to Lhe plasma jetlj. The value af the
current st which this transition occurs is proportional to the diameter of the
electrode and dependent on the material and electrode extenslonl‘.

In Fig. 4 the relative fume formation index, R, §s plotted versus welding
vottage with pure argon and with a mixture of 80X argon and 20X cbz as protective
gases, While for pure argon, R Is almost Independent of the welding vollage,
there 1s & well-defined minimum at & specific vollage for the lrlcoz mixlure,

The magnitude of R 1s higher for all voltages when an Is mixed In the gas. The
oxtdes of severs) elements have higher vapour pressure than Lhe pure elemenis,
thus promoting fume formation in an oxldizing stmosphere (oaygen enhanced evapora-
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Table 3. Relative elemental cunuositions-(gxpressed as per cent of the total mass of
aerosol) of the welding fumes from the welding situations

determined in this study.

explicitly shown.

tion). This effect has been discussed In detall in refs. B and 15,

The welding current for the GMAW methods In Fig. 4 (1 =180¢5 A) 1s above
the transition level for spray transfer for thls particular eletlrodels. The
minimom of R for the Ar/CO, mixture colncides with the lowest voltage at which
8 stable spray arc can exist. Once a stable spray arc 1s established, R will in-
crease with voltage in the case of nr/coz gas bul remain constant for pure argon,
The increased voltage corresponds to a longer electric arc with a consequent ly
Yonger residence time for Lhe droplets in the oxldizing atmosphere while beiny
transferred to the work piece, and hence, sccording to what is stated above, an
increased probabllity for fume formation, The inert argon atmosphere, which sur-
rounds the arc, protects the droplets from oxygen during transfer.

In pure €0, welding the fume emission rate increases strongly with voltage, as
can be seen from fig. 3. This dependence 15 in good agreement with the results
of refs. 17 and 18, where the same or very simllar welding parameters have been
used, Part of this increase with voltage is due to increased oxygen penetration
into the arc but since the oxidiring tﬂz is used as a protective gas the in-
stability and high degree of spatter is probably & more important source of in-
creased fumpe production, If, instead, the welding current |s increased at con-
stant voltage, the wire feeding speed Increases with decreasing length of the
welding arc . Due to the decreasing time for the globules in the tﬂz stmosphere,
R decreases with incressing currenln. As an example, for wethod 8 [see table 1)
at 30 ¥ the relative fume formation fndex decressed from \0 mg/g to § mg/g and
furlher to 3.5 mg/g when the welding current was Increased from 150 A to 200 A
and further to 300 A. ’

Elemental Composition

In Table 3, the elemental compositlons of welding 2erostols Inctuding fluorine
and elements heavlier than sulphur are given for the different welding prncésses
for the same parameter values as those glven in Table 2.

Basically, the elemental composition of a welding aerosol reflects the composi-
tion of the consumable electrode used but often wilh an altered relative abun-
dance. ‘In the alectric-arc column the highest temperature 13 found st the axls
near the melting tip of the eleclrode'g. Consequently, fumes wil) come mainly
from the welding electrode and from the surface of the droplets being trans-
ferred in the arc. This statement {s supporied by ihe findings In ref, 20.

Table 4 gives fractlonation factors of the different metals in the welding
serosot retative to the welding consumable for four different welding methods.
Hoticeable are the high Factors for manganese (2-7) while the faclors of the
other elements are well below unity. This Is in good agreement with the results
from Xobayashl et llzn. Since manganese has a much higher vapour pressure tham,
e.g. chromlum and iron, It will also have a high tendency towards fume formatlon.
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Shielded metal arc welding

Gas metal arc welding

Low alloy Stalntess steel £o, - gas Argon - gas
electrodes electrodes Low alloy Stainless steel
(n=4) {n=3) steel {n=1} (n=2}

Cr 0.17-0.21 0.68-0,70

Mn . 2.2-6.1 2.3-1.8 6.% 4.2-5.2

fe 0.22-0.33 0.055-0.066 0.43 0.47-0.50

Hi i ' 0,025-0.040 0,36-0.4%

Mo : 0.027-0.052 (n=2) 0.24-0.32

" Table 4. The elemental concentrations In the fume divided by the elemental con-

centrations in the welding consumables. The intervals are def Ined by the minimum
and maximum values. n = the number of methods included.

Shislded Metal Arc Melding. The voltage dependence of the relative abundances of
elements in the fume is varying between different electrodes. Hevertheless,
potassium and fluorine constitute one group snd the core metals another group
with inter-group covaristions. In our results tha elements of typical flux origin,
s.g. fluorine and potsssium, show s decrease with increasing src voltsges at low
voltages. These results may seem to be contradictory to the findings by Gray et
ll‘o. However, the discrepancy night be explained by differences in welding
plr;-eters and electrodes used in the two investigations.

In a systematic study, Kobayashi et |I'z have shown how the concentrations of
the elements in the covering sre reflected In the fumes. Generally, a positive
linear relation holds for all elements except fluorine and tron. The coefficients.
of regresslion depend on the vapour pressures of the respective elements. The con-
centrations of alkaline wetals, such as potassium, are wuch higher in fumes from
electrodes with a }ime-type covering than in fumes From non-1ime electrodes. The
presence of calcium, especially CoFy, in the covering seems to be the main source
of this special characteristic,

The contribution to the fume from the elements in the metal core will depend on
the arc voltage and on the flux cumpdslllon in the covering. Generally, when the
voltage 1s increased elements with low vapour pressures, e.g. fron, are enhanced
relative to those with high vapour pressures, e.g. manganes {see fig. §). For the
electrodes OK 48.00 and 0K 63.35, which have relatively equsl flux compositions,
this effect is pronounced. The main reason for this dependence is a relative
Incresse in the unfractioned fume production due to increased severity of wire
explosions followed by instantaneous non-fractionsted vaporisation of the
eleuents'u.

As seen in Table 3 2 change from DC to AC may cause 3 drastic change in the
relative composition, The temperature at the electrode tip depends on the
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fITure 5. ftron (filled symbols), and manganese {ynfllled) concentrations in Lhe
welding fume versus welding voltage for seven SMAH methods. The numbers refer
to the methods given in Table 1. The ordinate axls corresponding Lo each symbol
s tndicated by the symbols close to origin of each axis respectively,

polarity and consequently the use of an alternating current Is expected to change
the conditions for fume production and hence the chemlical composition.
Gas Metal Arc Helding. In the semi-asutomatic GHMAW methods Lhe compos (tion of

the welding Fumes {s determined by the compbsiflon of the meta) wire and by Lhe
character of the protective gas.

For mild steel » L0, almosphere |3 norma1ly used glving globutar transfer. When
the welding parameters are varled, no significant variation In the elemental com-
position has been observed in the present study. This observation Is in good
agreement with the results from other studlesa'z'.

n fig. 6, the concentrations of Five elements {n the fumes versus voltage for
an argort GMAW methad ere shown. When comparing with an argon/CO, minture (60720}
a1l elements except manganese have higher sbundances with the mixture than with
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Figure 6, Relative elemental abundances from stainless stee) welding with GMAN
lﬂt 16,32, 00T argon, 1= 180 A) plotted versus welding voltage. The errors in-
dlcated are one standard error on the mean.

the pure argon, For both protective gases, the general trend for chromium and
manganese 1s an increase with voltage, while the iron concentration is essen-
t1ally constant and nickel snd molybdenum concentrations decreasea with increasing
voltage, However, in pure argon, a dip {in the relative abundance is cbserved (at
10 ¥) for alt elements except manganese, This minimum voltage is the lowest for
which stable spray transfer can be sustained. A tentative explanstion for this
" may be that the very stable arc, essentially free from spatter and turbulence,
significantly reduces oxygen-enhanced vaporisation in the inert argon gas. When
the voltage 13 further Increased ihe |ncreas]ng src length makes the arc less
stable again, Since €0, is oxidizing the same effects are not observed for.
argnnltoz as shielding gas,

In fig. 6 it can be seen that the concentration of molybdenum decresses rapldly
with voltage, disappearing when the material tramsfer changes. Apparently the
major mechanism for molybdenum to produce a fume is non-fractionated instantaneous

_vaporisation in connection with wire explosions which sre more frequent for
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globutar transfer, The voltage dependence of molybdenum {s In good agreement
with the results obtained in a sludy by Gray et alg.
Oxidation State of Chromium

See Table 5. In aerosols from Lhe three SHAK methods for slainless steel
welding, more than 50% of the chromlum was found to bs soluble and hexavalent,
Between 60 and 400X of the chromlum in the particle surface layers was hexavalent
as determined by ESCA analysis, but decreases after washing the serosol wilh a
buffer solution [pil 7.4). Apparently most of the hexavalent chromium on the par-
ticles surfaces leaches oul during washing. TEM studles have shown Lhat afler
washing, the core particles consist of smaller homogeneous particles with dia-
meters of sbout 0.01 um. The £SCA results are vepresentative of about 801 of the
volume of the pirticles of this size. The formation of hexavalent chromium de-
pends on uhich elements have been added to the coating and It hss been shown by
Klmura et ll that 1t 1s possible to reduce the smounts of hexavalent chromium

by changing the additives to the coatings and sti)] perform technlcally accept-
able welding.

For argon gas metal arc welding only about 2% of the tolad chromium is scluble
and hexsvalent snd for both the unwashed and washed aerosol samples the concentra-
tions of hexavalent chromium on the particle surface sre below the detection Yimit
of the ESCA method {< 15X}, .

Hithin the uncertaintles of the differeuces In welding conditions and para-
meters, the results concerning the content and onxidatlon state of chromium in
welding nerosols found here are consistent with those of other studle|ZJ'zs.

Hethod Diam. 1(A) ulvy  Cr-tot A 8 €
numberl {mm) (x}

5 3.25 100 35 3.4 .50 .60 .27
6 3.25 100 22 4.4 .1 1.00 <15
7 - .25 105 2t 2.9 .52 1.00 <15
g 1.2 80 2 TN 018 15 .15

1) see table |

A) Cr(¥1)-soluble/Cr total

B} Cri¥i)/Cr-total on the particle surfaces

C) Cr{¥1)/Cr-total on the particle surfaces after washing

Jable 5. Results from the determination of oxldation stlale and solubllllr of
chromlum 1n welding serosols from stainless steel welding.
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Particle Size Distribution

The mass medlan aerodynamic diameters (MMAD} were calculated for each element.
For SMAW and GHAW methods the MMAD is between 0,35 and 0.6 ym. The variation with
element is smal}., A typlcal value of the geometrical standard deviatlon of the
distributton 1s 1.5, Thus the particles in al) walding aerosols studied are
respirable and have s rather high probability of being deposited in the lawer
parts of the respiratory tract. The results of refs. 6, B, 18, 26-20 are essen-
tially in sgreement with those of the present study. )

The particles emitted in SHAW methods contain significant concentrations of
highly soluble and hygroscopic compounds derived from elements such as fluorine,
potassium and sodium in the electrode coating. The high relstive humidity of the
human respiratory tract, RH > 99% in the subglottic reglonzg. ensbles the par-
ticles to rapidly sbsord water, which may significantly alter the pattern of
reglonat lung deposition.

Particle slze determinations have been carried out for alt methods and sets of
parameters. Only negligible variations (< 101) in the psrticle dismeter occured.
The variation in the MMAD between elements for a certain wethod ts also negli-
gible."

SUMMARY :

" Seversl welding methods were characterized using & specially designed collec-
tion spparatus which has been found to be reliable and to yleld accurate and re-
presentative sampling of welding seroscls, The results are compared with some
recent results from the literature,

the highest Fume emfission in this study 1s found for SMAW mathods and for GMAM
methods on alumintum followed by GMAW wethods on stael. The fume emission rate
{E) 45 determined primorily by the welding current. Sisilar current dependence
ts found for all SMAM methods 1f used st normal voltage. The voltage also effects
E but to a smaller extent., The relative fume formation index (R} varies drastl-
cally among the methods and is dependent on the welding parameters. For gas metal
arc welding of mild steal with pure (O, as the protective gas, R essentially de-
cresses with increasing current. )

The composition of the shielding gas in GMAN 1s important for the fume produc-
t!dn. The fume formation inden is higher in the case of argon/C0, wixture than In
the case of pure srgon, The influence of the welding parsmeters on the fume
formation s altered by mixing Cﬂz into the srgon, ¥his study supports the find-
ings of earlier works, viz. that the oxidizing potential of the gas surrounding
the electric arc 1Is of considerable {wportance in determining thg fume produc-
tion, with increased fume production when the oxidation potential of the pro-
tective gas §s fincreased.
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The fume contains the same elements as the consumable but with the redative
abundances changed due to fractionation effects. This ¥s explained by the
different properties of the elements, e.g. with regard Lo vapour pressures of
the pure elements and their compounds. For SMAW only minor varlatlons occur when
the current s changed. Welding voktage and current mode (AC/DC) have drastic
effects on Lhe elemental composition of the fumes. This {is probably due to
changes in electric-arc Vength and arc characteristics., The elementa) composition
of a GMAN aerosol 15 also dependent on the prolectlﬁe gas. Thus, a relative de-
crease In severs] elements is noted when the tramsition from globular to spray
transfer takes place in the srgon atmosphere.

While the chromium in the SMAW aeroscls is almost entirely hexavalent (and
solutie), only trivalent chromium is found in the GMAW serosols. .

The particles in the welding aerosols are below 1 ym in dlameter and conse-
quently respirable. Mass median aerodynamic diamelers vary from 0.35 um to 0.6
um and seem to be essentiatly independent of the welding parameters. Hygro-

scoplcity may be an {mportant factor in evalusting lung deposition of aerosols
from SHANW methods.
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EXPOSURE HONITORING AHD CHEMICAL AWALYSIS
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THTRODUCTIOHN

Standardiaed and quallty assured sampling and anslysie

procedures for welding fumes are ssssntisl In efforkts Lo
demonstrats causnllity betuesn occupational exposures and
possible healkth effactis. Thren Important but Fregquently

overlouksd sources of significant errors sre: Logn of reachiye
gpaclag durlng collection end storage, Losase _duas Yo incomplelse
digagation of refractory matricies, Changss iln _eps
{solubility, owidation wtate) during enslysis.

In Lhe case of metnl insrt ges (HIG) _end alectrade
{MHAY welding of stalnless wteel (351, it has besn shoun Lthet
over 90% of ths Cr content of HHA/SS Cume of 3-4% is in Lhe form
of stable water soluble Cri¥l), HIO/3S Tume may contsiln 14-133
Cr, of which only 50-753 ie detected by wstendard squs regla

digestion procedures. Complute digestion with perchloric acid
can lead Lo significent Jloss dus to Tlormation of volalllda
Cr0;Cly 11, The uater soluble Cr(¥I[) content, thought to be

0,1-0,5% decays Ltowards 3svro in the solld HIG/SS Ffume after
collecilon on membrane flilters Lndependsnt of Filter type 12,
Hhen collscled in an impinger Fllled with water short arc HI1G/AS
fume nppesrs to contain of the order of I8 stable water wsoluble
cri ¥t {3, This smples evidance that moniltoring snd shalysls
dependent effeclte cen lead to sevare underreporting of sxposurss
to ALlodlc specles such sa Cri¥1l suggest the nead lFor etablishing
standavdlzed and appropiais protscols for wuas with walding
fumes, au reporited below

HATERLALS AND METHODSR

Bi19/33 ¥Yslding Fumsg ore produced in downhand welding on
stalnlass plate with the sid of & robot {E343 JRSNT 4. 1mm  Wirse,
20 Nimin Avr or Ar+23%0,, 30 cm bead, 10 cmimin}. The Fumes ars

collected vis s 20 cm dieameker 1.5 m column on Watman 4% papar
filltere, and/or in an impinger (0.2-0.%5 mm ovflen, 1-4.2 1/wmin
50 wml liquid volume (destillsd wataer) having pearallel Tilter

cuspetts for absolule determinstion of [ume densliiles: fume
concentrations are typice)l 200 mg/md with Filter placead in Lop
of column. Aliguots are removed convenient st intervals Tor
analysisn.

Chemicel 4nslyais s performed allher on Lotsl fume scraped
from the membrane lilters or collected ILn the Implnger, or on
water soluble specless (130 min at 20°C under asgltstionl amd
precipitate seperataly, using stomic sbtsorption ¢ 4RSY. In some
cases thae Cilter is carrisd along with the sample to determine
filte-matrix effects T any, Cet ¥11 3u determined wusing the
standard diph-nylcnrbnlldi tachnlqe {DPCI,

Fume Digsstion s performed wusing & serievs of methods 1o
ensble s dsterminstion of ‘procedurss  dependence Ir any s»







MAI-M\R4601-02.WLD

APPENDIX D

REFERENCE 21

(Moreton, 1985)

D-1




il




Fume emission when
welding stainless steel

Health aspects of chromium compounds in welding furne are a subject of much current concem, and :
hence there is particular interest in measuremen

J Moreton, E A Smars and K R Spiller measured fu
consumables, and demonstrated effects of changing welding process and conditions.

ts of fume emission in stainless steel welding’™
me emission rates from a variety of stamles :

A previous article described measurement
of fume emission rates using a fume box
technique, and subsequent chemical ana-
Iysis of fumes from a range of open arc
welding processes.! The feasibility of test-
ing consumables from different processes
by the fume box method allows between-
process comparisons to be made for fume
emission potential, especially in cases
where the quantity and/or toxicity of the
fume may be critical. With the current
worldwide concem regarding health
aspects of chromium compounds in
welding fume,? measurements of fume
emission during welding of stainless steel
are of special interest,

In the study reported ~here, fume
emission raie measurements were made
by the fume box technique’ on typical
18:10:3 Cr:Ni:Mo stainless consumables,
as follows:

4=manual metal arc (MMA) electrode;

B—metal active gas (MAG) consumable
with Ar-2%0, shielding gas;

(—flux cored wire (FCW) sclf-shlelded
consumable;

D—metal cored wire (MCW) gas shielded
consumabl:

Specifications are given in Table 1. All
these consumables can be used for the
same welding application. The MAG con-
sumable B was also tested (B1-B5) under
five different welding conditions. to pro-
vide an indication of the possible range of
fume emission rates for a single consum-
able within a process. Because of the
possibilities of using dip, globular, spray
and pulse modes of metal transfer. the
range of corresponding fume emission
rates with a given MAG consumabie is
probably greater than with those
consumables used for the other processes.

Although there is a considerabie prac-
tical demand for a fume emission rate test
method. no standard for such a method

Janer Moreton, MA. is a Principal Research
Chemist in the Materials Depariment of The
Welding Institute: Erik Smdrs. DEng. is
Manager of R & D in Welding Technology.
AGA. Lidingoe. Sweden: and Bob Spiller is a
Senior Welding Engineer in the Production
Svstems Department of The Welding Institure.

794

currently exists in the UK. The method
used is derived from the Swedish
Standard* for measurement of fume emis-
sion rates and related parameters for
MMA consumables only. Therefore, the
work described employs what are cur-
rently Welding Institute in-house test
methods. The results, however, have a

"general comparative significance.

EMISSION RATE

MEASUREMENTS

Welding fume emission rate (FER)
measurements were made on consum-
ables A, B, C and D using the fume box
described in ref. 1. Horizontal-vertical
fillet welds were made on 250X50X10mm,

316 stainiess steel testpieces in the fume

box, and the particulate fume emitted was
extracted on to a 240mm diameter
preweighed filter. The weight of fume
collected per unit arcing time (or per unit
weight of deposited metal) gives the FER
of the consumable.

Welding details are given in Table 1.
Results of the fume analyses are given in
Tabie 2. The analysis of the stainiess steel

base plate materials used in the test.andof. -——

the consumables (coatings. cores, sheaths
and wires) was made by Xray fluorescence
spectroscopy, and is reported in Table 3.
Because of the diversity of welding
conditions required by the different
consumables. it was not possible to use the
same welding equipment for all tests. The
fume emission rate of the MAG wire, B,
was investigated under 2 range of para-
meters, with Ar-2%0, gas shield: dip
transfer. Bla and Blb, globular, B and B2,
spray, B3 and B4, and pulse, BS.

For the MAG welding tests (B1-B5
inclusive), it was considered imporant to
define closely the mode of transfer of each
test, not only in terms of monitored
welding parameters (Table 1), but also to
ensure that the welds produced in the
fume box were of a comparable standard
10 those common in industrv. Prior to
welding. the required parameters for the
various modes of metal transfer were
established. The fillet weld specimens
were then completed by a welder of
average ability who had experience in

using the gas shielded arc welding process. -

Tests Bla and Blb. using a dip transfer

D-3

condition are replicate sets using
different welding power sources and ilhas™
trate that possible varying inductances and’
widely differing open circuit voltages ar<=.
constant arc voltage appear not to ..
influence the FER results. It was not prac- %
ticable in either power source to adjust the .
inductance, this being a preset factor:
within the power units for a given wire,~
diameter. In all MAG tests, each fillet™
weld was made using the conventional
leftward technique, ie. traversing the
welding gun from right to left, the gun
preceding the deposited weld bé
Throughout the trials the nozzle of thu
welding gun to work distance was mai
tained to within 10-15mm. Observations o
the welding operation and of the fille
welds produced using each of the selected
modes of metal transfer and associated:--
welding parameters clearly indicated that
acceptable welds were being produced.-On
completion of the welding programme,’
the fillet welded specimens were seeded”
into their representative groups and
visually examined, with measurements.
being taken to determine the leg lengths of
_each weld. The results- of this examn— .
nation, albeit a subjective one, a.re .
summarised in Table 4. SR

For each set of experiments, AD,
B1-BS, gravimetric tests were made mlﬂ
humidity-stable glass fibre filters. Tbe™ "
filters were weighed before and afte?-
welding, as were the corresponding u_sff
plates. These weights, and the relevmt
arcing times were used to calculate thc
furne emission rates illustrated in Fig- 1 nI
terms of mg/g of deposited metal an
mg/sec of arcing time.

For the MMA consumable (A). nommlf
arcing time was 60sec. for the MAG W!l'Bf
(B) it was usually 30sec. and for the F
and MCW consumables, d‘ If
respectively, it was reduced to ZOsec.

" During sampling. for each expcnmenf.’.i"
bulk sample of at least lg fume \'d
collected where possible, on @ ZW
diameter filter paper. This fume “3’
removed by careful brushing with 2

hair brush, and siored in a dry box !2_',:
analysis, by the following techmques- P

a Fluorine (samples A and B only) by PY""
hydrolysis. using a volumetric finish
thorium nitrate:
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Tabie 1 Consumables and weiding parameters

Waelding parameters

Dia, Current, Voitage, 0/C, WES, Suckout, Gas Gas flow.
Cocde Process . Standard grade mm A v \ m/min MM shield I/min .-
A Manuai metal arc (MMA) BS 2926 (1970) 40 145x10 28-29 700C+
1912 3LR
AWS A5. 4 81
. E316L-16
B8 Gas shielded solid wire BS 2901 Pt 2. 316593 1.2 190=10 19-20 350C+ 6.0 15 ‘Ar/2%0, 16
{MAG) . AWS A5, 977 . . .
ER316L Si : _
c Fiux cored wire (FCW) AWS A8, 22 80 2.0 250=10 24 370C+ 5.5 20-25
‘salf-shieided E316LT-3 : .
D Metal cored wire (MCW) AWS AS, 22 B0 1.6 290410 24-25 32DC+ 7.2 15-20 'ArIZ%Oz 16
gas shielded E316LT,1,2.3 - )
Bla MAG dip transfer As B 1.2 150-160 17.9 68DC+ 4.2 10 Ar/2%0Q,; 16
{mean)
B1b  MAG dip transfer As B . 1.2 150-160 170 26DC+ 4.8 10 Ar/2%0, 16
(mean) e
g2 MAG globular transfer - -As B- 1.2 T210-220 21.6 70D0C+ 6.7 15 Ar/2%0, 16
. {mean)
B3 MAG spray transfer AsB 1.2 275-280 25.2 360C+ 11.6 15 Ar/2%0; 16
(maan)
B4 MAG spray transfer AsB 1.2 280-290 276 41DC+ 93 15 Ar/2%0, 16
. {mean)
B85 MAG puise transfer AsB ) 1.2 165-170 220 74DC+ 4.8 10 Ar/2%0; 16
: {mean) (mean)
Table 2 Chemical analyses of fumes, V ' ‘
Total E’“’l
Code Si Ti Zr Al Fe Mn Ca Mg Na K Li F Ba Ni Mo Nb v Cu Cr Crvi
A 10.0 2.1 <D.2 1.4 5. 50 04 <0.2 7.3 19.9 <0.2 149 <0.1 0.4 <02 <«<0.1 <0.1 <0 50 4.1
B 1.7 0.1 <02 0.2 333 1286 <02 «<0.2 02 <01 <02 - <01 4.9 0.6 <0.1 _<0.1 06 134 0.2
c 40 2.7 <02 24 134 48 18 0.9 17.0 3.0 «0.2 155 <01 1.3 0.4 <01 <0, <01 5.1 2.7
J 3.6 0.2 <02 08 31.9 93 <02 <02 04 <01 <02 -~ <01 4.7 08 <0.1 <0.1 <0.1 11.7 0.2
B1a 27.6 11.0 <0.1 <01 <01 <0.1 3.8 0.8 <«0.1 <0.1 02 9.5 03
B2 29.9 9.9 <01 <01 <0.1 <0.1 4.5 08 <01 <0.1 0.2 100 0.3
B3 345 7.5 <0.1 <01 <0.1 <0.1 5.7 1.1 <01 <041 0.2 8.9 04
ga* 36.0 14.7 <01 <D. <0.1 <0.1.-487 <01 <01 <01 05 11.6 0.2
B5* 22.4 176 <01 <0.1 <0.1 <01 26 <01 <0.1 <01 0.4 8.2 0.2
~ Reduced analytical accuracy since only 0.3g fume available. .
- y i
Table 3 Consumabiles sanalysis, wt %
a) Platas
Plate _C s P Si Mn Ni Cr Mo \ Cu ~ Nb Ti Co
23587 0.046 0.014 0.047 070 .01 10.6 12.0 2.38 0.06 0.38 <0.01 <0, 0.25
23776 0.043 0.020 0.036 0.70 1.57 98 17.7 Q.31 0.03 0.28 <0.01 0.30 0.16

) MMA coating

Consumable -
coating Si T 2r Al Fe Mn Ca Mg Na - K' L F- CO; Ba N C Mo Nb V Cu

A 9.1 179 0.2 20 98 48 43 04 14 23 <0223 28 01 1.0 -111 03 01 02 <01

¢) Consumabiles

c s P Si Mn Ni Cr Mo v Cu Nb Ti Co

VIMA core, A 0.014 0.005 0.013 0.06 1.32 12.8 18.5 2.68 0.04 0.10 <0.01 0.01 0.05

VIAG wire, B 0027 0.005 0.022 071 1.89 121 18.4 283 0.06 0.22 <0.01 0.02 0.05

MCW wire,D ~ 0015 0016 0.011 0.78 1.43 11.5 18.5 2.23 001 003 <0.01 0.0 0.01
AG wire, B1-5 0.029 0010 0.026 0.82 1.59 12.7 18.9 2.52° 0.05 0.14 <D.’01 0.02 0.09

Note:Consumabie Chas not been included, sinca it wasimpossible to separate core and sheath of a 2.0mm diameter FCW in a satisfactory manner for
analysis.
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.b Total hexavalent chromium, by alkaline
extraction and s-diphenyl
colorimetric finish, based on the method
descriped by Moreton ef als Total
chromium [igures were obtained by 2
fusion technique described in the same

T
¢ Sodium and lithium (samples A.B, Cand
D only) by fume emission spectrophoto-
metry; :

d Xray fluorescence analysis was per-
- formed for the remaining elements, on a
pead fused “from a mixture of fume,
lanthanurm oxide and lithium tetraborate.®

RESULTS AND DISCUSSION
Application of the fume box

This study confirms previous findings that
the fume box is an appropriate tool for
fume sampling, and measurement of fume
emission rates of MMA, MAG, and flux
and metal cored wire welding. Compared
with the Swedish Fume Box.” designed
solely for MMA tests, the revised box
aliows improved access of the MAG gunin
gas shielded arc welding and a more
conventional gun angle, while the larger
chamber volume means that there is less
disturbance of the gas shield. The only
difficulties were encountered with the
pulse arc condition, MAG wire, test B3,
when the fume emission rate was so low
that there were problems in collecting
sufficient fume sample for analysis.

me emission rates
_producibility of fume emission rate
results. as illustrated in Fig. 1, has been
showne 5 to depend critically on variations
in current. and particularly voltage during
tests. and is similar for all four processes
tested. No values for standard deviations
(sd) were calculated, since only three or
four replicate tests were made for each
consumable, but previous work suggests a
value for 2sd of about =10%. Figure 1
sbows. for each set of tests. the range.
_which in all cases is about 10% of the value
of the average for a set of observations.
FER results for MMA, MAG and MCW
consumables lie~within the respective
ranges predicied by previous results held
on the Fume Emission Database (FED).:-*
although the number of results held on the
database is still small, and does not allowa
palanced statistical assessment. Similarly,
results for the MAG tests B, Bla or Blb.
B2 and B4 lie within the range expected
from the corresponding resulls on the
Database. The low arc voliage spray
condition. B3. produces an FER greater
than average. whereas the pulse condition,
B3 givesan FER considerably less than the
expected range for MAG. However. no
tests had been performed previously on
the pulse arc MAG condition.

Chemical analysis

The results of chemical analysis of the
fume (Table 2) are in line with previous
_analogous results.? Of particular occupa-

carbazide-

Fume emission rale, mg ssec

tional hygiene interest are the chromium
contents of the fumes. Since the QOccupa-
tional Exposure Limit (OEL)"® for the
trivalent form, Crlll is 0.5 mg/m3, whilst
the OEL for the hexavaient species, Crvl,
is 0.05 mg/m?, there is clearly a strong
incentive to reduce amounts of chromium
in fume in general. and proportions of
CrV1 in fume in particular.

Fumes A and C give 5% total chromium,
for the MMA and FCW tests respectively.
The CrV1 contents for A and Cof4.1and
2.7% respectively, represent 2 large pro-
portion (i.e. 80 and 60%) of the total Cr.
Such proportions of CrlI/CrV1 in the.
fume have been noted previously with
MMA and FCW consumables.!- 5. 1!

Wire B is a solid MAG wire, and wire D
an MCW type described by the manufac-
tuter as containing no flux. Itis in accord
with previous experience that the total
chromium in fume from MAG wire is
about 12% and that very little of this
chromium is in the hexavalent state (Table '
2).5- 12 For the tests B and B1-B5. MAG
wire, the CrVl amounts in the fume
obtained by alkaline leach and the

s-diphenyl carbazide method were low for
all samples, and only just above the limit
of detection (0.1-0.2%). Total Cr was
obtained on small weight fume samples
B1-B5 by a fuming technique, and there °
was no marked compositional variation
through the set. s
Previous fume analyses from the same
wire were 9-13% by six. co-operating
analysts.’ 4"
Nickel contents of the fumes are as
expected from previous expenence.s It i
known that Ni is present in an insoluble |
form as the oxide in welding fumes and !
therefore the OEL' of 1 mg/m? is refes |
vant. One anomaly in the results (Table 2) :
is the small amount of sodium, at the '
detection limit, in fume B, from the MAG :
process. This is thought to be caused by
aifborne contamination, but is not
important from an occupational hygiens
viewpoint. Also, in fume B, the copper
amount of 0.6% is higher than normal, but .
similar levels have been found previously
in fume from this consumable.’ )
The reduced analytical accuracy result-

1.

ing from small fume sample weights

Fumé emlssion rale, mg/g

A c D
la) MMA  FCW  MCW

8
MAG

ol
(b} A c D B

1 Fume ermission rates:a/ Expressed in mg/g of deposited metal; b/ Expressed a

time.

By
MAG

globulor  cip

Bla

Bio B2 B3 BL

MAG MAG MAG  MAG MAG -

gip . giobulor Sproy  Sproy pulse -
{iow V) {highV) T

B B2 B3
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' B3 (3 specimens)

.
its follo

t of welded spacimens

Table 4 S yofr

Mode of metal
transfer

Teist specimen
numbars

General commaents -

B1a (3 specimens) Dip

Bead profile convex with a slightly pronounced rippied surface. The weld toes fusing into each plate witha

Smm leg length fillet weid present. Fine spatter achering to the piates.

B1b (3 specimens) Dip

Bead profile convex. the convexzity being more pronounced than those produced in group B1a. The bead

was however of a smoother rippied surface. The weid toes, aithough fused into each plate, were distinctly
rolled along the base plate with 8 Smm leg length. There was also marked reduction in the fine spatter
formation.

Weids B1a and B1b may be considered as typical of inddstrial practice for this joint type and plate
thickness.

B2 (3 specimens) Globular

Baad profile only slightly convexwith a herringbone ﬁpplad-suﬂacé. Thewasldtoes fusing smoothiyintathe

parent plates but assuming 2 ‘scalioped’ &ftact with a 6mm leg length. Some fine spatter.

Spray (low volts)

Bead profile slightly convex with a smooth fine herringbone rippled surface. The weld toes fusing into the

parent plates with a slight 'scalloping’ elong the base plate toe, with a ‘7mm lag iength. No spatter.

B4 (3 specimens)

Spray (high volts) Baad profile fiat to slightly concave with a smooth very fine harringbone rippled surface. The weld toes

fusing smoathly into the parent plates with a 6mm leg length. No sparter.

B5 (3 specimens) Pulse

Bead profile flat to slightly convex with a semi herringbone rippled surface. The weld toes, although fused

into the parent plates were slightly irreguiar along the length of the speciman with a 7mm leg length. No
spatter.

available in tests B4 and BS means that no
firm conclusions should be based on the
compositional variations of Fe, Ni,-Mn,
ere, of tests B1-BS. However, fume
analyses for test B, with the same wire,
were in good agreement with fume
analyses carried out in 1983, where
31-33%Fe, 12-15%Mn and 3-5%Ni were
found by six analysts. These results are
thus in general agreement with the series
B1-Bs.

Table 3 provides data on consumable
analyses. Two separate reels of wire B
were used for the tests, and had marginally
different composition. Such differences
were not thought to be significant. Results
are not given for wire C, as it was not found
possible to separate the core and sheath of
this flux cored consumable for analysis.

IMPLICATIONS FOR

STAINLESS STEEL WELDING
This work with MMA. FCW_MCW and
MAG processes (all of which are applic-
able to routine stainless steel fabrication)
illustrates the range of fume emissions
which can be obtained, and suggests that
use of the MAG process is feasible 10
reduce the CrV1/Crlll ratio to one which
is preferable from an occupational hygiene
viewpoint. This is the case providing that
total fume amounts are also adequartely
controlied by local extraction. It should be
borne in mind that whilst it is fairly well
documented that MAG welding invariably
produces only low amounts of hexavalent
chromium in the fume,s 1. 12 there are
differences in FERs and fume composi-
tion with different MAG consumables.
Shielding gas mixtures may also have an
effect However, equally notable are the
variations in FER which can be obtained
by use of different welding conditions
applied to the same consumabie, within a
band of commercially acceptable resultant
weld qualities. Thus, it has been shown
possible when employing a low voltage
spray arc mode of transfer in test B3 10
obtain a very high fume emission rate.
This result points to the importance of
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considering fume formation dufing
preliminary trials to establish welding
procedures for fabrication purposes.

Far more important is the discovery that
conventional pulse arc welding is capable
of producing very low fume amounts
indeed (commensurate with conventional
T1G and the hot wire TIG process!') at the
same Lime as having a deposition rate of
the order of the dip mode. Although it is
known that the pulse arc condition is
guilty of producing enhanced amounts of

- ozone (not readily measurable in the fume

box), this test points the way 1o a possible
considerable overall reduction in pollu-
tant levels, particularly in situations where
the reduction of particulate fume is critical
(e.g. welding in a hyperbaric environ-
ment).? Figure 2 shows the results in
terms of a measure of the toxicity of fume
from different processes. The value of the
FER has been divided by an additive
threshoid limit value* for fume given by:

1
T ABC
abe
where A. B. C are the % weights of
eiements of hygienic significance in the
fume. and a. b and ¢ are the corresponding
occupational exposure limits.

This caiculation is one step in the
classification of fumes into classes, which
forms part of the Swedish Siandard.* This
standard, and in particular, its adoption of
fume classes is not accepted in the UK. nor
is the method of adding together compo-
nents of a mixture of pollulants presently
accepted by the Health and Safety Exe-
cutive, although the additive formula
above is used by the American Conference
of Governmental Industrial Hygienists
(ACGIH)* for airborne poliutant
mixtures in general.

Nevertheless, as an aid (o considering
the relative hazards of fumes from
different processes and consumables used
for welding stainiess tand high alloy)
steels, the diagam can be thought
provoking. Using UK OEL values' in the

TLViyme mg/m?
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calculation, the combination of low FER.
and the absence of significant amounts of
CrVI in the fume potenuallv makes the
fume from pulse arc welding (1est B5) an
order of magnitude less hazardous than
the equivalent MMA conditions during
the deposition of equal amounts of weld
metal. For conventional dip and spray
MAG conditions, the three factors of: a)
verv low CrVI; b)average FER: and ¢) high
total Cr (12-15% compared with 4-8% for
MMA), have to be borne in mind when
considering control of fume emission at
source.

These considerations thus suggest that
it is perhaps unacceptable to adopt the
same value of OEL for particuiate welding
fume!® from two different processes,
although nominally these processes may
deposit weld metal of similar composition.

_.Ihe authors suggest that considerably

more research is required into fume
emission rates of competing open arc
processes (e.g. different shielding gas
mixtures, and a range of stainless.and
highly alloyed MAG wires) before any
firm conclusions can be drawn.

CONCLUSIONS

1 The fume box has proved a useful tool

for measurement of fume emission rates
of consumables from the MMA. MAG,
FCW and MCW processes.

2 Fume ecmission rates found in this
investigation lie within the ranges, process
by process. expected (rom previous
experience.

3 The MAG process, with a single stainless
steel wire. type 316593, and Ar-2%0,
shielding gas. used under a wide range of
welding conditions, has shown itself
capabie of lower fume emission rates than
the self-shicided (MMA and FCW)
processes.

4 For the MAG process. small alierations
in arc voltage within the spray range can
have marked (factor of three) effects on
total [ume emission. The higher fume
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emission rates were obtained with the low
-arc voltage.

§ The pulse arc transfer mode during

- MAG welding has extremely low fume

emission rates.

6 Of particular interest 1s the presence of

 hexavalent chromium, CrVI in fume,
secause of the recent debate concerning
possible carcinogenic hazards relating to
CrV1. These investigations indicate that
gas shiclded welding gives emission rates
of CrVI that are iower than those given by
self-shielded methods by a factor of 1715
to 1/25. For pulse transfer MAG welding,
the-same factor is of the order of 17100.If a
‘low" voltage spray transfer mode is used,
the factor reverts to 174 to 1/5.

7 No measurements of ozone formation
were made. In considering the potential
air polluuon problems when welding
stainless steels, attention should also be
paid to the ozone, particularly when using
the puise arc MAG process.
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CHEMICAL INVESTIGATION OF SOME ELECTRIC ARC WELDING FUMES AND THEIR POTENTIAL
HEALTH EFFECTS — AWRA CONTRACT 90, AWRA DOCUMENT PS-14-85

By R.K. Tandon!, P.T. Crisp’, J. Ellis*, R.S. BakerZ, B.E. Chenhall®.

ABSTRACT

An understanding of the chemical compasition of welding furnes is of value in predicting and controlling the occupa-
tional health risk to welders. This paper describes the determination of 19 elements in the flux and fume ifrom three types
of hardfacing and two types of high-strength, low-alloy steel flux-covered electrodes. A number of experimental techniques
were used in the analyses. These included x-ray fluorescence, x-ray diffraction, atomic absorotion specirophaotomerry, ion-
sefective electrode and fon-chromatograchy. Fe;0,, KaCrCy. Caf; ana Naf were the oniy crystalline compounds detected
in the fumes by gualitative x-ray diffracticn. The-resuits from the various quantitative anaiyses were reprcaucibie ro within
=5%. Excellent agreement was found between x-ray fluorescence and atomic absorption methods, Mass balances (> 90% of
:otal) were obtainec for the flux, fume and water-solubie fume fractions. The iron contents of the fumes are related to their
fume generation rates {FGRs). There is also an inverse relationship between fluoride concentrations in the rumes and FGRs.
The water-soluble chromium (VI)stotal chromium in the fume is highly correlatea with the percentage of Na = K in the flux
/r=0.82,). The various anaiytical results gre discussed side by side with existing toxicalagicsl infermation. '

Key terms: Chemical compaosition. chromium, fluoride, mass balancs, toxicity, welding environment.

Welders constitute about 0.5 — 2% of the total work
force in most technoioaically advarced countrias® . In
The work environment. wWelCers axperience varying amounts
of chronic 2xposure i0 aerosois which contain ozone,
nitrogen oxides. meatal oxides, fluorides and otner com-
gounds® . The occupational health effects of the various
comooners:s of welding zerosols ara well documented in tha
reratursT 20303333 A gridy my tha American Wetding
Society=  lists  cadmium,  chromium, lead. titamium.
magnesium, manganese, mercury, molybdenum. nickel,
anadiem, 2ime and fluorides in the fume particies as
cotentiaily nzzarcous. However, only nickel and chromium
V1Y sre suspected numan £arcinogens and these matals
occur n sigmficen: concentraticns oniy in fumes from the
weiding o7 stainless steel and nickel-coated mild stesi® .

The zoxic action of weiging fumes, metal fumas and
ralated metal saits on target organs s krown io have a
cnemicai basis0 = *3 The roxicity or inertness of weiding
fume particulates mav thereiore De assesseg Dy Taciors sueh
as solubility, chamicai composition (kotn surface and
buik), chromium  oxicat.or state anc crystailimity  of
constituents® 3329 |n :mis paper, we axamine somz
of znese factors and present 3 getailec chemical araiysis
oi the flux, fume ang water-solublz fume fractions
from three types of hardfacing and two types of high-
strength low-alloy 'HSLA: stzei manrual metal arc welding
MMAW) electrodes. MMAW s one of the wwo mes:
commonly practiced welaing :echnoiogiesss, ana nard-
facing anc HSLA-steel electrodes are & majpr class of
glectrodes used in the welding industry”. The work s part
of a muiti-disciplinary project which involves pnysical,
chemical and biologicai investigations of fume from these
electroaes® 3739,

MATERIALS AND METHODS

Electrodes

The electrodes used in the study are listad in table 1.
The etectroges were stored in an oven at 100°C. Electrodes
exposed to moisture were dried at 200°C for Two hours
prior to welding.

Department of Chemistry, University of Wollongong.
Commonwealth Institute of Health, University of Sydney.
Department of Geology. University of Wollongong.,

LR
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Chemicals

Ail chamicals ireagents. standards, erc) were of
analyt:cai grade or bezter. Triple giass-distillea water was
Jsad. The nydrochiloric, nitric and perchlor:ie acids used
wer2 SDH, Aristar (uitrapure). Atomic absorption spectro-
orptometry {AAS) stzndards (1,000 mg. L stock sQiutions)
were presared from pure metsls 189,39 -~ 99.999%) or from
pura salts (> 90.9%) using sianoard methcas 2. The
working "AAS stancards were preparec freshiy 2ach day.
The AA3J stancdarg for total chromium determination was
made Dy dissolving 29.989°. caromium metai in nydro-
chioric acid {1,000 mg:L Cr®” stock solunion). Botn AAS
and colorimetric stanaargs for Cr{V!) ceterminations were
maae from & siock solution of 1,000 mg, L potassium
dichromate. Sym-dipnenylcarbazide (s — DPC) reagent was
orapared by dissoiving 0.50g ¢f the solid in a mixture of
100mL acerone snd 100mL of cistilleo water. The soiution
was stored in an opacue botile at 47C istsble for uo 0 a
month,.

Fume sampling

Fume from ihe 2lecirodes was generated using an
automatic are welder and coileczed on glass fiber media3®.
All the etectrodes were we!ded bead-on-plate to 8mm mild
stae! a3t speeds around 15cm min ', Qperating conditions
for tha different zlectrodes are descrivec in zabie 1. The
fume particles collected were caratuily brushed from the

TABLE 1 DESCRIPTION OF ELECTRODES ANC
OPERATING CONDITIONS FOR GENERATION OF
WELDING FUME

Waiding
Code Type Diameter Mode®  Current (A)
(mm} and
voitage (V)
=M Hardfacing, 2.25 AC 128A.24V
medium-¢Aramium
€04  HSLA4tes” 325 AC 125425V
EOS HSLA-5teel 3.25 ocer 125A,23V
N Harafaging, a0 AC 200A.26V
Rign-manganese
€12  Hardfacing, 5.0 AC 128422V

high-chromium

E-3

The manufacrturer specified DC emiectrode nosiuve iDCEP) welding
for S05; all the other elactrodes were suitapie for weiding on
either AC or DC.

D H§LA = nign<trengtn, low-alloy.
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glass fiber substrates and dried at 100°C prior to analysis.
Fume was generally analyzed immediately after collection.
Some fume samples (dried) were stored in sealed glass vials
in a vacuum desiccator at 4°C for up to two weeks before
ana.ysis was commenced.

ANALYSIS

Welid deposit

Each manufacturer provided data based on the
analysis of a typical batch of electrodes. Weld metal deposit
compositions are similar to the compositions of the
electrode core metal except where there is a contribution
from the metal present in the flux.

Flux
Analysis of the flux (outer coating) of the electrodes
was carried out by:
(i) x-ray fluorescence {Li,B,Q,/LiBQ, fushion; Philips
PW 1600; ZAF corrections arogram) and
(iii combustion (Laco EC 12) for totai carbon.

Fume

X-ray fluorescence (XRF) anaiysis was carried out
as for flux. X-ray diffraction (XRD) was carried out using
Philips PW 131690 specimen/camera housing with PW
1050/70 goniometer (CuK. radiation; graphite crystal
monochromatar; 20 calibrated with siiicon ¢rystal).

The following analvses were also performea:
(i)  AAS: Duplicate 0.1g sampies of fume from electrodes
E01, ED4, EOS and E11 were dissoived in 6M hydrochloric
acid at 60°CH°. Fume samples from electrode E12 were
dissolved by adding nitric, perchicric and hydrofiuoric
acids znd evaporating to dense white fumes?®. These
techniques resulted in > 90% dissolution of the fume
samples. Sampies for total chromium analysis were also
prepared by the alternative method of KHSQ, fusion
foliowed by dissolution of the product in 3M sulfuric
acid®® . All soiutions (standards and unknowns} for the
AAS analyses were made in 0.1M hydrochioric acid. AA
measurements were made on an instrumentation Labora-
tory Model 351 instrument using flame atomization with
automatic backgrcund correction in the doubie beam
mode. The air-acetylene flame was used for all elements
except aluminium, calcium and chromium, for which
nitrous oxide-acetylene was used. Standard measuring
conditions (waveiength, hoilow cathode ismp setting,
slit width, etc) were used’®. The wavelength correspon-
ding 1o the highest sensitivity was chosen. Appropriate
ionization suppressants and releasing agents were added
10 both standards and unknowns for the analysis of sodium,
magnasium, aluminium, potassium and caicium*® 2
{it,  Cr(V1): Samples for total Cr(V!) determinations
(0.1g; in dupiicate} were prepared by extracting the fumes
with sodium carbonare/soditm hydroxide at ~ 90°C
and pH = 12.5%* A diluted NIOSH solution®® was used
for the AAS analysis. Total Cr(VI) was also determined by
colorimetry® using sym-diphenylcarbazide (Hitachi Model
101- spectrophotometer; lcm cuvettes; green filter; A =
546nm). Because large concentrations of iron (111) interfere
with the determination®®+2? it was removed by extraction
with 8-hydroxyguinoline at pH 4.
(iii) lon-selective electrode (ISE): For total fluoride
anaiyses, duplicate 0.1g samples of fume from electrodes
E01, EO4, EOS5 and E11 were dissolved in M hydrochioric
acid and those from E12 by digestion in nitric/hydrochloric
acid. An Orion Model 901 lonanalyser and a.Modei 94-09
fluoride-selective electrode were used, Standards were
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TABLE 2 ANALYTICAL DATA FOR ELECTRODE EO1
{(MEDIUM-CHROMIUM HARDFACING)

Abundance (% w/'

'w) .’
Watarsolubie

Element Waeid Flux Fume
deposit fume N
c 0.42 5.7° N.D, L]
F L gac 8.9¢<, 769 3.2¢ 2.3
Na . 0.7¢ 2.45, 2.8 1.2
Mg ) 0.5¢ 0.4¢ 0.3} 0.2 »
Al 3 0.6 0.4¢,0.4" 0.03' -
-Si L 3.2¢ 2.5° L]
? L 0.03¢ 0.03¢ L]
s L4 0.04¢ 0.08¢ L
cl L] 0.2¢ . 0.4¢ 0.4%
K . 1.5¢ 7.8, 86" 6.8
Ca . 18.7° 9.4¢ 9.9 1.5
i L] - 1.8¢ 0.2¢ L
v 0.52 n.g.*® ndat .
- Cr 700 15.0¢ 2.8% 25" .
—CriVl) . . 171 108 15, 1.59
— Mn 0.3{' 2.8¢ 4.6¢ 3.6 , o.ooa'
Fe 1.3 8.8¢ 32.1°,323 0.05
~ Ni . G.1¢ 004¢.003' na’ offfme—- "
Cu ) N.D. 0.03¢.003°  ndf
Zn * <2.01¢ 0.cac N.D.
Zr . <0.1¢ <Q.ac .
- Mo 0.5% 08¢ D¢ ®
Totai 1000 718 713 14.7 i
a Data oroviged by the manufacturer. .
e by compustion.
< by x-ray fluorescence.
@ by ion-seiective electrode.
e by ton<hromatography.
! by atomic absorption spectropnotometry.
g by sym-dipnenvlcarpazide colorimetric method.
n by difference. ’
L] = category nat applicable.
N

3

.D. = not determined.
d. = not derscred.

TABLE 3 ANALYTICAL DATA FOR ELECTRODE E04
(HSLA-STEEL)

Abundance (% w/w)

Fume ‘ Watersolubie

Elament Waeid Flux
deposit fume »vhea
c 0.072 2.7 N.D. .
F . 8.1¢ 14.4%,13.1¢  g.59 9.9¢
Na L] 0.4¢ 2.8 3.5 7.5
Mg . 0.2¢ 0.1¢,01f 0.06'
Al L] 0.5¢ 0.5, 0.6° 0.04f
Si 0.042 4.7¢ 2.8¢ .
P L 0.01¢ 0.02¢ *
s L] 0.03¢ 0.a¢ ]
c L 0.1¢ 0.2¢ -0.2%
K . 1.2¢ 13.75,13.7" 12.3'
Ca . 15.0% 7.3%. 9.1 1.2
Ti L 2.5¢ 0.4¢ .
cr . 0.07¢ 0.03¢, 0.03 . dr-
Crivi) * . 10.037,003° 002,009 fgm
Mn 1.0 2.8 5.0°, 4.4 0.006" dip~
Fe a7.0" 29.7¢ 19.8¢, 17’.3’ 0.07"
Ni 1.62 2.8¢ 0.2¢,01 n.d. -
Cu ] N.D. 0.03¢.008" nd’
Zn . <0.01¢ 0.03¢ N.D.
Zr L <0.1¢ <0.1°¢ .
Mo 0.38 0.6¢ 0.1¢ .
Total 100.0 712 66.9 24.6

a-n @ N.D., nd., See footnotes to table 2,

E-4
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prepared containing the same toncentrations of aluminium

and iron {l11) as the unknowns. All fluoride congentrations

were measured at pH = 6 using the trishydroxymethyl-

aminomethane method?5+3%.

Water-soluble fume
Fume samples (in duplicate) were dissolved by
stirring in water at 60°C for two hours {0.1g fume; 100mL
water). For calcium determinations, 0.1g of the fume
sample was dissolved in 1L water. Solubiiity determinations
were made by recovering the insolubie portion of the fume
by filtration through a 0.45 um nylon membrane filter,
drying in a desiccator and weighing 1o constant weignt.
‘Water-soluble fractions were anaiyzed for:
(iY  metals by AAS as for fume;
(i) Cr{V!) using sym-diphenylcarbazide (colorimetry),

— CaC0,. CaF,, K,Si0,, TiQ,: E11 ~ CaCO,. CaF,,
silicates. TiQ,, cellulose; and E12 = CaCO,, CaF, silica,
silicates and cellulose. The crystalline compounds identified
in the fume from the different electrodes were: EQ1 and
E04 - Fe;0,, K,CrO,, CaF,, NaF: EOS - Fe;Q,.
K,CrQ,, CaF,; E11 = (Fe, Mn);0,; and E12 — Fe;0,,
CaF,. The foilowing d-spacing values (A) were measured
from the x-ray diffractograms which could be matched
with known compounds in the JCPDS (Joint Committee
on Powder Diffraction Standards) card system: 253,
2.97. 1.48 (Fe;0,): 3.08, 2.99. 2.96 (K,CrQ.): 1.83,
3.15. 1.65 (CaF,); and 2.32, 1.65, 2.68 (NaF). Fume
from electrode ©l11 (hign-manganese hardfacing) gave
XRD peaks at d {A) = 2.56, 3.01, 1.52, which we ascribed
0 2 Fe;0, = Mn;0, solid solution*®. The solubilities of
the fumes in water (w/w) were found to be: EQ1 ~ 22.5%:

and by AAS; 04 — 28.0%: EQ5 — 37.5%; E11 — 3.0%: and E12 —
(iii) fluoride using an ion-selective electrode as for fume: 26.3%,
and All the analytical data relating to the five types of

(iv) chloride and fluoride by suppressor column ion-
chromatography (Korth and Ellis?” = 3.0 mM
Na,CO, + 2.4 mM NaHCO; eluent; peak height
mezsuraments).

A least-squares linear regression program (Appie i
Pascal) was used to determine the correlation between
water-soluble chromium (Vi)/total chromium in the fume
and Na = K in the flux. All five types of electrodes were
considered.

Resuits

Spectrographic analysis of the mild steel base metal
(workpiece) gave: Fe = 98.02%; Mn — 1.46%; Si — 0.22%;
C — 0.10%: Al -~ 0.05%; V — 0.058%; Cr — 0.02%; P -
0.02%:; Nb = 0.02%; Ni = 0.015%; Cu — 0.01%; S -~
0.005%: Mo — 0.003% and Sn — 0.002°%. The major non-
metallic constituents of the flux in the differant siectrodes
were: EQ1 and £04 — CaCQ,, CaF,, silicates, TiC,; EQ5

TASLE 4 ANALYTICAL DATA FOR ELECTRODE EO05
(HSLA-STEEL)

Abundance (% w/w)
Elament Waid Flux Fumo/Water-soluble

elecirodes are presented in :ables 2 — 6. Dupiicate chemicai
analvses varied by an average of 2% (maximum of 10%).
For total cnromium, sampies prepared by KHSO, fusion
gave simiiar resuits 10 those prepared by acid-digestion.

Table 7 shows the concentrations of cnromium {111},
water-insoluble  chromium (V1) and water-soiubie
chnromium (V1) in the fumes from the five tvpes of
eiectrodes. The concentrations of chromium in the weld
gepesit and in the flux, and of sodium anc potassium in the
flux, are aiso inciuded in the tsble for comparison.

DISCUSSION

The c¢rystailine compounds detacted in the welding
fumes by x-rav powder diffraction are similar to those
identified in otner studies®'!®-32-38  The resuits show
magnetite (Fe;0;) and calcium fluoride (CaF,)} to be
prominent in the crystal phases of Tour of the five fumes
tested. No transition-metal fluorides were detected in any

TABLE 5 ANALYTICAL DATA FOR ELECTRODE E11
(HIGH MANGANESE HARDFACING)

Abungance (% w/iw)

Elament Weald Flux Fume Wazer-soluble
depasit fume deposit fume
C 0.0452 3.1B N.D. L c 0.0632 3.7° N.D. .
F . 8.0¢ 18.7%,18.53% 8.29, 10.8¢ = [ ] 0.2¢ 1.5% 234 1.59 0.8®
Na . 0.4¢ 1.9¢, 24 05’ Na . 1.0¢ 4135 08’
Mg . 0.1% 0.1¢,0.1f 0.06' Mg . 1.3¢ 0.4%.0.2' 0a'
Al D 1.9 - 2.2¢21 0.05' Al . 0.05¢ 0.1 0.1" nd
Si 0.382 g2¢ 4.5¢ g S 0.143 1.0¢ 11¢ o
P 0.0222 0.03° 0.03¢ e P £0.052 0.03° 0.03¢ .
s 0.019°>  0.06° 0.08° . 5 0.012 0.08¢ 0.08¢ .
Cl [ ] n.d.c D.1¢ o.1® el Y n'dC 0'1C 01"
K » 2.4° 16351735 15af M . 0.08¢ 0.3¢ 0.1 01!
Ca L ] 19.1¢ 9.55.12.5’ 24t Ca Y 3 1€ 0-4c'0.5»' 0-15f
Ti . 5.2¢ 0.9¢ o i . 5.7¢ 0.4 .
-l Cr 2120 a2e 0.5¢,0.7' * er . 0.2¢ 0.0s¢ 005" ®
Cr(vD) . o 06,07 0.7'. 0.69 Criv) . o 00370039  0.03,0.02%
Mn 0.72° 2.2¢ 3.9%, 3_.5' 0006' Mn 1452 36.3¢ 26 ’C. 31 Of 0.051. ’ :
Fe 85.7a"  116° 116°11.5'  0.04' Fe go7s"  7.2¢ 28.1¢.273"  0.09'
aanllp Ni . 0.02¢ 0.02°.001" nal Ni 2.9 g.3¢ y.4¢ 20" na! dige
hy . N.D. 0.03¢.004'  nd o . N.D 003¢.007" na.!
2n . <0.01¢  005° N.D. Zn . <001°  002¢ N.O
Zr . <0.1% <0a¢ . 2. . <£01¢ <018 e
Mo 0.95?2 1.9¢ 0.1¢ - Mo 0.752 2_3-c 0 4!:. ]
Totai 100.0 68.4 72.5 -28.1 Towl 100.0 726 57.0 2.7

-n
#7.®.N.D., n.d., See footnotes to table 2. E-5 2N ® N.D.. n.d.. See footnotes 1o table 2.
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TABLE 6 ANALYTICAL DATA FOR ELECTRODE E12
{(HIGH-CHROMIUM HARDFACING) )

Abundance (% wly
Elemant Weld Flux Fume Water-soluble

TABLE 7 COMPARISON OF CHROMIUM (111) AND
CHROMIUM (V1) CONCENTRATIONS IN THE
WELDING FUME WITH CHROMIUM AND ALKALI-
METAL CONCENTRATIONS IN THE FLUX AND
CORE METAL

% slement (w/w)

Source Species
E01 E0O4  EOQS EN E12
Fume totai Cr 25 0.03 0.7 0.0% 31
Cectiti 0.3 0.0 0.0 0.02 35
wis?Cre VI 0.2 0.01 0.0 2.0 1.0
ws2Criv 1.5 0.02 0.7 0.03 0.5
Wela deposit  Cr 70 =p° 212 =2 323
Fiux cr 153 0.07 a2 0.2 01
Na 0.7 0.4 04 1.0 <0.01
K 1.5 1.2 24 0.08 0.02

deposit . fume

c 4.5 17.9° N.D. *

F ] 14.7¢ §.3¢, 5.2¢ 2.79,1.9¢%

Na . <0.01¢ 1.9¢,1.4f 04f

Mg . 03¢ 0.8%,0.3¢ 0.2

Al ] 0.2% 4.7%.41° 001"

5i L 12.2¢ 13.3¢ L]

P . 0.0z 001° [ ]

8 L 0.01¢ 0.07¢ .

ol L 0.2¢ 38 4.5*

K L 0.02¢ 1.9%,2.4° 2.2

Ca . 19.5° 14.5%.16.0 2.9

Ti . 0.02¢ 0.03¢ ]

Cr 32,33 0.1° 4.7¢, 55" .
gcnvu . . 1.7f, 128 0.4f,05%

Mn 3.34 0.3¢ 5.5%, 6.8 0.02°

Fe 50.7" 1.0¢ 11.1¢,13.20 003
alip N . 0.1¢ 0.04¢,0.03° a4’

Cu ] N.D. 0.03¢,0.05° nd.’f

Zn . <0.01¢ 0.08° N.D.

Zr . <0.1¢ <ea* b

Ma ] <om* <ame »

Tortal 100.0 65.8 70.8 4.0

2" @ N.D. n.a., See footnotes to tabie 2.

of the fumes. Crystalline silica (310, and/or metal siiicates
were also not oosarved in the x-ray diffractograms of any
of the fumes, mplying that siiicon was present as
amorphous silica or silicates. Although crystalline silica
could potentially act as a tumour enhancing agent due 0
chronic irritative and tissue wounding effects,. there i5 no
evidence relating to any bioiogical activity of amorphcus
silica®. The presence of crystallime potassium chromate
{K.CrO,) in fume from siectroce S04 (soiuble Cr(VI) —
0.02%) and its absence in fume from electrode E12 {solubie
CriV1) — 0.5%; K — 2%) is somewhat puzziing. It is possible
other Cr(V!) compounds ware present in the fume from
E12 and in addition XRD techniques will not detect
crystalline substances in partictes << 0.05 — 0.1 um in
diameter™®. . '

The AAS and XRF techniques together provide
analytical data for all elements except oxygen. Where
elements were determined by both methods, the agreement
was exceilent (tabies 2-8). Volatilization losses during
fusion at 1050°C with Li,B,0,/LiBO, probably
contribute to some of the lower Na, K and Ca concentra-
tions measured by XRF. lon-chromatography and ion-
seiective electrode methods for rmeasuring water-soluble
fluorides varied on an average by = 12% (maximum
variation = 30%). lon-chromatography2® has not been used
betore in weiding fume analysis and is probably the more
accurate technigue. lonic interferences with ion-selective
electrodes are common®®*5 and may not have been
completely eliminated by our matrix matching methods.

Mass balances (up to 85-95% of total) may be
obtained for the flux, fume and water-soluble fume by
including the mass of oxygen which would be associated
with elements such as Si{Si0,, $i0,%7), Ti(TiO,, Ti0,*"),
CriCr, 0,4, Cr0y2%). Al(AI, 05, AIO,°7), Mn{MnO, MnO,,
Mn,0;. Mn;O,, Mn0O,°7) and Fe(Fe,0,, Fey0,,
FeO,27)*. Conrtributions from elements which were not
determined are in general minor, The maximum deviation

S8

dwis = water-nsoiuble.

Bivs = watersoiubie.

- Not deterrmineg by manufaciurer, implying neghicipie
congentrauon.

from rmass Dalance 15 in the case of the water-s0iubie fume

fraction from elecirode EOT (tabiz 2). The total aftar
including the mass of oxvgen is = 17.5% w/w wnich s 5%
less than the :otal Dased on the solubility derermination
{22.5% wiwi. Tne 5% deficiency may be due 10 the
presence of water-soiuble sodium and potassium silicaves
{2.5% Si in fume,

The enricnment of fume in flux elements (expressed
as the ratio of their concentrations in fume and flux)
generally follows the order: K > Ng > F > 8 > Ca > Ti.
This is relatzd to the voiatility of the associated com-
pounds:"3 and to the prevaiiing chemmal-thermodynamicsae,
The encrmous gnricnment of fume in Na, X and Ci for
electrode E12 mav be due to the formation of highiy
voiatiie compounds such 3s NaCl, NaF, KC! and KF. If
7 were present as CaF, and Si as $i0Q, in tne original
flux, this wouid further expiain the Na and F flux results
(table 6;.

Iron is the most abundant element in the fumes.
Stol-cingc_ar35 has reviewed the literature on iron oxides and
concluded that they have no adverse heaith eifects. The
comparatively iow iron content of the fume from eiectrode
EOS (1able 4) may be attributed (0 the low fume generation
rate {FGR) of the electrode>3:37-3% Similarly, the higher
than expected iron content of the fume from electrode
E11 (table 5) may be derived from the high FGR of the
electrode??-37-32

Metals such as irgn, chromium, manganese, molyb-
denum and nicke! are added to the electrode flux to
‘increase deposition efficiency3. Gray et al.}? have nointed
out that metal added as a powder in the flux makes a larger
contribution to the fume than a similar weight of meztal
present in the electrode core. Gray et al. emphasize that
toxic metals should, wherever possible, be incorporated in
the core mertal and not added as metal powders in the flux.
There is some evidence from the present results that
contributions of manganese (see tables 3 and 6) and nickel
(see tables 3 and 5) to the fume are greater from the flux
than from the core metal (estimated an the basis that the
electrodes contain 65-80% core metal and 20-35% flux by
weight),

The fluorine compounds present in welding fumes
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" have been found to be physiologically active?’ 31, Basie

electrodes>’ give rise to mainly NaF, KF and CaF, in the
fume?® [all the electrodes used in the present study are
basic electrodes, except E11 (high-manganese hardfacing),
which is a neutral electrode™®]. The transition-metal
fluoro-complexes found in the water-soluble fume fractions
from basic electrodes may lower the biological activity of
fluorige2”. Our results show that the actual amount of
fluoride formed in the fume is the same for the four types
of pasic electrodes, ie, 2.2 — 2.4 g/kg electrode melted (see
refs 37, 39 for FGR data). This means that there is an
inverse relationship between fluoride concentration and
£GA. The resuit is not unexpected and is related 1o the
high volatility of NaF, KF and CaF27'33. There is no
significant correlation between the percentage of fluoride
in the fume and the percentages of fluoride, sodium,
potassium or caicium in the flux (tables 2-6). It appears
therefore that fluoride formation in the fume is controlled
mainly by volatilization processes and not by specific high
temperature stoichiometric reactions. The differances n
concentrations of NaF, KF and CaF, in the flux from the
different . electrodes are probably manifested in the slag
campositions andior in the concentrations of chromates,
silicates, atc in the fumes.

The chromium speciation results (tabie 7) deserve
special aftention Chromium (I1}) compounds are bic-
logically inert=® and have in fact been used in nutritional
medicine?? . Chromium {VI) compounds can penetrate cell
membpranes more easily and oxidize biological material,
thereby adversely affecting cellular function and causing
toxic =ffects2®. The carcinogenic activities of chromium
V1) compounds are reiated to their soiubilities in body
fiuids® ¢®. Relativelv insolubie Cr(V!) compounds (eg,
ZnCrQ,, F’DCrOJ) have been ciearly shown to be carcino-
genic in laboratory animalsd. However, the carcinogenicity
of highly soluble Cr{VI) compounds leg, Na,CrQ,.
K,CrO4, CrO5) is not yet weil established®. Qur “results
incicate that Cr(l11) water-insoiuble Cr{VI1} and water-
soluble CriVl) in the fume originate both from the
eleczrode core and flux. Core metal must favour the
formation of Cr(ill) compounds (eg, Cr, 04, FeCr, O, Rl
The most xmponant fmdmg from the results in table 7 is
that theére s 3 high correiation (r = 0.92) between water-
soluble CriV1);1otal Cr in the furme and the Na + K in the
flux. Kimura &t al.*® tested several types of flux-coated
electrodes 3and have reported a simiiar finding with the
one type of electrode containing different amounts of Na
and K in the flux. The electrodes used in our study are of
five different types but it seems that the sodium and
potassium in the flux are present chiefly as silicates with
similar high temperature {> 3,000°C) reactivity. Reduction
of the Na and K content of electrode fluxes might be a
useful means of reducing the praportion of Cr(V!) in
welding fumes.

CONCLUSION

The results obtained in the current investigation may
be used to calculate ventilation reguirements in welding
workshop environments by applying the reievant threshold
limit value (TLV) indices!2-23  Fume generation rate
[FGR) data for the electrodes are reported elsewhere®” -39
The present results relate to fumes produced and collected
under controlled conditions at the recornmended optimum
weiding current and voltage. It should be recognized that
fume composition may vary with arc voitage:3-36 and to
a lesser extent with AC and DC weiding?3. However, the
data presented may provide guidance to industrial
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hygienists and occupational health physicians in appraising
specific situations related to fume exposure, fume tOXIcity
and the heaith status of weiders.

Biological tests on the 5§ types of fume and their
water-solubie extracts, have been completed and are being
published in the “'Journal of Applied Toxicology''.
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8/CHARACTERIZATION OF ARC WELDING FUME

purity. Although sodium is known to be present in the
binder. it does not appear in any SPEC chemical category.
Elements are detected by EDXA in the SPEC system.
Sodium can be detected. but the sensitivity is low. When
X-rays from very small particles are counted for short
times (1 sacond). the likelihood for observing Na above
background noise is not very good.

2. E7018

The wer chemical analysis showed 0.9 percent
aluminum, 20.6 percent calcium, 19.5 percent fluorine,

patterns were again consistent with Fe,0 .

The particles in this fume are mixtures of
potassium/caleium fluorides and iron/manganese oxides.
Fe,0, and MnFe.0, are obsecrved and probably non-
stoichiometric oxides of iron and manganese are present
as well, No pure manganese oxide is likely since particles
with a very high Mn concentration are not found. No
crysaliine silicon compounds are observed, ‘and the
behavior of silicon is similar to that discussed for the
E6010 fume.

3. ET0S-3

24.6 percent iron, 12.5 percent potassium. 4.6 percent % The wet chemical analysis showed 0.4 percent copper,

manganese. 3.3 percent sodium, and 2.8 percent silicon.
Analysis of the elements present in the bulk sample by
EDXA showed major amounts of potassium, caicium and
iron, intermediate amounts of silicon and manganese, and
trace amounts of aluminum, sulfur, and chiorine. XRD
analysis of the bulk sample showed that the major
crystalline phase is potassium-calcium fluoride, KF-
CaF,. Intermediate phases include magnetite, Fe0,,
calcium fluoride, CaF,, and jacobsite, MnFe0,. It
should be mentioned again that the element fluorine,
although prominent in the crystal phases, is very difficult
10 detect by EDXA.

The SPEC system was used to analyze approximately
1000 particles by chemistry and by size. The average
diameter (by number) for all particles was 0.182 £ 0.117
uM. The categories identified by computer search are
shown below.

E7018 Composition by Category

Percent  Average
Category by Number Diamewer (Volume Weighted X-ray %)
16. K-Fe 14%  0.179aM Si(18) K(36) Fe28)
18. Ca-Fe 15 0.158 AT Si(I7) Ca25) Fe(3D
0.188 Al(4) Si(10) K(28) Ca(22) Fe(23)

19. K-Ca-Fe 48

Chromium. copper., and manganese are present in the
particles in low concentrations in 8, 8. and 23 percent,
respectively. These elements are found in mixtures of the
particles classificd in the three main categories. In a typical
particle, for example, X-ray percentage may be either 35
Ca, 14 Cr, and 51 Fe, or 22 Si, 15 K, 14 Ca, 21 Mn,
and 27 Fe. Lead is found in low concentrations in only
S percent of the particles in mixtures similar to those
described above. (Details of the other particle categories
are given in Tables 5b, 6b. 7b, and 8b.)

The STEM analysis of this fume was made difficult by
the irregularities of the particles. They were either too
thick to obtain diffraction paterns or, where thin enough,
appeared to be multi<crystalline giving diffraction patterns
too irregular to be indexable. Occasionally, particles could
be found that showed only an Fe peak (see Fig. 10). These

G-11

57.0 percent iron, 7.8 percent manganese, and 3.3 per-
cent silicon. Analysis of the elemnents present in the bulk
fume by EDXA showed the elements iron and minor
amounts of silicon and manganese. XRD analysis of the
bulk sampie showed that the major crystalline phase was
magnetite, Fe,0,. XRD also indicated a trace of metallic
iron. .

The SPEC system was used to analyze approximately
1000 partcles by chemistry and by size. The average
diameter (by number) for all particles was 0.135 + 0.114
aM. The main categories identified by the computer
search are shown below. :

E705-3 Composition by Category

Percent  Average Composigon
Cartegory bv_Number Diameter (Volume Weighted X-rav %)

2. Fe 9% 0.153uMSi(7) Fe(90)

3. FelowsSi 14 ° 0173 S10) Mn(6) Fe(76)

5. Fe-Mn 17 0.129 Si(12) 3(4) Mn(13) Fe(62)
6. Fe-Cr 5 0.129 8i(16) Cr(10) Fe(53) Zn(5)
12. Fe-Al 6 0.103 Al(18) Fe(69)

16. K-Fe 6 Q.11 Si(6) K(16) Mn(6) Fe(58)
18. Ca-Fe 10 0.118 AI(D) Si(13) Ca(15) Mn(5) Fe(48)
34. Fe-Rich 8 0.148 Al(4) S5 K(6) Fe(71)

Copper. chromium, and lead are found in low concen-
trations in 8, 10, and 7 percent of the particles, respec-
tively. Once again, these trace elements are not found as
a small number of particles of the pure oxide, but rather
spread in small amounts through a large number of par-
ticles. For example, in the bulk fume 0.4 percent by
weight is copper (see Table 8). Yet copper is found in
8.5 percent of the particles which make up 13.3 percent
by weight of the fume sample analyzed by SPEC.
Manganese comprises 7.8 percent by weight of the bulk
fume, but 25 percent of the particles contain manganese
at low concentrations in mixtures of iron, manganese, and
silicon. An additional 3 percent contain intermediate
amounts of manganese in particles of similar chemistry.
It is unlikely that pure oxides of manganese are present.
(Details of the other particie types are given in Tables 5¢,
6¢c, 7c, and 8¢.) : .



Fume Generatioh_ and Melting Rates
of Shielded Metal Arc Welding Electrodes

Electroniéally controlled welding apparatus is used to determine
the fume generation rates and melting rates of some
hardfacing and HSLA steel SMAW electrodes

BY R. K. TANDON, J. ELLIS, P. T. CRISP, AND R. S. BAKER

ABSTRACT. An electronically-controlied
welding apparatus with a fume collection
system was used for shielded metal arc
welding (AC and DQ) of three hardfacng
and two high-strength, low-alloy steel
electrodes at optimum current settings
for each electrode.

At each current setting, fume genera-
tion rates (FCR's, ie., § fumeskg elec-
trode melted) varied by a factor of 1.5 to
2.0 while acceptable arc length was main-
tained. FGR's increased almost finearly
with voltage and with power, and
decreased almost linearly with current.
AC welding gave FGR’'s which ranged
from 50% greater (hardfacing high-man-
ganese electrode) to 30% less (hardfadng
medium~chromium electrode) than DC
welding at the same current. No differ-
ence was found in FGR's between DCEN
or DCEP welding® with a hardfacing high-
manganese electrode.

Electrode melting rates (EMR’s, kg elec-
trode melted/h) increased almost inearly
with aurrent, and deceased almost bin-
early with voltage and power. For the
same current with a hardfacing high
manganese electrode, EMR’s varied as
follows: AC < DCEP < DCEN.

The processes responsibie for the
observed variations are discussed, and
the need for study of metal ar¢ physis is
emphasized.

*AC —alternating current: DCEP — direct cur-
rent, electrode positive; DCEN=direct cur
rent, electrode negative.

R K. TANDON, | ELLIS and P. T. CRISP are with
the Depantment of Chemistry, University of
Wollongong, and R. 5. BAKER is with the Cedl
Biology Laboratory, Commonweaith Institute
of Health, University of Sydney, in New South
Wales, Australia.

Introduction

A large proportion of the electrodes
currently produced are of the hardfacng
and high-strength-low-alloy (HSLA) steel
types. Special shieided metal arc weiding
(SMAW) electrodes are extensively used
for hardfadng in agriculture, mining and
engineering where resistance to abrasion,
impact and erosion are essential weld
requirements (Refs. 1, 2). HSLA steel
SMAW electrodes have numerous indus-
trial applications, such as the welding of
tubes and vessels in chemical plants and
steam generating equipment (Ref. 2).

Both types of electrodes contain vary-
ing amounts of chromium wiuch, when
released as chromium (VI) in fume. &
suspected of causing lung cancers (Ref.
3), but this has not been established in
welding health studies (Ref. 4). It is impor-
tant, therefore, to study the formation
rate and chemical composition of the
fume emitted from such electrodes.

In this paper, data are presented for
three hardfacing-SMAW and two HSLA
steel SMAW electrodes in order to show
the effect of electrical variables on
fume generation rates and electrode
melting rates. Both welding and fume
collection were carried out under pre-
disely controlied and reproducble condi
tions. This study is the first phase of a
project in which it is planned to carry out
physical, chemical and biological mvestr
gations of fume particles from hardfadng
SMAW and HSLA steel SMAW elec-
trodes.

Experimental Procedure

The equipment and method used for
generating and collecting welding fume
have aiready been described by the
authors (Ref. 5). A schematic diagram of
the equipment is shown in Fig. 1.

F-3

An electromc controller maintains a
constant preset welding voltage by
adjusting the arc length via an electrode
feeder mechanism. The electronic con-
troller also operates the horizontal drive
table and welding power supply while
continuously displaying the welding cur-
rent and voltage; both current and volt-

age can be continuously recorded. The.

electrode., feeder mechanism comprises
an msulated electrode holder mounted
on a worm thread which & driven by a
DC servo-motor. The horizontal table
moves on rollers with a total movement
of 500 mm (19.7 in.) at speeds adjustable
from 100 to 700 mm/min (3.94 to 276

For AC welding (Ref. 5), the low cur-
rent range (open drcuit = 78 V) was used
for all electrodes except E11 (Table 1); for
the E11 electrode, a high current range
(open drcuit = 55 V) was used. DC weld-
ing was performed with a Lincwelder DC
250 MK generator (open arcuit = 60V).

For both AC and DC welding, the
current on the power supply was set to
the mid-point of the recommended oper-
ating range. and welding was performed
at arc voltages between 20 and 35 V. The
use of automatic welding apparatus simu-
lated both practical welding conditions
and unstable long-arc conditions. The
latter were induded in the study in order
to probe the physical and chemical pro-
cesses occurring in the welding arc.

All measurements were made at a
welding speed of 150 mm/min (5.9 ipm),
with the electrode feeder mechanism set
at an angle of 45 deg to the table. All
welding was done on 8 mm (0.31 in.)
thick mild steel plates. Voltage measure-
ments were made between the top of
the electrode and the work table and
between points 50 mm (1.97 in.) apart
near the top of each electrode; current
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Fig. 1—Schematic of the welding and fume colection equipment. Reproduced from Australian

Welding Joumal with permission (Ref. 5)

was determined by measuring the volit-
age drop across a shunt of known resis-
tance. Dynamic properties of the arc
(Ref. 6) and phase angle were measured
using a cathode-ray oscilloscope.

Fume collection was carried out fol
lowing the procedures described by the
American Welding Society (Ref. 7) and
the Australian Welding Research Associa-
tion (Ref. 8). An air flow rate of approxi-
mately 16 L/s (2034 cfh) was used; this is
within the range of fume-plume condi-
tions in practical welding.

Results

The electrodes used in the study and
their recommended operating conditions
are given in Table 1. The relationships
between the electrical variables— cur-

rent, voltage and power —are shown in
Fig. 2, and the variations in fume genera-
tion rate and electrode melting rate with
current are shown in Figs. 3 and 4.

It must be borne in mind that both
fume generation rates and electrode
melting rates relate to a situation where
power (V . A) is increasing as voitage (V)
is INTeasing and current (A) is decreasing
(see Fig. 2). We are thus working along
points on the voltage-current curve at
constant current setting on the power
supply. The experiments were not
designed to make comparisons of fume
generation rates at equivalent power lev-
els (power (kW) = current (A) X voltage
(V) + 1000). However, in all instances
where equivalent power levek were
obtained. higher fume generation rates
were found with higher arc voltages.

Values for average current, fume gen-
eration rate, and electrode melting rate
were reproducible within = 5% using the
same voltage setting on the electronic
controller and electrodes of the same
production batch. During welding, volt-
age and current fluctuated within =1V,
=1 A with electrode E11 and within
=25V, =5 A for the other electrodes.

Resistive heating of the unused portion
of electrode was small, since the voltage
drop along the electrode was 20~-50
mV/cm (= 31-127 mV/in.), correspond-
ing to = 1V along a full rod. Current and
arc voltage were in phase (phase angle
<3 deg). confirming the absence of sig-
nificant capacitance or inductance in the
arc. All electrodes formed a gun barrel tip
during use, and the welded seams were
generally flat and uniform. Electrodes E11
and E12 formed considerably less slag
than the other electrodes.

No leakage of fume around the collect-
ing hood was visible during welding, and
loss of fume due to deposition in the steel
tubing and hood was <5%, The glass-
fiber fiter collects particies below 0.3 um
with decreasing efficiency, but such parti-
des constitute only a small percentage of
the total mass collected on the filter (Ref.
9).

Discusgion

The fume generation rates (FCR’s) for
each electrode varied by a factor of
approximately two while acceptable arc
length was maintained using the recom-
mended nominal current settings on the
power supplies. FCR's increased almost
linearty with voltage and with power, and
decreased almost linearfy with current =
Figs. 3 and 4.

It is likely that the power of the arc is
the princdpal factor determining the FGR’s
(Refs. 5, 10), since an increase in the rate
of heat input to the arc should lead to
greater evaporation and sputtering of
molten metal and moiten flux. The arc
voltage may also be important since it

Table 1—Description of the Hardfacing and High-Strength, Low-Alloy Steel Blectrodes Used

Codel® Type

EO1 Hardfacing,
medium-chromium

EO High=strength, low-alloy
stee!

EOS High-strength, low-alloy
steel

e Hardfacing, high-manganese

E12 Hardfacing, high-chromium

Recommended

Diameter, mm operation and aurent, A
3.25 AC ; 90-135
DCEP: 90-135
3.25 AC :105-150
DCEP:105-150
325 : DCEP: 75-130
4.0 AC :125-230
DCEP:125-210
DCEN:125-210
6.0 AC :120
DCEP:120

Nominal weld
deposit analysis,
wi-%
Cr:7, C.0.4, M0:0.5, Mn:0.3, V:0.5
Ni:1.6, C:0.07, Mn:1.0, $i:0.04, Mo:0.3

Cr:2.12, €.0.045. Mo:0.95, P-0.022,
Mn:0.72, 5.0.019, 5i:0.38

Mn:14.5, 5i:0.14, Ni23.2, P E 0.05,
Mo:0.75, 5:0.01, C:.0.65

Cr:30-35, Mn:3-3.5, C:4-5

(a) AWRA system of classificanon comespondng to code desgratinns: ED1 =~ 185544; E04 = ESONAC: 05 - E901SA3: E11— T215A4; E12 ~ 2355A1.
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Fig. 2 ~Effect of current on arc volage and
power using specific electrodes by code ges-
ignation (see Table 1): E01 with AC=V. with
DCEP—V; EON with AC=[1 with DCEP— &
EOS with DCEP~ A ; E11 with AC =0, with
DCEP— @, with DCEN=O; £12 with AC~0,
with DCEP - ¢

determines the arc length (Ref. 1) and,
thus, the following:

1. The surface area of the plasma
column through which material can
escape.

2. The time the material spends in the
plasma (Ref. 5).

No systermnatic difference was ob-
served in FCR's with AC compared with
DC weiding. The results obtained here
do not agree with the findings of Eich-
horn et al. (Ref. 11) that AC welding
generally produces iess fume than DC
welding.

The mechanism of metal transfer dur-
ing SMAW welding is difficult to establish
but under optimum conditions consists of
a showery spray of metal and slap drop~
lets (Ref. 1). Gray et a/. (Ref. 12) proposed
that, during spray transfer, the buk of the
fume formation occurs in the arc plasma
by evaporation of droplets in the plasma
jet rather than by processes at the cath-
ode or anode. This proposal explains the
similar FGR’s obtained with DCEN and
DCEP welding for electrode E11; it also
explains the generally similar fume gener-
ation rates obtained with AC and DC
welding at the same power —Fig. 4.

The electrode melting rates (EMR’s)
displayed opposite behavior to the FGR’s
in their variation with the electrical
conditions. EMR's increased almost in-
early with current and decreased aimost
linearly with voltage and power. EMR’s
obtained using AC and DCEP were gen-
erally similar, but the EMR. for electrode
E11 using DCEN was approxmately 40%
greater than that using DCEP.

The high melting rates obtainable with
DCEN arcs are well known (Refs. 1, 13).
The transfer of metal is globular and
spattery, unless trace constituents such as
metal oxides and calcium salts are inchud-
ed in the flux to make the cathode more
thermionic; if this is done, spray transfer
of metal predominates and the meiting
rate decreases (Ref. 1). It appears, there-
fore, that the differences in EMR’s with
different DC polarities arise from differ-
ences in the proportions of gobular
transfer (fast) and spray transfer (slow).

We suggest that globular transfer
occurs when there are relatively few arc
roots releasing heat (“plasma emssion,”
Ref. 13) and that spray transfer occurs
when the arc roots are relatively numer-
ous (“field emission,” Ref. 13 The

Fig. 3—Erfect of current on the fume genera-
tion rate and electrode melling rate fsee Fig.
2 caption for symbols corresponding 1o
trode code designations) .
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increase in EMR’s with increasing current
may be due to the increasing frequency
of charge-transfer processes per unit area
of the electrode surface, resulting in a
greater rate of heat dissipation.

It is notable that EMR’s increase with
decreasing power. This is probably due
to the relatively small amount of radiative
heating of the electrode by the plasma or
workpiece surface (Ref. 1); resistive heat-

ing of these components of the arc,.

therefore, has little bearing on events at
the electrode surface.

Interpretation of fume-generation and
electrode-meiting data for covered elec-
trodes is hindered by the limited informa-
tion available on the physics of metal
arcs. Processes occurring at the anode
and cathode surfaces are poorly under-
stood and, to date, studies of the arc
plasma have concentrated on the sim-
plest cases, ie, inert-gas shielding, non-
consumable electrode and cooled work-
pece (Refs, 12, 14).

The flux coatings of covered elec-
trodes provide additional charge carriers
to the plasma (readily ionizable elements
such as sodium, potassium and calcium);
these modify the emissivity of the cath-
ode and anode surfaces (metal oxide and
ionizable atomic fims) and probably
affect most other arc variables. Further
interpretations of fume-generation and
electrode-melting data must wait until the
chemical physics of flux coatings and
electrode processes are better under-
stood.

Conclusion

Wide variations in fume generation
rate occur with different electrodes and
with the same electrode under different
welding conditons. In particular, the high-
est fume generation rates were observed
with a high~chromium hardfacing elec-
trode; this result may be important due to
the present concern about chromium (V1)
toxiaty.

Variations in fume generation rates are
important for deterrmuning the precau-
tions which should be taken during weld-
ing operations and must be known for
chemical and biological studies of fume
toxiaty. In addition, fume generation rate
data for welding processes under differ-
ent conditions must be available so that
hypotheses concerning electrode and
plasma behavior may be tested.
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Characterization of Arc Welding Fume

I. Introduction

During the process of welding, metal vapors are pro-
duced in the eiectric arc. As these vapors cool and solidify,
a fume is formed that may be a potential health hazard
to the welder and to others working in the same area. Such
fine aerosols are all irritating to the respiratory system.
Yet some fumes may potentially be more dangerous than
others because of the specific substances present.

The purpose of this study is to provide a data base of
chemical, cryswllographic, and physical data for represen-
mtive welding fume types which will aid in the understan-
ding of the interactions of these particles with the human
respiratory system. Such interactions are affected by many
variables. Therefore, a simple percent weight analysis for
various ¢lements does not provide adequate information
since individual particle size and chemistry affect toxici-
ty. For example, a few large particles may dominate a
percent by weight analysis. However, if these particles
were over 10 uM in diameter, they might not reach the
lower respiratory system at all, while compounds present
in thousands of fine particles would penetrate to the alveoli
of the lungs and could be absorbed into the blood. Parti-
cle morphology is also significant since particles with
sharp edges or fibers are more irritating to the lungs than
smooth, sphere-shaped objects. Finally, specific com-
pounds must be identified since such factors as crystallini-
ty, solubility, and oxidation state affect toxicity. Such in-
formation may influence the determination of federal stan-
dards for occupational exposure.

These objectives were accomplished by using various
macro and micro scale techniques. Initially, energy disper-
sive X-ray analysis (EDXA) and X-ray diffraction (XRD)
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were used to obtain background information on bulk fume
properties. The focus of this work was the analysis of the
welding fume on a particle by particle basis. Automated
electron beam analysis (SPEC) was used to analyze large
numbers of particies, and specially designed computer
software sorted the particle data by size and chemistry.
Finally, a scanning transmission electron microscope
(STEM) was used for a manual examination of a smaller
number particles for size. chemical composition, and
crystallinity. An examination of all of the data available
for a fume can then be used to decide whether tox-
icological testing may be advisable.

II. Sampling Techniques

Two general types of samples were required for the in-
vestigation: bulk fume samples which could be used for
the analytical techniques requiring large amounts of sam-
ple material, and lightly dispersed samples for the techni-
ques which provide analyses of individual paricles.

A. Bulk Samples

The bulk sampies were collected by AWS in a conical
chamber as described in AWS F1.1-79, Laboratory
Method for Measuring Fume Generation Rates and Total
Fume Emission of Welding and Allied Processes. This pro-
vides a sample of several grams needed for certain
analytical procedures such as X-ray diffraction.
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B. Dispersed Samples

For the analytical techniques which provide data from
individuai particles of the fume. it is required that the par-
ticles be dispersed in such a manner that the individual
particles arc not contingent so that individual particie data
is not altered by adjacent particles. In principle. this can
be accomplished in two ways. One method would be t0
redeposit portions of bulk samples to provide a non-
contingent dispersion. This approach. however. has some
danger in that there is no absolute assurance that the
redeposition process does not break up naturally occur-
ing particle agglomerates, dissolve cerain particle types,
or lose either large or small partcle sizes.

The other approach is to collect the particles in a
dispersed state on a suitable substrate directly from the
weld fume. The only concern about this approach is that
the collection times are necessarily short (a few seconds)
and may not accurately represent an 8-hour average.

Three direct sampling techniques were investigated in
order to determine a method that would reliably sample
representative portions of the various arc weiding fumes.

1. Nuclepore Filter Samples

Fume samples were collected by suction (2 liter/min)
onto polyester Nuclepore filters (pore size O.2 M) loaded
into standard plastic cassettes. There was some tendency
for particles to agglomerate around the pores, but this was
not a serious problem if sampling times were kepr relative-
ly short and the filter loadings were light. It was most
convenient to collect several samples 18 inches above the
arc at times such as 1, 3, and 5 seconds in order to bracket
the optimum filter loadings nesded for the various
analytical techniques such as SPEC and STEM.

This technique is a standard method for collection of
ambient air particulates analyzed in this laboratory. It also
appears 1o be the best method for collecting fume samples
defined for characterization of the individual particles
rather than by bulk analysis.

2. Electrostatic Collector

With this wechnique, the particles were collected on
smooth surfaces such as a glass slide or plastic tape using
an electrostatic collector and charge neutralizer system.
Although this technique reduced the tendency of the par-
ticles to aggiomerate, the method was discarded because
some agglomeration was still observed and because the
long sampling tube needed for this instrument may be
causing some size and chemical discrimination in parti-
cle collection. Further, it was felt that the electrostatic
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charge neutralizer in the system might be breaking up
narurally-occurring agglomerates and. therefore. altering
the actual state of the weld fumes.

3. Sticky Films

Samples were collected simply by holding a glass slide
coated with a very thin film of a sticky substance such
as Vaseline directly in the fume. This method was also
discarded because the smailest particles are not represen-
watively collected due to the air stagnation zone that
develops at the surface of the slide.

Therefore, Method 1, the collection of the fume on
Nuclepore filters. was selected as the primary sampling
technique. The samples that were collected were compat-
ble with the scanning electron microscope and the scann-
ing transmission electron microscope, the instruments
needed to measure size and chemistry of the submicron
particles that are characteristic of welding fume.

II. Analytical Techniques and Sample
Preparation '

A. X-ray Diffraction (XRD)

Portions of the as-received bulk fume samples were
loaded into giass trays to provide a smooth, even surface
of the material. The trays were then placed in an X-ray
diffractometer and exposed to copper K-alpha radiarion
over the Bragg reflection angle of 6 degress to 100 degrees
using a focusing graphite crystal, diffracted-beam
monochromator. The output data from an X-ray diffrac-
tion analyses typically consists of peaks of different in-
tensities at various Bragg reflection angles. These peaks
result from the unique structures of crystalline materials
with definite relationships of the distances and angles bet-
ween the constituent atoms. Thus, proper indexing of the
reflections from an X-ray diffraction pattern will reveal
the specific crystalline compounds and phases which are
present. It is important to mention that X-ray diffraction
will not indicate the presence of amorphous materials or
materials with particle sizes less than approximately 0.03
gM.

In the present study, the peaks on the patterns were
generally relatively sharp indicating that at least portions
of the sample materials were fairly well crystallized. The
results of the analyses for the six samples are described
in the Discussion Section of the report.




B. Energy Dispersive X-ray Specti'ometry
(EDXA) :

Portions of the bulk samples were mounted on high
purity graphite waters with Duco Cement. coated with
0.02 uM of carbon. and examined in the scanning elec-
tron microscope (SEM) using a 24 KV accelerating
‘'voltage and a tilt angle of approximately 45 degrees. The
microscope is equipped with an energy-dispersive X-ray
analyzer which detects and semi-quantitatively measures
all elements with atomic numbers greater than ten. (The
clements not detected by EDXA are: hydrogen. helium,
lithium, beryllium. boron. carbon, nitrogen. oxygen,
fluorine, and neon. It is sometimes possible to detect
fluorine if the concentration is at least 5 percent.) EDXA
works by virtue of the fact that the high energy electron
beamn excites all elements in the samnple and causes them
to emit characteristic X-rays whose energies are unique
to the emitting element. The X-rays are detected and
energy-sorted by a solid-state detector, providing a spec-
tral presentation of all elements present in concentrations

- greater than approximately one-half percent.

Further, the analysis can be confined to specific sam-
ple features as small as approximately 1 micron or, as
in the present case, scanned over areas as large as ap-
proximately 4 mm x 4 rmm to provide averages typical
of the bulk concentration.

C. Suspended Particulate Evaluation and
Classification (SPEC) System

The SPEC system combines thres basic analytical in-
struments to produce its particie-by-particie particulate
analysis. An eiectron beam image analyzer is joined to
a scanning electron microscope (SEM) and an energy-
dispersive X-ray analyzer (EDXA). The motion of the
electron beam is digitized, allowing the position of the
beam to be completely controlled by a mini computer.
Using contrast variations resulting from differences in
chemistries berween the particles and the substrate, a
description of particle size, shape, and chemistry can be
rapidly generated and stored in 2 computer for the subse-
quent retrieval.

The fume samples were prepared for analysis by cut-
ting a segment of approximately one square centimeter
from the middle of the Nuclepore filter. These were
mounted on an aluminum SEM stub using an amorphous
graphite solution, then coated with approximately 0.02
M of carbon by exposure to a carbon arc in vacuum.
At least 1000 particles were analyzed for each fume type.
Particle density on the filters ranged from 10° to 107 par-
ticles per square centimeter. Because of the random
distnbution of the fume particles, the analytical results
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are equivalent to those that would be obtained if all of
the particles on the filter were analyzed.
The basic operational steps of the SPEC system are as

follows:

* Generation of a search grid system

* Detection of particles intersecting the search grid

system '

» Size and shape analysis of parnicles

« Chemical analysis of particles

* Data reduction and particle type classification.

1. Generation of a Search Grid System

A digital scan generator is used to convert the normal
SEM beam scanning motion of a stepping motion with
reguiar intervals. The spacing between grid points is
chosen in such a manner as to intersect a representative
fraction of the particles on the SEM viewing screen. For
this study, a grid size was selected such that all particles
greater than 0.07 uM diameter would be detected 100 per-
cent of the time. The grid size was chosen after examina-
tion of high magnification SEM and STEM pictures. Par-
ticles as small as 0.01 uM were observed, but the vast
majority were (.1 uM or larger. Subsequent analysis of
partcle size distribution graphs for the six fumes tested
in this study indicated that particuies smaller than 0.07
aM constituted 0.1 to 1 percent by weight and 1 to 25
percent by number. After the grid is defined. the com-
puter instructs the electron beam to pause at each grid
point while 2 particle detecrion is performed.

2. Detection of Particles Intersecting the Search Grid
System

The particles are detected on the grid points by monitor-
ing a backscartered electron signal. A signal above an ad-
justable threshold value indicates thar the beam is on a
particle. If the signal is below the threshold, the computer
selects the next coordinate of the grid.

3. Size and Shape Analysis of Particles

After a particle is located, a subroutine is used to drive
the beam in a preset pattern to determine the particle size
and shape. The preset patiern consists of eight diagonals,
each of which is terminated when a grid point is monitored
and found to be off the particle. The pantern is repeated

* twice — once t0 locate the particle and once to detrermine

the lengths. of the diagonals through its centroid. The
minimum diagonal becomes the particle Width. The max-
imum diagonal becomes the particle Length. Its Average
Diameter is the arithmetic average of the eight diagonals.
Finally, the data is stored and the beam is positioned to
chemically analyze the particle.
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4. Chemical Analysis of Particles

The chemical analysis of 2 particle is performed by 2
computer command which positions the electron beam at
the measured centroid of the particle for a preset time.
usually one or two seconds. The electron beam excites
X-rays characteristic of all the elements present in the par-
ticle. All elements present in the particle above atomic
number ten (neon) in the periodic table are detected
simultaneously. Their signal levels are stored in the
memory of the computer for subsequent retrieval. For this
study. the following 18 elements were monitored: sodium.
magnesium, aluminum. silicon. phosphorus. sulfur.
chlorine, potassium. calcium, titanium, vanadium,
chromium, manganese. iron, COpper, zinc. bromine, and
lead. Unformunately. this original list of elements did not
contain nickel, an element present in stainless steel.
Therefore. the one stainless steel fume was reanalyzed
using a 19-element file that monitored nickel.

5. Data Reduction and Particle Type Classification

Typicaily, a thousand particles per sample are analyz-
ed. Additional information other than lineal dimensions
is derived by calcularing the volume and surface area.
Each particle is assumed to be a prolate spheroid with the
Length as the majoraxisandchidxhasmenﬂnoraxis.

The volume equation is:

V=Y¥rab?
where: a = 1/2 Length
b = 172 Width

The surface area equation is:
S = 2x[b* + able Sin'e]

where: e, Eccentricity, = (1 - o))"

Next, the particies are separated into different types
based on present chemistries derived from the X-ray
spectra.

Two new chemistry definition files have been developed
for the present study — one for the ferrous base fumes
contining thirty nine particie categones, the other for the
aluminum base fume containing twenry onc particle
categories. These categories are expressed in ¢lemental
form. and not as compounds. EDXA identifies only
clements with atomic number greater than ten. Therefore,
low atomic number elements (¢€.g.. OXygen. fluorine) are
not mentioned in the chemical categories since they can-
not be observed. It is to be understood, however, that the
elements mentioned in a particular category are virually
always present as complex oxides and not as metals. In
addition. fluorides may be present in certain fumes such
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as ET018 and E308-16. where fluorides were used as
fluxes in the original welding consumable.

The ferrous base fume categories are:
(1) Carbon/Organic

(2) Iron

(3) Iron with Low Silicon
(4) Iron with High Silicon
($) Iron-Manganese

(6) Iron-Chromium

(7) Iron-Chromium-Manganese
(8) Iron-Copper

(9) Iron-Vanadium

(10) Iron-Zinc

(11) Iron-Titanium

(12) Iron-Aluminum

(13) Iron-Sulfur

(14) Iron-Chiorine

(15) Potassium-Chromium
(16) Powassium-{ron

(17 Potassium-Chromium-lron
(18) Calcium-Iron '
(19) Potassium-Calcium-Iron
(20) Potassium-Manganese
(21) Potassium-Titanium
(22) Calcium-Chromium
(23) Calcium-Manganese
(24) Caicium-Titanium

(25) Potassium-Calcium
(26) Pouwassium-Rich ’
(27) Calcium-Rich

(28) Lead-Rich

(29) Chromium-Rich

(30) Manganese-Rich

(31) Copper-Rich

(32) Titanium-Rich

(33) Vanadium-Rich

(34) Iron-Rich

(35) Sodium-Rich

(36) Magnesium-Rich

(37) Aluminum-Rich

(38) Silicon-Rich

(39) Miscellaneous

The aluminum base fume categories are:
{1) Carbon/Organic

(2) Aluminum

(3) Aluminum-Copper

(4) Aluminum-Magnesium
(5) Aluminum-Iron

(6) Aluminum-Silicon

(1) Aluminum-Chromium
(8) Aluminum-Tinium
9 Aluminum-Vanadium
(10) Aluminum-Sulfur




(1) Aluminum-Chlorine
(12) Aluminum-Potassium
(13) Aluminum-Calcium
(14) Aluminum-Manganese
(15) Copper-Rich

(16) Chromium-Rich

(17) Manganese-Rich
(18) Iron-Rich

(19) Magnesium-Rich
(20) Aluminum-Rich

(21) Miscellaneous

Category definitions can range from very specific to
very general. For example, a particle identified as /ron
shows an iron peak with a relative X-ray intensity of at
least 85 percent. It is to be understood that the iron is pre-
sent as an oxide. Other elements are present only in trace
amounts. For the “‘Iron with Low Silicon™" category, up
to 50 percent may come from silicon with the rest from
iron. Other elements are present only in trace amounts.
For **Iron with High Silicon'’, silicon produces 50 per-
cent or more of the X-rays. Again, these are complex mix-
tures of iron oxides and silicon oxides. For categories such
as **Iron-Manganese ™" or **Iron-Titnium™, the clements
mentioned may be present in any proportion. These
categories also allow for aluminum and silicon to be pre-
sent. Specific definitions were developed when an analysis
of the paricle-by-particie printout showed that these
species were present in relatively large numbers. Other
particles are collected into more generally defined
categories such as **Chromium-Rich™* or **Copper-Rich™.
The element mentioned will produce at least 25 percent
of the X-rays. but particules such as Copper-Phosphorus,
Copper-Manganese. and Copper-Silicon will all be col-
lected into the same Copper-Rich category.

The Carbon/Organic category collects particles com-
posed of elements of atomic numbers less than ten,
primary carbonaceous material, and the final
Miscellaneous category collects those which do not fit into
any previous category. After the particles are sorted by
chemical category. the program completes its work by
calculating size distributions for each particle type and
for the whole sample.

The specific definitions of the categories will be found
in Tables | and 2.

In addition, the data was re-anaiyzed to investigate the
distribution of specific elements: copper, chromium, lead,
and manganese. Only three simpie categories were used:
High. with the element producing over 50 percent of the
X-rays: Medium. 25-50 percent; and Low, 1-24 percent.
The Miscellaneous category then collected all of the par-
ticles thar did not contain that element.
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D. Transmission Electron Microscopy
(TEM) and Scanning Transmission
Electron Microscopy (STEM)

Samples for the TEM and STEM were prepared by
overlaying a portion of the Nuclepore collection filter with
approximately 0.02 « M of carbon by evaporation. The
fume particies were retained in the carbon tilm while the
filter substrate was dissolved in chioroform. The carbon

. film was transferred t0 a standard 300 mesh copper TEM

grid.- The grids were washed in chloroform before use.
The grid and sample were washed again to insure com-
plete removal of the filter media. The STEM was used
to obtain electron diffraction and EDXA date.

The prepared grids of each fume were examined in a
scanning transmission electron microscope operating at
120 kV. The microscope was equipped with an energy
dispersive X-ray analyzer.

STEM analysis was undertaken because it can obtain
morphological. chemical and crystallographic informa-~
tion from the same region. While it thus has a great poten-
tial for this type of problem. it is inherently more time-
consuming than the SPEC analysis, and it was realized
that it could not be compared statistically with the SPEC
data. The approach chosen, therefore, was to perform
analyses on 5-10 particles per fume to determine if the
chemistries detacted by SPEC could be directly related
1o the crystal structures determined by XRD. The iden-
tification of electron diffraction patterns is, in many cases,
more ambiguous than X-ray patterns since only a single
slice of reciprocal space is obtained in a singie pattern.
For this reason, the crystal structures were not determin-
ed directly from the electron diffraction data. Instead, the
electron diffraction patterns were indexed against the
structures observed by XRD.

Of the several modes of electron diffraction availabie
in the STEM. convergent beam diffraction in the TEM
mode was chosen. In this technique, the electron beam
is focused down to a spot about 0.1 uM in diamerer which

*is then placed on the particle to be analyzed. In this way,

the electron diffraction pattern and the X-ray spectrum
of the particle were recorded simultaneously. The X-ray
spectrum records the elements present. The diffraction
pattarn determines the crystal structure and interatomic
distances. Particular compounds are identified by index-
ing this data against values for known substances. While
smaller spot sizes are arainable in this type of instrument,
they were not used here for two reasons. First, they pro-
duce a high contamination rate on the specimen which
leads to a rapid deterioration of the diffraction pattern and
second. the angle of view in the diffraction panern is
somewhat restricted.

The paricles analyzed in each fume were about 0.1 uM

[y
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in diameter or larger. The particles were chosen to en-
compass the range of morphologies observed. Since the
diffraction data was important, many particles of each type
were often examined before one with a diffraction pat-
tarn suitable for indexing was found. Then the X-ray spec-
gum was taken and the particie’s image recorded. in some
cases no satisfactory diffraction panerns couid be obtain-
ed for any of the particies in a given morphological class.
This occurred both for particles that were too small (so
that diffraction parterns showed spots from too many n-
dividual particles) and too thick (so thar the transmined
intensity was too weak or non-existent).

Because of the relatively complex structure of some of
the phases. the indexing of the electron diffraction pat-
terns was performed with the 2id of a computer program.

E. Gas Chromatography-Masé Spectrometry
(GC-MS)

During the analysis of size and chemistry by the SPEC
system. a portion of the particles could not be classified
by chemical composition because they yielded an X-ray
count below the threshold limit. This could resuit from
a very small particie that did not produce enough X-rays
to trigger the detector or from a particle containing car-
bon compounds that would not be detected by EDXA.

Since carbon combustion products can be carcinogenic,
a brief study was undertaken to eliminate the possibility
of these substances existing in the fume. 0.5-gram samples
of two of the bulk fumes (E7018 and E70S-3) werc ex-
tracted with 20 ml of dichloromethane for 8 hours using
a Soxhlet extractor. The solvent was concentrated to one
milliliter, and a portion of this concentratc was analyzed
by GC-MS. No organic compounds were observed. Thus,
it is more likely that the unclassified particles are simply

too small for a good EDXA analysis. [AWS comment: -

Organics wouid not be expected to be present because of
composition when exposed to arc temperatures that can
exceed 6000°K.]

IV. Results and Discussion

The fumes from six different types of welding rods and
wires have been analyzed 10 derermine the size and shape
of the particles and the crystalline phases present. These
included low carbon steel solid, coated, and flux cored
rods and wires (E6010, E7018, E70S-3, E70T-1), a
stainless steel coated rod (E308-16), and an aluminum
wire (E5356). The propertes of the bulk fumes were
analyzed by EDXA and X-ray diffraction. Then, partcles
collected on Nuclepore filters were analyzed for their in-
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dividual size and chemistry. Dara for approximately 1000
particles were stored on floppy disc and size distributions
by number. by surface area, and by mass were calculated.
Finally, selected particles were examined by electron dif-
fraction using STEM analysis.

In the following sections. the data from the SPEC
system are compared with other properties. such as the
EDXA spectra and crystalline compound/phase consti-
tuents. SEM photographs of the fumes are shown in Figs.

'la through 1f. EDXA spectra in Figs. 2a through 2f.

Table 3 lists the size distributions for the total fume sam-
ple from the SPEC analysis by number, by surface area.
and by mass. Table 4 shows the average particle diameters
for the total fume sample. Values for percent composi-
tion by category are given in Tables 5a through Se for
the stee] fumes. Tabies 6a through 6e list size distribu-
tions by number, and Tables 7a through 7e list size
distributions by mass for the steel fumes. Average values
for diameter, volume, and surface area by category are
given in Tables 8a through 8e for the steel fumes. Data
for the aluminum fume given in Tables 92 through 9d.
The composition of these fumes by standard wet chemical
analysis techniques is given in Table 10.

A. Particle Size

The particle size distributions were similar for all six
furnes and can be discussed together. (Graphs of the size
distributions by number, by surface area, and by mass
are given in Figs. 3-8.)

The particles were all very small. Less than | percent
of the particles were larger than 1 M (see Figs. 9-14).
The largest particle observed was 2.8 uM. STEM pic-
wres showed that particies as smail as 0.01 4 M exist. A
study done by the Task Group on Lung Dynamics in 1966
indicared that particles approximately 5 to 10 uM or
simaller are respirable. The exact point varies with the in-
dividual. Thus, all of the fume particles observed were
in the respirabie range.

The size distributions for the six fumes tested were all
very similar. There seems to be lintle variation with the
type of welding consumable or with individual particle
chemistry. .
For example: Number Average Diameter 0.14-0.33 uM

Area Average Diameter 0.21-0.41

Volume Average Diameter 0.34-0.64
There is linle variation in average diameter among the
chemical categories within a given fume. '

For example: E6010 0.09-0.54 uM

E70S8-3 0.06-0.30
E308-16 0.06-0.27

The reverse is also true. There is lice variation among

the different fumes for a given chemical category.



For exampie: Fe 0.14-0.17 uM
' Fe-Mn 0.13-0.20
K-Fe 0.11-0.18

None of these size variations would gready influence the
amount of each tvpe of material that reaches the lower
respiratory system.

The particles from all six fume types seem to obcy the
log normal distribution. This can be seen from the straight

lines produced when the values for cumularive percent
composition (for particles less than 1 uM) are ploted
against the log of the particie diameter on probability
graph paper. (See Figs. 3 through 8 and Tables 3 and 4.)
Values for the geometric mean diameters are located at
the points where the lines intersect 50 percent. For these
graphs. 1M was used as an arbitrary upper limit. Ninety
nine percent of the particles are less than 1 uM in
diameter. There are so few particles greater than | uM
that average diameters derived from this data would not
be statistically significant.

B. Particle Chemistry

The chemical composition of the fumes was evaluated
by three methods: X-ray diffraction of the bulk fume,
STEM analysis of a few individual particles. and SPEC
analysis of a large number of particles. A wet chemical
analysis was also provided by the AWS. These particles
appeared as spheres or as chains or clusters of spheres.
Some appeared to be just touching, attracted by static elec-
tricity or by magnetic forces. Others appeared to have fus-
ed ar high temperatures. Even though no crystal planes
were evident, particles examined by STEM produced elec-
tron diffraction paterns, indicating that crystalline
material was present. Some of the particles might even
be singie crystals.

1. E6010

The wet chemical analysis showed 46.0 percent iron,

* 4.0 percent manganese, 6.3 percent sodium, 7.5 percent

silicon, and 0.2 percent titanium. Amalysis of the elements
_ present in the bulk sample by EDXA showed a large
amount of iron, intermediate amounts of silicon and
manganese, and a trace amount of titanium. XRD of the
bulk sample showed that the major crystalline phase was
magnetite (Fe,0)).

The SPEC sysiem was used to analyze approximately
1000 individual particles by chemistry and by size. The
mean diameter (by number) for all particies was 0.192
+ 0.146 .M. The main categories identified by the com-
puter search are shown in the following table.
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E6010 Compusition by Category

Percent  Average Compusition
Category by Number Diumeter  (Volume Werzied X-ray B
3. Fe/Low Si 3% 0.188 uM Sitde Mmd)  FetSé)
4. FerHigh Si 10 0.245 Al2Y Sudé K Fe2D)
5. Fe-Mn 16 0.202 S35 Mnld) Fetdd)

18. Ca-Fe 8 0.169 Si3Tr Culd) Fedd)

Chromium is present at low concentrations in 7 per-
cent of the particles. The chromium seems to replace iron
in the various types of iron-silicon particies. Copper is
present at low concentrations in 3 percent of the particles
and it is also found in iron-silicon mixrures. Lead is pre-
sent at low concentrations in only 2 percent of the par-
ticles containing aluminum. silicon. potassium, and iron.
The behavior of manganese is similar to chromium and
copper. Thirty percent of the particles contmin some
manganese in mixtures of iron and silicon. Only 0.5 per-
cent of the particles contain intermediate amounts of
manganese. These are also iron-silicon-manganese mix-
tures, and pure manganese oxides is unlikely to exist.
(Deails of the other particle categories are given in Tabies
5a, 6a, 7a, and 8a.)

STEM analysis showed particles that were predommant-
ly iron with varying amounts of manganese and silicon.
All of the electron diffraction panerns were indexable as
(Fe;Mn),0,.

Only 3 percent of the particles were categorized as |

“Iron,"" probably as Fe,0,. Nearly half of the particles
were iron-manganese oxides listed either as Fe/Low Si”’
or “‘Fe-Mn''. A pure manganese oxide is uniikely to ex-
ist since no particles with a very high manganese con-
centration were observed. Even though most particles con-
mined some silicon, no crystalline silica or ransiton metal
silicates could be detected. Particles analyzed by STEM
contained iron with varying smaller amounts of manganese
and silicon. (See Fig. 9.) However, all of the electron
diffraction parterns are similar. indicating a mixed iron-
manganese oxide (Fe,Mn),0,. Silicon must be present
either as an amorphous oxide or in solid solution in the
magnetite lattice. The water glass binder of the clectrode

contains sodium and perhaps potassium oxides and silicon -

dioxide. Other silicates and ferro-silicon are also present.

These and all other materials in the electrode are partiai-

ly vaporized by the arc and interact to form new com-
pounds as the fume condenses. [ron compounds appear
to crystallize, but the silicon compounds do not. Thus,
a particle in the **Fe/High Si’" category is probably a2
magnetite sphere either coated with condensed amorphous
silicate or fused to another sphere which is primarily
amorphous silicate. Particles in the **Ca-Fe™ category arc
mixmres of magnetite and binder containing a calcium im-
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purity. Although sodium is known to be present in the
binder. it does not appear in any SPEC chemical category:
Elements are detected by EDXA in the SPEC system.
Sodium can be detected, but the sensitivity is low. When
X-rays from very small particles are counted for short
times (1 second). the likelihood for observing Na above
background noise is not very good. ‘

2. E7018

The wet chemical analysis showed 0.9 percent
aluminum. 20.6 percent calcium, 19.5 percent fluorine,

panerns were again consistent with Fe,0,.

The particles in this fume are mixtures of
powssium/caicium fluorides and iron/manganese oxides.
Fe,0, and MnFe.0, are obscrved and probably non-
stoichiometric oxides of iron and manganese are present
as well. No pure manganese oxide is likely since particles
with a very high Mn concentration are not found. No
crysulline silicon compounds are observed. and the
behavior of silicon is similar to that discussed for the
E6010 fume.

3. E70S8-3

24.6 percent iron, 12.5 percent potassium. 4.6 Ercem« The ‘;,e: chemical analysis showed 0.4 percent copper.

manganese. 3.3 percent sodium, and 2.8 percent silicon.

Analysis of the elements present in the bulk sample by
EDXA showed major amounts of potassium, calcium and
iron, intermediate amounts of silicon and manganese, and
trace amounts of aluminum, sulfur, and chiorine. XRD
analysis of the bulk sample showed that the major
crystalline phase is potassium-calcium fluoride, KF-
CaF,. Imermediate phases include magnetite, Fe,0,,
calcium fluoride, CaF,, and jacobsite, MnFe0,. It
should be mentioned again that the element fluorine,
although prominent in the crystal phases, is very difficult
to detect by EDXA.

The SPEC system was used to analyze approximately
1000 particles by chemistry and by size. The average
diameter (by number) for all particles was 0.182 & 0.117
xM. The categories identified by computer search are
shown below.

E7018 Compusition by Category
Percent  Average
Category by Number Diameter (Volume Weighted X-ray %)
16. K-Fe 14%  0.179uM Si(18) K(36) Fe28)
18. Ca-Fe 15 - 0.158 AN Si(17) Ca25) Fe(3N

19. K-Ca-Fe 43 0.188 Al(4) 5i(10) K28) Ca(22) Fe(23)

Chromium, copper, and manganes¢ are present in the
particles in low concentrations in 8, 8. and 23 percent,
respectively. These elements are found in mixtures of the
particles classified in the thres main categories. In a typical
particle, for example, X-ray percentage may be either 35

Ca, 14 Cr. and 51 Fe, or 22 Si, 15 K, 14 Ca, 21 Mn,

and 27 Fe. Lead is found in low concentrations in only
5 percent of the particles in mixtures similar to those
described above. (Details of the other particle categories
are given in Tables 5b, 6b, 7b, and 8b.)

The STEM analysis of this fume was made difficult by
the irregularities of the particles. They were either too
thick to obtain diffraction patterns or, where thin enough.

appeared 1o be multi-crystalline giving diffraction patterns

too irregular to be indexable. Occasionally. particles could
be found that showed only an Fe peak (see Fig. 10). These
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'57.0 percent iron, 7.8 percent manganese, and 3.3 per-

cent silicon. Analysis of the elements present in the bulk
fume by EDXA showed the elements iron and minor
amounts of silicon and manganese. XRD analysis of the
bulk sample showed that the major crystalline phase was
magnetite, Fe,0,. XRD also indicated a trace of meallic
iron. :

The SPEC system was used 1o analyze approximately
1000 partcles by chemistry and by size. The average
diameter (by number) for all particles was 0.135 + 0.114
gM. The main categories identified by the computer
search are shown below.

E705-3 Compusition by Category
Percem  Average Composition
Categorv  bv Number Diameter (Volume Weighted X-ray %)
2. Fe 9%  0.153uMSi(D Fe(90)
3 FelowSi 14 0.173  Si(10) Mn(6) Fe(76)

5. Fe-Mn 17 0.129 Si(12) 5(4) Mn(13) Fe(62)
6. FeCr 5 0.129 Si(16) Cr(10) Fe(53) Zn(3)
12. Fe-Al 6 0.103 Al(18) Fel69)

16. K-Fe 6 o.111 Si6) K(16) Mn(6) Fe(3B)
18. Ca-Fe 10 0.118 Al(T) Si(13) Ca(15) M(5) Fe(48)

34. Fe-Rich 8 0.148  Al4) S5 K Fe(TD

Copper. chromium, and lead are found in low concen-
trations in 8, 10, and 7 percent of the particles, respec-
tively. Once again, these trace elements are not found as
a small number of particles of the pure oxide, but rather
spread in small amounts through a large number of par-
ticles. For example, in the bulk fume 0.4 percent by
weight is copper (see Tabic 8). Yet copper is found in
8.5 percent of the particles which make up 13.3 percent

by weight of the fume sampie analyzed by SPEC.

Manganese comprises 7.8 percent by weight of the bulk
fume, but 25 percent of the particles contain manganese
at low concentrations in mixtures of iron, manganese, and
silicon. An additional 3 percent conwin intermediate
amounts of manganese in particles of similar chemistry.
It is uniikely that pure oxides of manganese are present.
(Details of the other particle types are given in Tables ¢,
6c, 7c, and 8c.) .



STEM analysis showed particles containing iron with
6-12 percent manganese and 3-7 percent silicon. The
crystl structure of all of the particies was the same (space
group FD3M) and could be indexed as (Fe. Mn),0,. (See
Fig. 11.)

This fume is quite similar to the E6010. Most of the
iron exists as Fe0, Other transition metals easily
substitute for iron in the magnetite lattice. Manganesc is
most commonly observed in these substitutions since its
concentrations are the highest. Manganese constitutes 8
percent by weight of this fume. but no individual particles
with a very high Mn concentration were found, indicating
that a pure Mn oxide is unlikely. Other transition meals.
present at even lower concentrations, are also not likely
to be found as the purc oxide. For example, copper was
found in low concentrations in 8 percent of the particles
even though it made up only 0.4 percent by weight of the
fume. Copper then exists as a very dilute (Fe,Cu) Fe,0,
solid solution. The XRD dara also showed a weak peak
that resulted from the presence of traces of metallic iron.

This is the only fume in which the metallic form of an

element was observed.

In the original electrode, silicon was present in the steel,

not as an amorphous water glass binder. Nevertheless,
no crystalline silica or silicates were observed. Silicon
appears to become trapped in the rapidly condensing
magnetite fume, possibly substituting for iron at random
sites. It is also possible that amorphous silicates are pre-
sent which cannot be detected by the methods used in this
study.

4. ET0T-1 V4

The wet chemical and analysis showed 38.1 percent
iron, 0.3 percent potassium, 11.1 percent manganese. 8.9
percent sodium. 5.1 percent silicon, and 0.8 percent
titaniumn. Analysis of the elements present in the bulk fume
by EDXA showed iron and manganese, an intermediate
amount of silicon, and trace amounts of sodium and
titanium. XRD analysis of the bulk fume showed that the
major crystalline phase was jacobsite, MnFe,0, with an
intermediate amount of magnetite, Fe,0,.

The SPEC system was used to analyze approximately
1000 particles by chemistry and by size. The average
diameter (by number) was 0.163 + 0.126 xM. The main
categories identified by the computer search are shown
below.

" ET0T-1 Compasition by Category

Pervent  Average Compuosition
Categorv bv Number Diameter  (Volume Weighted X-rav_%)
2. Fe 4% 0.140uM Fe(v9)
3. Fellow Si 25 0.160 5i(2%5) Fe(72)
5. Fe-Mn 37 0.178 S8y TitlH Mntl9 Fe(59
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Manganese is present in just over half of the particles.
Thirry two percent contain low amounts of manganese and
are similar to the **Fe-Mn"" particies described above.

- 18 percent contain intermediate amounts of silicon, iron,

and manganese. One percent of the particles contain over
50 percent manganese. Haif of these particles are mix-
tures of iron and manganese. or iron. manganese. and
silicon. The others seem to be 2 mixture of manganese

"and silicon. These mav be 2 manganese silicate or a

manganese oxide covered with an amorphous silica layer.
However, the small number of these particles makes their
exact identification impossible by techniques such as XRD
or STEM.

Copper. chromium. and lead are present in low con-

~ centrations in 1, 2. and 0.5 percent of the particles, respec-

tively. Particles with higher concentrations of these
clements are present in less than 0.5 percent of the par-
ticles. They are, in general, included in mixtures of iron,

manganese, and silicon. (Details of other particle types -

are given in Tables 5d. 6d, 7d, and 8d.)

STEM analysis showed particles containing iron with
6-12 percent manganese. Only two particles contained
silicon (3-4 percent). The crystal structure of all of the

particles was the same (space group FD3M) and could

be indexed as (Fe.Mn),0,. (See Fig. 12.)

In fumes in which the manganese to iron ratio is low,
no particles with a high manganese concentration are
observed, On the other hand. if the manganese 1o iron
ratio is high enough. manganese oxides may form. In the
E70T-1 fume the Mn/Fe ratio is 1/3.5 by wet chemical
analysis. One percent of the particles contained manganese
in large amounts (>>50 X-ray percent). Since the other
oxides present (Fe,0,, MnFe,0,) have the X,0,
stoichiometry, Mn,0, may be present. but in concentra-
tions too small to be observed by XRD. No crystalline
silicates were observed. Silicon is present either as an
amorphous silicate or in solid solution in the metal oxides.

5. E308-16

The wet chemical analysis showed 3.6 percent
chromium, 16.8 percent fluorine, 10.8 percent iron. 18.9
percent potassium, 6.2 percent manganese. 10.4 percent

sodium, 0.75 percent nickel. and 4.9 percent silicon.

Analysis of the elements present in the bulk fume by
EDXA showed silicon, potassium. chromium, man-
ganese, and iron with trace of fluorine. sodium, and
titanium. XRD analysis of the bulk fume showed mixed
oxides of manganese and iron (Fe.Mn),0, and MnFe 0,,
jacobsite. Transition metals were also observed as
potassium salts. potassium chromate. K.CrO,. and
potassium ferrate, K.FeQ,. Villiaumite. NaF, was pre-
sent in intermediate amounts.

The SPEC system was used to analyze approximately
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1000 particles by chemistry and by size. The average
diameter (by number) was 0.160 £ 0.090 uM. The muin
categories identified by computer search are shown below.

E308-16 Composition by Category

Percent Average Compaosition

Category by Number Diameter (Volume Wes X-rav %)
5. Fe-Mn % 0.166uMSi(32) Ti(5) Mm26) Fet26)

15. K-Cr 5 0.155 ANG)Si(19) K(31) Cr1T) Mn(9)
16. K-Fe 18 0.169  Si22) KN Mn(10) Fe(ZD)
17. K-Cr-Fe 5 0.176 Si14Y K2 Ti(10 Cr2a Fe2D
18. Ca-Fe 7 0.144  $i(24) Ca(18) Mn{12) Fe(23)
19. K-Ca-Fe 7 0.15  Si2S)Kr0)Ca(15) M6y Fet 1T
20. K-Mn 8 0.161 Al®) SiZ5) K9 Mn2)
26, K-Rich 7 0.174  Si(26) CU%) K(50) Ca%)
38. Si-Rich [ 0.161 Si(56) S(8) K8

Copper is present in low concentrations (12 X-ray per-
cent) in 7 percent of the particles and in medium concen-
trations (28 X-ray percent) in 1 percent of the particles.
These are primarily K-Cu or K-Fe-Mn-Cu particles. Lead
is present in low concentrations in 6 percent of the par-
ticles. These are composed of K. Fe, Mn, and Pb. Only
1 percent contained mixnres of chromium and lead
(together with iron and manganese) that might be present
as lead chromate. Chromium is present in low concen-
trations in 16 percent of the particles and in medium con-
centrarions in 5 percent of the particies. These appear o
be K,CrO, or mixmres of K.CrO, and K,FeO,. In addi-
tion, slightly less than 1 percent of the particies contain-
ed nearly pure chromium oxide. Manganese was present
in 40 percent of the particles. Thirty percent contain low
amounts of manganese usually in particies which would
be categorized as *K-Fe™ or “*K-Cr.”” Nine percent con-
tained intermediate amounts of manganese, usually as *‘K-
Mn"" and **Fe-Mn"" particles. One percent of the parucles
contained high concentrations of manganese. Some of
these particles are mixtures of metal oxides (Mn with Fe,
V. Cu). However, in this fume, particles of pure
manganese oxide are observed in very small numbers (0.4
percent). Once again the very small numbers of these par-
ticles make their location and identification very difficuit.
(Details of the other particle categories arc given in Tables
3e, 4e, Se, and 6e.)

Since nickel was not among the elements in the original
analysis, the stainless steel fume was reanalyzed to look
for nickel-bearing particles. Nickel was observed in low
concentrations in 2 percent of the particles. Like copper
at low concentrations, nickel seems to be substituting for
the more abundant transition metals in Fe,04 or
K.(CrFe)O,.

“The STEM data for this fume differed from those
discussed previously because of the elemental complexi-
ty of the particles analyzed. For example. Fig. 13 shows
a particle high in Cr, Ca, and S with smaller amounts of
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Fe. Mn. K. and Na. In no case was nickel detected. No
identifiable diffraction patterns couid be obtained for any
of these particies.

The E308-16 fume was the most complex examined.
Fluroine was observed (XRD) only as NaF. although it
is not impossibie that other alkali fluorides arc present.
The “*K-Rich™ category is probably KF. Iron and
manganesc are again observed as (Fe.Mn),0,. The
Mn/Fe ratio is only one-half by wet chemical analysis.
One percent of the particles contained high manganese
concentrations and Mn,0, may be present. The nickel in
the stainless steel fume. like copper in the E70S-3 fume.
is present only in low concentrations, probably as
(Fe.Ni)Fe,0,. Chromium exists as a K,(Fe.Cr)0, solid
solution. Manganese is probably also present in this solu-
tion. Some KMn0, may also exist since a few percent of
the particles are categorized as **K-Mn"", although other
explanations are possible. The Cr/Fe ratio is also one-
half. One percent of the particles contained Cr in high
concentrations (=>50 X-ray percent). These may well be
a chromium oxide. aithough the concentration was 10O
small to be observed by XRD. Another one percent of
the particles contained mixwres of Pb and Cr and may
be PbCr0,. Once again no crystalline silicates are
observed.

6. E5356

The wet chemical analysis showed 45.0 percent

aluminum, 0.5 percent copper, 0.2 percent iron, and 5.4

nt ium. EDXA analysis of the elements pre-
sent m the bulk sample showed a large amount of
aluminum with trace amounts of iron and copper. The
XRD data from the bulk sample showed that the major
crystalline phase was a-alumina (ALO,). Smaller
amounts of magnetite (Fe,0) and (Cu,Fe)ALO, were
present.

The SPEC system was used to analyze approximately
1000 individual particles by chemistry and by size. The
average diameter (by number) for all particles is 0.328
+ 0.201 uM. The main categories identified by the com-
puter search are shown below.

ES5356 Compasition by Category

Percent  Average Composition

Caegory bv Number Diameter (Volume Weighted X-ray %)
2. Al 86  0377.M Al(99)
3. AlCu 7 0.318 Al65) Cu(35

Chromium, manganese, and lead are not present in this
fume. Copper is present in 8 percent of the particles
although it is present only 0.5 percent by weight (Table
10). However, the distribution of copper contrasts ¢on-



siderably with that observed in the steel fumes. In the steel
fumes. copper is present at low concentrations.
presumably substituting for iron in the crystal lattice. In
the E5356 fume. only | percent of the particies had a low
Cu concentration (20 X-ray percenr). Five percent had
a medium copper concentration (32 X-ray percent) and
2 percent had a high Cu concentration ( 64 X-ray percent).
At least half of these particles contained nearly pure cop-
per. probably as the oxide.

STEM analysis of this fumne showed all of the particles
to be AlL0, without any detectable Mg. A typical spec-
trum is shown in Fig. 14 which has been expanded along
the horizontal axis so that the shape of the aluminum K-
alpha peak can be clearly seen. The K-alpha marker for
magnesium is also shown in this Figure to indicate where
magnesium would appear if present.

Only one aluminum fume was examined. Most of the
fume (80 percent by weight) wasa-alumina. Copper was
present as an aluminate (Cu.Fe)ALQ,. Two percent of
the particles contained Cu in high concentrations and may
contain a copper oxide aithough this could not be detected
by XRD. The magnesium present in this fume is not well
characterized. No Mg compounds were observed by XRD
or STEM. Few panticles containing magnesium were iden-
tified by the SPEC system. In EDXA. the signal from
magnesium at 1.25 KeV lies next t that from aluminum
at 1.49 KeV. The strong peak from aluminum may be
masking the magnesium signal. A second explanation is
also possible. The sensitivity of EDXA for sodium and
magnesium is low. (See the discussion of sodium in Sec-
tion 1.) The small particle size and short counting times
make the observation of these elements difficult
However, using new software developed since these fumes
were analyzed, it may be possible to improve the ability
to detect these two elements, Most of the Mg comtaining
particles found in the SPEC analysis were Mg/Al com-
binations and may be 2 mixed oxide such as MgALO,.

V. SUMMARY
The welding fﬁmes were composed of very fine par-

ticles with a log normal size distribution and average
diameters in the easily respirable range of 0.1 to0 1.0 xM.
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Average particle size does not vary grearly among the
fumes examined. )
The particies appeared as individual spheres or as
clusters of spheres that have been fused at high
temperatures. The planes and angles thac characterize
crystalline material that has cooled slowly were absent
in these particles. Nevertheless, much crystalline material
was present. Every particle examined by STEM produc-
ed an electron diffraction pantern. Some parterns indicated
that the particle was a single crystal. Others showed the
complex overlapping patterns characteristic of the
presence of several crystals within a single particle.
For the ferrous fumes. particle chemistry was depen-
dent on the iron content of the fume. When large amounts
of iron are present, the main crystailine phase is magnetite
and other transition metals exist as (Fe.X),0,. Only when
the iron concentration is relatively low, is there a possibili-
ty that pure oxides of other transition metals are present.
Other oxidation states for iron may then be present also,
such as the K(Fe,CR)0, found in the stainless steel fume.
If fluorides were present in the original consumable,
then sodium, potassium, and calcium fluorides were found
in the fume. No transition metal fluorides were detected.
Crystalline silica and transition metal silicates were also
not observed in the fume. The silicon either formed an
amorphous silica or was in solid solution with the iron
oxide. '
Only one non-ferrous clectrode was treared. an

. aluminum wire, The major fraction of this fume was

alumina, ALO,. Other elements present in small concen-
trations in the starting material reacted to form aluminates,
XALQ,.

This study has shown that automated electron beam im-
age and chemistry analysis (SPEC) used with bulk X-ray
diffraction and micro electron diffraction (STEM) techni-
ques is an effective method for screening welding fumes
for potential health hazards. The composition of the fumes
from several different ferrous electrodes was similar.
Therefore, a single list of chemical categories for the
SPEC system can be tailored to identify particle types in
a wide variety of fumes. A detailed analysis of all of the
data can then be used to describe the behavior of all of
the elements in the fume, even those present at low
concentrations.
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VARIATIONS IN THE CHEMICAL COMPOSITION AND GENERATION RATES OF FUME FROM
STAINLESS STEEL ELECTRODES UNDER DIFFERENT AC ARC WELDING CONDITIONS ~

AWRA CONTRACT 90
By R.K. Tandon*®, P.T. Crisp®, J. Ellis* and R.S. Baker**

, ABSTRACT

The generation rate and chemical composition of fume from manual metal are weiding tyoe AWS AS.d E316L-16
electrodes 13.15 mm) wers stucied under a wide range of current (80-1204) and voitage (20-30V) conditions using an
AC slectrode deposition machine. Welding conditions, generation rates and chemical analyses were recroducible to within
5%. For sach sarting on the power supply, there was an 0ptimum arc iength which mirimised fume generation. The rates of
fume generation were up 10 4 times greater than the minimum under kign voitage conditions and up 1o 1.5 times greaver
under low voitage conditions Marked variations were found in the elementai comoosition or furme procducec unaer different
welding conditions using power supply settings of 100 and 120A. The meta/ content of the fume increased under low voltage
conditions, excent in the case of chromium at 1004 where a iinear increase with arz voltage was observed. At 100A, sodium
anc porassiumn had similar abundances in the fume, while at 120A potassium was nine times as abundant as sodiurm.

The results are discussed in terms of arc temperature, gas shielding effects anc the volatility and thermoaynamic $abil-
ity of fume components. For each power supply setting, the rates oF release of indivigual metais in fume {g metal/kg elec-
trode) kave minimum values at the same arc conditions as the minimum in 108l fumg generation rate; rates of meral release
under unfavourable conditions may be up 1o three times the minimum value. Data on rates of fume generation and glement
release permit the occupational heaith aspects of welding to be evaluated and may lead to improverients in the ‘ormulation
and operation of welding rods to minimise the emission of porentially toxic constituents.

{ii)  An automatic ceposition machine (Steel Mains Pty
Lrd) with a horizontal werk table driven by a varia-
bie speec motor set at 150 mm min=' and an elec-
troge fesder meachanism set 31 45° 10 the table.

An zlectronic controller (Steel Mains Pty Ltd) for the
electirode feeder mechanism which maintains a con-
c1ant preser voltage between the eiectrode and the
work Sy raising ar lowering the 2lectrode.

A galvenised steel hood (pase dimensions 30 em x 30
emi with & Fipraiax skirt connected by galvanised

1 INTRODUCTION

Welders commonly experience increased fume pro-
duction when the ar¢ length is increasad beyond its normal
value or when the current setting on the power supply is
raised. Variations in the rate of fume generation have been {1ii)
reported for a variety of electrodes under different cur-
rent and voitage zonditions [1-3]. Kimurs er ai. (3] found
that the rate of fume generation increases with the ap-
parent power [V.A) of the arc. The elemental composi {iv)
tion of welding fume has also been shown 1o vary with the
arc conditions [2]. Studies to cate have concentrated on
examining a broad range of electrodes anc provide only a
small amount of data for each electrode under difierent arc
conditions. We repor: here the first pnase of an exhaustive
study of the welding fume from a single type of staintess
steal MMA electrode under a wide range of precisely con-
trolled arc conditions. The data may be used to test pro-
posed theories of fume formation and is essential for
evaluating the toxicology of stainless steei welding fume.

2 EXPERIMENTAL

2.1 Egquipment for fume generation and collection
The automatic weiger and fume collection system

(Figures 1 and 2} comprised the following:

(1 An AC Weidare 230 power supply with rated input
current 13.5A at 415V, set con low current range
{open circuit voltage 78V).
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FIG 1 SCHEMATIC DIAGRAM OF AUTOMATIC ; .
WELDER AND FUME COLLECTION SYSTEM : : i Y = .

Nlanivie twes

- University of Wollongong.
b Commonwealth Institute of Health. University of Sydney, FIG 2 THE WELDING AND FUME COLLECTION
SYSTEM

AWRA Document P9-49-82.
H-3




* " steel tubing (15 em 1.D. wrigkies 3t bends filled with
plastic) to a galvanisecf steg cowl (base dirmensions
25 em x 20 em).

{v} A high-volume air samplat (Genmeral Metal Works
Model 2000} with mogor sbeed regulated by a varia-
ble transformer and Litted with a 20 cm x 25 em
glass-fibre filter paper (Wewflow rate = 14 ¢s=1),
Welding was initiated by placing a 1 ¢cm ball of stesl

wool between the electrode and the work. The voltage

setting on the electrode feed controtler kept the arc length
within close limits with a hunting action of = 2 mm super-
imposed on the downward feed. The flow rate of the high-
volume air sampler was the minimum required to prevent
escape of fume from beneath the hood skirt.

2.2 Chemical analysis of fume and flux

Fume was generated using 3.15 mm E316L-16
electrodes on stainless steel 304 plates £.25 mm thick.
Fume from 2-4 electrodes was collected on the filter paper,
dried at 100°C and weighed prior to tmhe chemical analy-
sis. The fume deposit was carefully brushed from the filter
paper. The deposit was examined for glass fibres or brush
hairs and contaminated samples were rejected. Duplicate
0.1g samples of fume were exiracted with nitric/hydro-
chioric and nitric/perchloric acids Tollowing the method
described by Miller and Jones [4). Acid insoluble marterial
was removed by filtration, ignited and weighed. The filtrate
was analysed for the metals iron, chromium, manganese,
nickel, copper, potassium, sodium, caicium, magnesium,
using atomic absorption spectrophotometry and for fluor-
ide using an ion selective electrode. Atomic absorption
measurements were made on an Instrumentation Lab-
oratory Model 551 instrument using flame atomisation with
automatic background correction in the Oouble beam
mode. An air-acetylene flame was used for all elements
except chromium ang caicium, where nitrous oxide-acety-
lene was usad. The matrices of standard and unknown soiu-
tions were matched and standard instrument and analy-
tical conditions |51 were used. Appropriate ionisation sup-
pressants and releasing agents were addec to standards and
unknowns for the following elements: potassium (1000
ppm caesium), sodium (2000 ppm potassium), caicium
(2000 ppm potassium) and magnesium (10000 ppm lan-
thanurm). Fluorice analyses were mace using an Orion
Model 901 ionanalysar and a Modet 94.08 fluoride selective
electrode. Standards were prepared containing the same
concentratian of iron (II1) as the urknowns and all
fluoride concentrations were measured using solutions at
pH = 5.6 containing sedium acetate (0.9M), hydrochioric
acid {BM), sodium’ tartrate (0.5M) and trishydroxymethy-
laminomethane (0.9M). A second-order polynomial ieast-
squares fit was aoplied t¢ the fume generation data using
standard orogrammes on & Univac 1100 computer.

Qualitative analyses of the elecirode flux coating
were carried out by x-rav fluoreseence (X RF) spectrometry.
Samples of flux coating were pelletized by fusing with
lithium metaborate and analysed using a United Scienti-
fic instrument fitted with an energy dispersive Si (Li)
detector and a Tracor Northern TN20C0 -muitichannei
analyser,

3 RESULTS

The compositicns of the stainless steel 304 base metal
and the weid deposit from E316L-16 electrocdes are given
in Table 1. Qualitative XRF analysis of the electrode flux
indicated the following components: titanium, zirconium,
(major); potassium, calcium, chromium, manganese, nickel,
silicon, niobium (minor); iron, rubidium, strontium, alum-
inium (trace). Phosphorus, molybdenum, sulphur and chior-
ine were not detected; magnesium and sodium were not
determined. ‘

The reproducibility of fume generation rates using
the autom.atic deposition machine (relative standard devia-
tion of six determinations) was 2% at 21.5V, 91A and 1%
at 37.5V, 101A. Replicate values for the rates of fume

Australian Weliding Research December 1982

TABLE 1 COMPOSITION OF THE BASE METAL
(8.5.304) AND THE WELD DEPOSIT (E316L-16
ELECTRODES)

! Parcantage by woight'

Element i Base meral | Wald deposit?
[ {S.5.304) i (E316L-16)

Fe 7084 : 64.98

Cr 18.35 ! 18.02

Mn ‘ 1.29 i 1.76

Ni - '8.88 : 11.34

Cu ‘ 0.08 : - 0.04

Mo 0.17 ) 2.27

Nb % 0.005 ﬁ 0.02

Ta - ' 0.01

i - B 0.02

Si ' ) 0.54 0.49

c \ 0.05 : 0.023

P ! 0.03 . 0.017

S . i 0.02 i 0.004

1. Perzentage vaiues jor iron were obtained by difference.
2. Cerzificate of analysis orovided by the manufacturer for a bateh
of slectrocss. :

4]
[ ] [ 1] "w L1] = s " i 120 s %0

CURRENT. A

FIG 3 ISOFUME CURVES FOR 3.15 mm E316L-16
ELECTRODES. MACHINE — ELECTRODE CHARAC-
TERISTIC CURVES AT 85, 83, 100, 110 AND 120A
SETTINGS ARE SHOWN AS LINES OF BEST FIT TO
THE EXPERIMENTAL DATA POINTS ( # ). FUME GEN-
ERATION RATES (g FUME/kg ELECTRODE MELTED)
ARE INDICATED AT EACH POINT ON THE MACHINE-
ELECTRODE CURVES. ISOFUME CURVES (10.0, 15.0,
20.0 g FUME/kg ELECTRODE)} ARE DRAWN USING A
BIVARIATE LEAST-SQUARES POLYNOMIAL FIT, THE
DASHED LINE (----) INDICATES THE MINIMUM
FUME GENERATION RATE IN EACH OF THE
MACHINE-ELECTRODE CURVES

generation during sample collection were determined per-
iodicaily and lay within 5% of each other. The hunting
action of the electrcde feeder mechanism (designea to
mirnic the manipulation by an experienced welder) caused
a variation of = 0.5V and = BA. Average voltage and cur-
rent values at a particular power supply setting varied by
=3%.

Variations in the rate of fume generation under
different weliding conditions are shown in Figure 3, Points
with similar fume generation rates were gontoured using
a least squares curve fit to yield “isofume’’ lines (goodness
of fit BB%). The effect of V.A. upon the rate of fume
generation is given in Figure 4. The effects of arc voltage
on the fume composition and rates of element release in
fume are given in Figures 5 and 6 for 100A and 120A
power settings. Duplicate chemical analyses differed by
an average of 2% (maximum 5%). Approximately 20% of
the fume was acid insolubie,

H-4 ‘ 11
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FIG 4 EFFECT OF APPARENT POWER (V.A.} ON THE
RATE OF FUME GENERATION USING 3.15 mm
E316L-16 ELECTRODES AT POWER SUPPLY SET-
TINGS OF 85, 93, 100, 110 AND 120 AMPS.

DISCUSSION

Within the limits of stable arc, fume generation
rates varied by a facter of four {Figure 3). For each elect-
rode-machine curve, there was an ar¢ length (correspond-
ing to particular current and voltage values) which result-
ed in @ mimimum fume generation rate. The rare of fume
generation varied so critically with arc length that even
an experienced welder might choose to operate under
conditions whict would result in substantially more than
the mimimum rate of fume generation. An inexperienced
welder using the same machine setting might easily pro-
auce fume at iwice the minimurn rate. The highest and
lowest voltages do not represent practical welding condi-
nons, but were chosen in order to probe the physical and
chemical processes occurring in the arc. The increase in
fume production with increasing arc iength (increasing
voltage} is probably due 10 more vapour being expelied
from the arc {3] as it becomes larger and hotter (greater
rate of energy oissipation). The relationship between
fume generation rate and apparent power in the arc
{Figure 4) supporis this view: for each seming of the
power supply, the relationsnip is approximartely linear in
the region away from the short arc (low voitage) condi-
tion, Kimura er s/. [3] have reported a similar linear rela-
tuonship between fume generation rate ancd apparent power
for a variety of electrodes, The increase in fume genera-
tion under short arc conditions does not appear to have
been reported praviously. |t may result from the erratic
operation of the arc causing spattering and loss of gas
shielding.

The fumes generated at power supply settings of
100A and 120A have generally similar elemental composi-
tions (Figure 5). Thc most notable exceptions are sodium
and potassium: at 100A sodium and potassium have similar
abundances, while at 120A potassium is nine times as abun-
dant as sodium. Sodium and potassium salts with the same
anion boil at similar temperatures [6] and are likely there-
fore to have similar volatilities in the arc. Ejection of liquid
droplets from the arc is unlikely to favour one aikali metal
over another. The different ratios of sodium to potassium
may be explained by each metal being associated with a
different anion (either in the original flux or in the arc)
to produce compounds with different volatilities. Al-
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FIG 5 EFFECT OF ARC VOLTAGE ON THE COMPOSI-
TION OF WELDING FUME FROM 3.15 mm E316L-16
ELECTRODES AT 100A AND 120A POWER SUPPLY
SETTINGS
TABLE 2 PHYSICAL AND THERMODYNAMIC
PROPERTIES QF RELEVANT METALS AND METAL
OXIDES
Metal | Boiling | Composition | Meiting | AG,° of
i pent of stable | pointof | metal oxide
: t°c) oxide st | oxide* per mole of
i 2000%c | (O maetal?
! i (kJ mol™!
! o st 2000°C
beom P 2980 Fe0 | 1624 | =120
Chromium i 2480 Cra03 | 2400 i =355
Manganese i 2100 mMno i 187% =200
Nickel 2730 NiD | 1960 - 30
Cocoer 2600 Cus0 ! 1230 - 15

H-5

1. Hangbook of Chemistry and Phvsics, 53th edition, 1974-75.

2. Kupaschewski, 0. and Hopkins, B.S., Oxidauon of Merais and
Alloys, Butterwortns, iLondon, 1862, -

3. Richardson, F.D. ang Jeffes, J.H_E., J. Iron St. Inst., 1948, 160,
261.

through the ratio of sodium to potassium varied, the
sum of mean sodium and potassium concentrations in fume
evolved at 100A and 120A settings respectively was con-
sTant

There is a marked increase in the abundance of
most elements in fume produced under low voltage
conditions, especially with a power supply setting of 100A.
These increased abundances must be associated with de-
creased abundances of constituents which have not yet
been determined (e.g. titanium and zirconium). Under the
cooler conditions of a short arc, metals such as titanium
and zirconium, which form refractory compounds, may be
relatively less volatile than at higher temperatures. Chrom-
ium is exceptional in having a lower abundance in fume
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FIG 6 EFFECT OF ARC VOLTAGE ON THE RATES OF
ELEMENT RELEASE IN FUME FROM 3,156 mm E316L-16
ELECTRODES AT 100A AND 120A POWER SUPPLY
SETTINGS

produced under low voltage conditions than under normal
welding conditions at 100A. This may be due o an in-
creased concentration of oxygen in the erratic arc leading
to the formation of poorly-volatile chromium (11} oxide.
Chromium {11} oxide is more stable than iron, manganese,
nickel and copper oxides at 2000°C (Table 2) and should
pe formed preferentialiy from the vapour of the electrode
allcy. While reliable data for the boiling ooints of metal
oxides couid not te obtained, the order of the melting
points (Tabie 2) indicates that chromium (I11) oxige should
be less volatile than the other metal oxides.

The approximately linear reiationship Detween the
chromium content of the fume and arc volitage at a power
supply setting of 100A is notabie: the abundance of
chromium in the fume doubles as the arc voltage inc-
reases from 20 to 30V. Since chromium corpounds are
suspected of having adverse health efiects (71, this re-
sult may be significant.

The composition of the welding fume is very dif-
jerent from the composition of the electrode metai. Com-

" parative figures for the 2lectrode core wire and fume gen-
erated with a 120A power supply setting are given in
Table 3 (aversge fume compositions at 100A are similar).
It appears from the work of Gray er &/ (B) that the volatil-
isation of elements from the molten elecirode core wire is
an important mechanism for the formation of fume part-
cles in the arc. The simplest model assumes that the metals
benave ideally and that their partial pressures above the
liquid alloy surface may be calculated from Raoult's Law
(9]. Due to the dilution of electrode core wire elements in
the fume by volatilised flux constituents, comMparisions
must be made relative to a particular element. Table 3 gives
this comparison in terms of “enrichment factors” reiative
to iron. For the major elements, chromium, manganese
and nickel, direct application of Raoult’s Law provides
values which are in fair agreement with the experimental
values. However, the concentration of copper in the fume
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TABLE 3 COMPARISON OF ELECTRODE AND FUME
COMPOSITION USING THE 120A POWER SUPPLY
SETTING

Raistive enrichmant factorss

Metal | %in | %in | Exper- | Raoults® | Geay
wiectrode | fume? | mental | Law | er &l®
core wire " | :

Fe - 850 | 65 1| o

cr Lo190 fos1 3 4 | 2

Mn i 18 P33 ) 19 i 1 I 27

Ni P13 | 07 3 0B 09 { 05

Cu 1 004 | 004 | 10 | 1188 ! -

i

H-6 13

1. Vaiyes for the weld gsoosit matal have Deen used.

2. Average of values obmined ar 23.4, 26.0, 28.5, 33.6 and 37.8V.

3. The ralative enrichment factor (E) for eacn metal ireiative 1o

iron) is oiven by
~ . . .

- Cmeral in fume x Giron in 2lectrogs

Crmetai in electroge xiron in fume
where C values are CONCENIT3Ltions eXDresseo as percentage by
weight,

4. Caiculated from the composition of the squilibrium vaoour ob-
tainea by direct apoiication of Raoult's Law to liguid electrode
ailoy at 2600°C (tomi vapour pressure = 1 atmi.

. Based on Raouit’s Law caleulations by Grav eral. (8] for a sim-
ilar sisetroae alioy (64.7% Fe, 18.7% Cr, 1.9% Mn, 12.9% Ni,
2.3% Ma) using estimatec activity coefficients.

-

[H]

differed by an order of magnitude from the Raoult's Law
prediction, and this may reflect non-idea! behaviour of this
trace constituent in the liguid merai soiution. A more rig-
orous model is one which takes into account the activity
coefficients of the metals in the liquid alloy. Such 2 maodel
has been used by Gray et al. [8] for metal inerz gas welding
using an electrode cors wire of similar compaosition to that
used here. Their results have been used to calculate snrich-
ment factors which are presented in Tapie 3 for compari-
son. The conesntration of nickei in the fume is betrer
represented by this model.

The amount of each element released in fume per
kilogram of electrode consumed (Figure 8) may vary by 2
factor of betwesn two and four under Gifierent welding
conditions. The variation with arc voltage is larger at the
higher power supply setting {120A), The minimum rate of
all elements reieased in the fume (g element/kg electroce
consumed) ‘occurs under are conditions corresponding
to the minimum rate of total fume generation (Figure
4). The results demonstrate the importance of welding
under oetimum arc conditions in order 1o minimise the
release of metal aerpsols to the work environment.

5 CONCLUSIONS

Within the limits of stabie arc. the guantity and
chemical composition of welding fume from a stainiess
steel eiectrode varies greatly and for reasons which are not
clearly understood at present. Due -0’ ingreasing concern
about the occupational heaith aspects of stainiess steel
welding, it is important that the extent and causes of these
variations be determined. Such knowiedge should enable,
welding rods to be chemically formulated and operated in
a manner wnich will minimise the release of potentially
toxic constituents. The present study will pe continued to
provide further data on the chemical composition of fume
and it is hoped that this may contribute to an understang-
ing of the mechanisms of fume generation.
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68/FUMES AND GASES

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 Resecarch Committee,
2 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
fume samples. Samples of the fumes produced by specific
electrodés were collected in triplicate to average the incon-
sistencies of sampling; in some instances, onc or two
extra samples were collected to obtain additional data
or to verify specific results. With appropriate changes o
fit the process. the sampling procedures were generally
applicable to cutting and spraying as well as arc welding.

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 filter-prefilter assembly was placed in the
holder at the apex of the fume coliection 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 turmed 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
collected 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: (2) filter-
prefilter weight before and after sampling. (b) welding
conditions. and (c) electrode physical characteristics
(diameter, length, and weight of electrode consumed).

To avoid problems caused by the pickup of moisture
by the absolute filter. prefilter. or fume sample, welding
and sampling were done in a clean room where temper-
ature and humidity could be controlied. 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
sampies were collected in accordance with (a) established
procedures and (b) procedures in which the filter-prefilter
was baked before each 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 IIE 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 scctions 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 Committee, 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
subcommittce members for each of the respective elec-
trodes were also used by Battelle: these conditions are
shown in Table 2.1A. The dara obtained by the AWS
Research Committee and by Battelle arc 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-
ber and 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, eic.) was somewhat greater but gen-
erally less than 4 percent. These observations were con-
firned by the small standard deviations associated with
each group of data.

As indicated, fume samples were collected in riplicate
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.

-




Section I1A. Laboratory Test Method|69

Expen'mental Results Normalization was accomplished by relating the fume
generation rate 10 the current squared. Figure 2.9 shows
Figures and short tables arc used throughout this re- the relation of /* trend lines and data for two covered
port to summarize the data and assist in the interpretation electrodes. one cored electrode. and one solid wire elec-
of the results. Data on the fume generation characteristics trode. It is apparent that the current-squared normaliza-
of arc welding electrodes are presented in detailed tabu- tion will fit a wide variety of fume generation daia.
lar form in Appendix B. In addition to the fume genera- The fume generation rate is most important because it
tion rate for specific electrodes. these sheets contain is a direct measure of the amount of the fumes produced
information on (a) the conditions under which the experi- during welding under specified conditions. This informa-
mental data were obtained. (b) the melting and meral tion can be used effectively by welding engineers, in-
deposition rates of the electrode, and (c) calculated dustrial hygienists. ventilation - specialists. and others.

quantities that relate the amount of fumes produced Of equal importance 15 the calculated factor ~ weight of
during welding to the metal deposition rate and other fumes per unit weight of deposited metal.” because it

clectrode characteristics. can be used to estimate the amount of fumes that will be
Fume generation rates are expressed in “measured” produced during production w_elding operations. This
and “normalized” values. The normalized value pro- factor also provides a convement means to compart
vides a means for minimizing the effects of unintentional welding processes on 2 fume-produced to weight-of-
variations in welding current on fume generation rate. deposited-metal basis.
Table 2.1A
Welding conditions for E7018 and E70T-1 electrodes
7018 E70T-1
AWS Subcommittes AWS Subcommittee
Parameter on Sampling Battelle on Sampling Batteile
Current, A _ 140 135-145 450470 420450
Voltage, V --- 23-24 30 30-31
Wire feed rate, in./min (mm/s) -.- .-- $7.21 (206) $7.00 (205.5)
Welding speed, in./min (mm/s) 5.93 (14) 5.93 (14) 6.77(16) 6.77 (16)
Shielding gas .- --- O, CO4
Gas flow rate, ft3/h (liters/min) .- eee 19-21 (40-45) 21-24 (45-50)
Electrode stickout, in. (mm) --- - 32(1.2%) 32-35(1.25-1.37)
Weld time, s --- 60 .- 15 and 30
- Flectrode polarity Positive Postive Pasitive Positive
Table 2.1B

Fume generation characteristics of E7018 and E70T-1 electrodes
(AWS Research Committee and Battelle data)

E7018 E70T-1
AWS Subcommittee AWS Subcommittee
on Sampling on Sampling
Characteristics <A B C Battclle A B ¢ 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 (Ib/h) -~ .e- .o .- ee. 9.00(19.8) 9.17(20.2) 890 (19.6)
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Fig.2.2-Fume generation rates for covered
and flux cored electrodes used for welding
carbon and low alloy steelsasa fum_:ﬁon

of current

Heile and Hill evaluated the fume generation charac-
teristics of several carbon stesl 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 (3) 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 clectrodes in this manner was logical because cov-
ered and flux cored electrodes have much in common
and because the covering (of flux) as well as the base
metal contributes toward the formation of fumes. Data
obtained from studies of solid gas metal arc electrodes
were not included, because these electrodes do not in-

. corporate a flux and the data could not be compared on

an equal basis.

To examine the data obtained 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 rate pro-
vides an immediate and direct indication of the amount
of fumes to which 2 welder may be expused. The ratio of
the weight of fumes to the weight of deposited metal
can be used (o compare electrodes or welding processes
on a fume exposure basis.

Under the “covered electrode” heading in Fig. 2.5,
for example. the “steel” category includes electrodes
that are used for welding carbon and low alloy stecls:
i.e.. E6010, E6013, E7018, E7024, E80i8 C3. and

. E9018 B3. The electrodes within any category can be

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

A large quantity of experimental data has been com-
pressed into Fig. 2.5 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

electrodes arc cvident 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
covercd 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 genera-
tion characteristics. When examining these data, the fol-
jowing should be considered:

(1) Fume generation rates arc highly dependent on
the welding current. Currents for flux cored arc welding
werc much higher than those used for welding with
covered electrodes (Table 2.2). As a result, more fumes
were produced during flux cored arc welding. Howevel
since metal deposition rates were higher too, the ratio of
weight of fume to weight of deposited metal was lower

=€
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for some electrodes during flux cored arc welding than it
was when welding was done with certain 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-
(rodes 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
clectrodes (a few of the solid electrodes had diameters of
0.8 mm [0.030 in]). Since recommended current ranges
are largely based on electrode diameter, fume generation
characteristics will change if diameter and current are
increased or decreased. As an example, when 6.4 mm

(1/4 in.) diameter electrodes were evaluated at currents
near 400 A. fume gencration rates were about the same
as those 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 arc selected- on the
basis of economic and technical considerations (cost,
weld metal properties. deposition rate. etc.), and not on
the basis of their fume producing propensities. Should

10.0
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4.0
. /2.: 107512
i(:nsl.
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E 308L I
%. 1/4 in. diam.
3 X 36L
s
-
S 1.0
Y o
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€ 06
M
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l l . _
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1/8 in. diam.
) E6O10 (see diameter)
o © E6D13 (see diameter)
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l % 3081 and 316L
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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 10 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 Flux 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 Characteristics. Data on (a) fume
generation rates and (b) ratios of weight of fumes to
weight of deposited 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 electrodes 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 B1 through
B10.

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. g/kg
E6010 110 0.32 19
E6010 170 0.66 24
E7018 160 028 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
fear the ranges shown in Fig. 2.6.

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

I-8
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10.0
O Daua from Kobayashi, Maki, and Ohs (Ref,
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tlectrode diameter)

60— ® Data from Heile and Hill (Ref. 203) on 5/32 in.

diameter covered siectrodes {see electrade type)

O Data from Heile and Hill [Ret. 203) on /32 in.
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Fig. 2.4~Fume generation rates obtained by
other investigators with carbon steel covered
and flux cored electrodes as a functian
of current

manufacturers’ recommendations. Data differing from
those shown in Fig. 2.6 will be obtained if the clectrode
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 ech-
trodes. It is interesting 1o note that the fume generation

i
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Table 2.2
Summary of baseline fume generation data for arc welding electrodes
Average range Source
Number of electrode Current range, A Fume generation  Weight of fumes/weight  table-

Electrode : _
classification brands evaluated {nominal) rate, g/min of deposited metal, g/kg* App. B

Shielded metal arc covered electrodes

Carbon and low alloy steel

E6010 3 140-150 0.83 (1.20)** 35.85(54.36)** Bl
6013 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
E8018 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 B6
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 . 1)
ENi-Cl | 135 0.37 12.90 B10
ENICU-2 1 145 0.31 10.08 B10Q
Inconel 625 1 140-155 0.32 9.24 B10
Haynes C-276 ! 130-135 0.37 14.20 B10
Haynes 25 1 135-140 0.26 894 B10
Flux cored electrodes
Carbon and low alioy steel
E70T-1 5 435-485 0.96-2.27 6.65-17.51 Bl!
E70T<4 3 370-390 1.86-2.09(2.98)** 12.76-13.83(22.70)** BI12
E70T-5 2 425450 2.26-3.25 17.87-23.63 " BI3
81-C3 | 440-445 1.11 8.69 Bl4
91-B3 | 450 1.15 842 Bl14
Stainless steel
F308LT-3 I 440-445 1.64 9.11 B15
E316LT-3 2 340-405 1.34-2.48 6.97-12.32 BIS
Gias metal arc solid electrodes
Carbon steel
E708-3 3 260-290 0.41-0.46 4.97-5.68 Blé
Spray w/Ar-2 0 3 260-290 0.41-0.46 4.97-5.68 B18
Spray w/Ar-9 CO, 3 205-225 0.41-0.49 6.39-83.34 Bl6,B18
(ilobulqr w/CO4 3 320-330 0.45-0.51 3.09-3.31 Bl6.B18
Short circuit 3 195-205 0.20-0.25 4.114.91 Ble.B18
w/Ar-25 CO5
E708-5
Spray w/Ar-2 O2 | 275-290 0.38 5.01 B19
Globular w/CO3 1 325-345 0.40 2.61 B19
Short circuit | 210-215 0.24 4.28 B19
w/Ar-25 CO7
Stainless steel and high alloy |
l-:.R3 16 1 165-175 0.04 0.58 -B20
ERNiCu-7 1 250-260 0.16 2.02 B2l
Incanel 625 | 190-195 0.06 0.87 B21
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
ap—
Average range

Source

Electrode  Number of electrode C'urrent range, A Fume generation Weight of fumes/weight table-
clagsification  brands evaluated (nominal) rate, g/min of deposited metal, g/kg*® App. B

Aluminum ‘
-R4043 | 160-165 0.11-0.27 5.6-15.74 B22
IERS356 1 150-165 - 1.41-1.75(3.59)*" 64.94-79.72(164.85)** B23
Copper '

ERCu 1 305-210 0.30 4.93 B24
FRCu AL-A2 | 110-215 0.47 8.12 B24

sufkp * 10 = weight of Tumes cxpressed as a percentage of the deposit weight,

»sThe data points in parentheses represent tluta ubtained at no|

clectrode no longer in production.

Fume gensration rale, g/min
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Fig-. 2.5—Ranges of fume generation rates and ratios of weight
of deposited metal for covered, flux cored, and solid

GMAW electrodes
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Fig. 2.6—Fume generation rates and ratios of weight of fumes to weight of deposited metal for
covered electrodes

rates of the E7024 electrodes were comparable to those
of other carbon and low alloy steel 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
clectrodes were lower than those of other electrodes.
This results from the combination of a rejatively 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 marer of
record, core wire constituents in the fumes can be readily
determined by optical emission spectroscopy or atomic
absorption procedures. Fume constituents attributable 1o
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 js interest
in detecting compounds in the fumes. Such derailed
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 evaly-
ated during this program. the AWS Rescarch Committee
agreed that analytical efforts would be limited to the
detection of the major elements in the fumes (e.g.. iron,
manganese, and silicon for carbon stec) 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 (o 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 artributable Covering composition. weight "5
to the coverings on the electrodes can be obtained from Constituent  E6010 F6013 11016
the literature. Compositions of the coverings of repre- .
sentative E6010 (high cellulose-sodium), E6013 (high Si0, - 320 25.9 16.0
titania-potassium), and E7016 (low hydrogen-potassium) TiO, + Z:0, 18.0 30.6 6.5
electrodes have been provided by Smith and Rinehart T ALLO - 20 -
(Ref. 2.18) and Smith (Ref. 2.19) and are shown in 273 ) 39 10
Table 2.3. The E6010 and E6013 clectrodes are among CaFy 27.0
the electrodes evaluated during this investigation. E7018 Cao .- 1.6 .e-
electrodes evaluated during the present program have MgO 6.0 16
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 i
The fumes produced by the electrodes included in Table K,0 - 6.7 1.0
2.3 should contain the constituents of the covering and €0, .e- .7 .a-
those of the core wire, usually (but not necessarily) in Organics 30.0 . 177 ..
the oxide form of the respective elements. _ F N

Examples of complete fume analyses of several Scan- ¢ 0 2 Tt

Mn 7.0 4.8 25

dinavian electrodes, three of which appear to be low
hydrogen electrodes with iron powder additions, are CaCo, .- 318.0

shown in Table 2.4.

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

Composition, weight %

Compound  Electrode 1 Electrode 2 _Electrode 3 Llectrode 4
Si04 7.0 9.5 10.0 30.5
Fey0, 25.5 24.5 36.5 43.5
Al503 0.6 0.2 <0.1 . <01
TiOy A1 0.2 0.5 2.2
Zr0, .- 0.6 “-- ..
MnO 4.7 7.2 8.2 9.8
Zn0 0.04 0.07 0.09 0.02
CaO 15.9 53 0.4 <0.1
MgO 0.1 . 0.1 1.0 0.1
KZO 4.4 17.6 17.6 7.2
Na50 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 6.04
Fe 19.8 15.7 17.1

-12
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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.

Fhux Cored Electrodes

Fume Generation Characteristics. Ranges of (a) fume
generation rates and (b) ratios of weight of fumes to
weight of deposited metal for representative carbon steel,
low alloy steel, and stainless stee] flux cored electrodes
are shown in Fig. 2.7. All electrodes were 2.4 mm
(3/32 in.) diameter and welding was done ar currents
in the mid-portion of the manufacturer’s recommended
operating range. Details on the welding conditions and
tae experimental results are contained in Tables B11 and
B15. Carbon dioxide shielding was used with the E70T-1,
EXT-5, 81-C3, and 91-B3 electrodes: the E70T-4 and
stainless stee| electrodes 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) E70T-1 electrodes. The ranges of fume genera-
tion and ratios of weight of fumes to weight of deposited
metal were broadest for this classification of electrodes.
'Ihmeofthmelecu'odsweremadebythcsamcpm-
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 sieel, 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) E70T-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 E70T4 clectrode that was made several years ago
and is no longer available 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
rates were encountered with E70T-5 electrodes. 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

Composition, weight %

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

Fe (Fe504) 20-30 (28.642.9) 20-30 (28.642.9) 10-20 (14.3-28.6)
Si (5i0,) 10-20 (15.7-31.4) 5-10(7.8-15.7) 2-3 (3.14.6)

K (K,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 (3.2-6.3) 244 (3.26.3) 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 (Tio,) 0.5(0.8) 0.3 (0.5) 0.4 (0.7)

Al (A1504) 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 ta oxides,

" 2. The number in parenthcses following the clectrode dosignation is the code number identifying the specific electrbe.
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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 eiec-
trodes werc low in comparison with those for carbon
stee] 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.

I-14
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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 a function of shielding gas

Weight of fumey

' Fume weight of

Electrode Shiclding gencration deposited metal,

number pas Current, A rate. g/min, e/kg
E70T-1 (40)2 o, 475 1.35 10.40
E70T-1 (40) Ar-25 CO, 465 1.01 7.78
E70T-1 (42) ('02 440 2,27 17.51
E70T-1 (42) Ar-25 C02 445 1.93 14.91]

l. Ar25 CUZ is a convention used to desienate a s mixture of 257, €0,.75% Ar.
2. The number in parentheses afier the AWS clectrode classification is a code number identi-
fying the specific proprictary clectrode,

Table 2.7

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

Compoaosition, 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 flux
Si02 21.0 17.8 7.5
A1202 2.1 4.3 0.5
Ti02 40.5 9.8 il
Zr02' .- 6.2 -
Ca0o 0.7 97 3.2
Nazo 1 .6 1.9 -
K20 1.4 1.5 0.5
COz (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
CaF, e 18.0 20.5
AWS classification E70T-1 or E70T-1 E707T-1 or
E70T-2 E70T-5
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As noted previously, the E70T-1 and ET0T-5 clectrodes
were used with CO, shielding. To investigate the premise
that fume generation rates can be affected by the type of
shiclding 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 same as the
baseline conditions. The resulting data are summarized
in Table 2.6: additional details are contained in Appen-
dix B (Table B25). :

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 shiclding gas has a lower oxidation poten-
tial than CO,. and oxidation processes contributing (o
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 shiclding used. Thus, the ratios of weight
of fumes to weight of deposited metal were also smaller
when Ar-25 CO, was used for shielding.

Section IIB. Fume Generuasion Characteristics/8)

Fume Composition. As in the case of covered elec-
trodes. the composition of fumes produced by flux cored
electrodes is determined by composition of the electrode
sheath, flux core, and, to a minor extent, by the base
metal. Since the composition of the sheath for slecurodes
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. i

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 electrodes are
shown in Tables 2.7 and 2.8 (Ref. 2.17). The composi-
tions of the fluxes used in three CO, shi¢lded 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)

Composition, 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
SiOz 0.5 3.6 4.2 6.9
Al 15.4 1.9 [.4 -
A1203 - - .-- 0.6
‘I'iO2 --- 20.6 14.7 1.2
Ca0O ‘ - .. 4.0 3.2
MgO 12.6 4.5 2.2 .-
K20 0.4 0.6 .- .-
N.‘I'ZO_ 0.2 0.1 .- 0.6
C . 1.2 0.6 0.6 0.3
C02 (as carbonate) 0.4 0.6 2.1 1.3
Fe 4.0 50.0 50.5 58.0
Mn 3.0 4.5 20 1.9
Ni .- .- 2.4 . ==
Can 63.5 22.0 15.3 22.0
AWS classification E70T4 E70T-3 1:70T-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 as 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. E70T-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-I,
;utile—base; E70T-4, fluorspar-base; and E70T-5, silica-

ase.

Fume compositions determined by optical emission
spectroscopy are shown in Table 2.10 for the E70T-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 EXOT-4 electrodes evaluated by Banelle
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 at which fumes are produced by the
solid electrodes include the type of shielding gas, the

metal transfer characteristics 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 ran;
are based are summarized in Table 2.2; detailed inforr:
tion on the fume generation characteristics of individ:
¢lectrodes are contained in Tabies B16 to B24 along w
the welding conditions. ]

(1)-Steel Electrodes. The results obtained with c:
bon steel electrodes are reviewed separately from thc
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 furr
generation characteristics of three 1.1 mm (0.045 in
E708-3 electrodes, each made by a different manufa
turer, were determined at appropriate current levels |
the following transfer modes: spray wansfer with Ar-
0, or Ar-9 CO, shielding; globular transfer with CC
shielding; and short circuiting transfer with Ar-25 CC
shielding. Although the electrodes were made by dis
ferent producers, there was litle variation in composi
tion. The thickness of the copper coating on the electrod
surface varied from zero to several microinches. A singl
E70S-5 electrode was also evaluated in various transfe
modes: spray transfer with Ar-2 O, shielding; globula.
transfer with CO, shielding; and short circuiting transfe
with Ar-25 CO, shielding.

Fume generation rates for the three E70S-3 electrode:
were similar in magnitude during spray ransfer weldin;
with Ar-2 O, or AR-9 CO, shielding, 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-

~ Teable 2.9
Composition of fumes from flux cored arc welding (Ref. 2.3)

Composition, weight percent

Element (Oxide) E70T-1 E70T4 E70T-5
Fe (Fe,05) 28 (40.0) 13 (186) 23 (32.9)
Mn (MnO,) 5 (1.9 2 (3.2) 4 (63)
Si (Si0,) 25 (39.3) 4 (63) 20 (31.4)
Ca (C20) 13 (18.2) 8 (11.2)
Ti (Ti0,) 2 (3.3) .- .

Mg (MgO) 3 (5.0 9 (14.9) ---
Al (A1,03) 9 (17.0)
F 7 13 7
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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 E70T-5 flux cored electrodes

Composition, weight %

Flement  (Oxide) ! E70T-1 (42)2 E70T-4 (49)2 E70T-5 (50)2
Fe (Fe;03) 3040 (42.9-57.2) 15-25 (21.4-35.8) 3040 (42.9-57.2)
Si (Si04) 23 (3.14.6) 0.1 (0.2) 23 (3.14.6)
K (K50) 1.0 (1.2) 20 (2.4) 46  (4.87.2)
Na (Na,0) 46  (5.4-8.1) 0.1 (0.1) 1.0 (1.4)

Mn (MnO,) a6 (6.3-9.5) 23 (3.24.7) 46  (6.39.5)
Ca (C30) 0.1 (0.1) 15-25  (21-35) 812 (11.2-16.8)
Zn (ZnO0) 0.1 (0.1) 0.1 (0.1) _ 0.1 (0.1

Ti (TiO,) 0.5 (0.8) 0.01 . (0.02) 0.2 (0.3

Al (A1,05) 04 (0.8) 710 (13.2-18.9) 112 (1.9-3.8)
Mg (MgO) 0.02  (0.03) 7-10  (11.6-16.6) 0.2 (0.3

1. Assuming that clements are completcly converted 10 oxides.

2. The numbee in parentheses following the clcctrade designation is the code number identifying the s

peilic eleetrode.
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ences in the metal deposition rates for the respective
electrodes. Under shon circuiting conditions with Ar-25
CO; shiclding, 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
transfer 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
2.1

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 1o a
power that ranged from greater than one to less than three
(current equals 1* where | <x <3), With current squared
accepted as a reasonable power function compromise, a nor-
malized fume generation rate that includes the effect of current
on the rate at which fumes are produced can be established.
Then. if an electrode is used at one current. it is possible to use
the normalized rate (fume generation rate per unit of current

Squarcd) and predict the approximate fume generation rate

when the electrode is used ot a higher or lower rate (provided
uther welding variables are controlied). 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,, shor

cuiting transfer welding with Ar-25 CO,, and glot
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:z
would increase further if the content of CO, in the arg
based shielding gas was increased. _ .

The E70S-5 electrode is similar to the E70S-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 ©
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
I.I 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 cobalt-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 covers:
electrodes of the same types. The exception, a nickel
base electrode. had fume generation rates approachin;

8. Because 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 abular 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

Metal — 3 - 3 . 3
transfer Shielding E708-3(54)- E70S8-3(57)- 1:70S-3(58)-
maode gas Mceasured Normalized Mcasured Normalized Measured Normalized
Spray AR-20, 0.41 - 0.35 '0.46 0.36 045 0.35
Spray AR-Y co, 04] 0.5% 0.44 0.62 0.40 0.6l
Globular €0, 0.5] 0.9 046 0.28 0.45 0.27
Short circuit Ar-25 (‘02 0.20 0.33 0.25 0.38 0.24 0.38

1. Fume genersiion rates normalized Jo 3 current of 250 A.
b}
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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-
wodes; 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
fumes at low rates and the ratio of weight of fumes to
weight of deposited metal was low also. The ER5356
clectrode produced fumes at much higher rates than the
ER4043 electrode. High fume generation- rates were not

unexpected, because the ER5356 electrode contains -

magnesium, a 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 ERS5356
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 shield-
ing to minimize fumes as well as to insure the production
- of high quality welded joints.

(5) Copper Electrodes. Fume generation 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 IIB. Fume Generation Characteristics/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 controlied 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

Eiectrode no. Fe (Fe,Oy) Mn (MnOp Si (5i0,) Cu

E705-3(54) 63.7 (91.1) 5.3 (8.4 0.05 (0. 0.11
E708-3(57) 65.7 (93.9) 3.8 (6.0) 0.79 (1.2 0.60

E70S-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 coppet (or their oxides). The amount of
copper in the fumes produced by the electrode that was
not coated with copper, E70S-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 element 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
three 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 E708-3(54)* FE70S8-3(57) ET05-3(58)
Copper coating on electrode
Thickness, g in. "0 18 24
weight percent , 0 0.19 0.24
Copper content of fumes, weight % 0.11 0.60 1.00

Iron {oxide) content of fumes,
weight %

Total fume _generalion rate, g/min. 0.41 0.46 0.45

Copper fume generation rate, g/min. 0.0004 0.0028 0.0045

0.26 10.37) 0.30(0.43) 0.28(0.40)

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

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

*The number in parentheses fnllowing the ectrode desienation is a code number identifying
the specific electrode.
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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).
E?70S-3 (57). and E70S-3 (58) electrodes were 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 gas 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 stainiess steel 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 a 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.

5356 Aluminum Filler Metal. Welding was done
with a torch equipped with a 2.4 mm (3/32 in.) diameter
tungsten clecrode (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 sieel and
aluminum filler wires. respectively. Such rates are 2
small fraction of the rates associated with other pro-
cesses investigated during this program.

Fume Compositions. No analyses were made.

Section IIC. Effects of Process
Variables on Fume Generation Rates

While baseline data on the fume gencration character-
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 clectrodes
were used in general accordance with recommended con-
ditions, and questions conceming the effects of the pro-
cess variables on fume generation characicristics naturally
arise. In reviewing the baseline data. Jreference to 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 whi¢h fumes are produced during welding. -
of the other variablex affecting fume production are
(1) Voltage
(2) Electrode polarity
(3) Shielding yas (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 composition. covering or
composition. etc.).
All o¥these variables in addition to cdrrent and
effects on fume generation characteristics will be
cussed in this section. [t should be noted that the ef:
of many of these variables are interrclated.

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
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 generation rate as a funct
of current is shown in Fig. 2.9 for 4 mm (5/32 in.) E6&
and E7018 ¢lectrodes: the data forming the basis for 1
figure are contained in Tables B26 and B27. In c.
instance, these rates varied nonlincarly with curre
Swudies 1o fit the data to 4 power function indicated t
the fume generation rate (FGR) relation to current «
differemt for cach type of electrode. For example.
regression equations for two of the electrodes were

FGREGD10 = 0.000011 /3* with r* = 0.93
FGREI018 = 0.00017/"* with r* = .88
The regression lines in the figure are /2 lines included
COMPparison purposcs.

The results obtained are similar to those obtained
other investigators. Kobayashi, Maki, and Ohe not
that fume generation rates for ilmenite, lime. and lirr
titania covered electrodes varied with current to powc
of 1.17 to 1.74 (Ref. 2.5). Agreement with their resu

. was good considering differences between domestic a:

foreign clectrodes and differences in fume sampli:

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

E7018 clectrodes, 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-] ¢lectrode using CO, shielding are also show
tn Fig. 2.9; details on the welding conditions and the r
sults of this investigation are provided in Table B2t
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 nonlincar. In par
ticufar. 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.
Anempts 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 currents. A reasonable
fit with the I? 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
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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 increasc in fume generation rate at lower currents were
associated with this turbulence and the changes in type of
metal transfer.

roay
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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 E6010 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 generation
characteristics of selected electrodes 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-

Section lIC. Effects of Process Variables|91

tion rate on voltage, welding 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 slighdy
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 resuits. In
this instance, the effect of voltage was most pronounced
at higher current levels.

The effects of arc 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 1o 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.

2.50
O E6010
@ E70T .
® 0T
2.00 |— ' o/
/
Fd
V4
rd
£
E
‘s_a 1.50 }—
§ EGO10
z (1504)
=
& 1.00 — {435.460A)
¢ -7
Z -
. E70T-1
L 3/ (540-555A)
1.50 f—
0.00 | | | |
0 20 25 20 a5 a0
Voitage, V

Fig. 2.13—Fume generation rates for an E6010 covered
electrode and an E70T-1 flux cored electrode as a function of

voltage at selected current levels

o
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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 dispiay 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 1o the electrode tip. It should be «
phasized that this was a subjective measurement.
cause the arc length varied during welding. Since curr
varied aiso. 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
Tabie B36. . -

Fume :generation rates increased with increasing .
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:
E60!3 electrodes than on the rate at which fumes we
produced by the E70I8 electrode. The results of tk
investigation (i.e.. the increase in fume generation ra
with increasing arc length) are in general agreement wi
thuse observed by Kobayashi, Maki, and Ohe (Ref. 2.5

In a related experiment, the welding current w:

Average arc length, mm
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Fig. 2.4 ~Fume generation 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 allowed to vary with
different arc lengths. For example. when the arc length
was increased, voltage increased and current decreased.
Fume samples were collected at selected arc lengths for
E6010, E6013, and E70I8 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 gencration 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
cffects of contact tube-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 studics. 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 2.4 .8 38.1
2.00 —0—
T 150
E {
s A 0 —O— ~520A
s
s
=
8 -450A
100
g
&
-
E
-
'S
0.50
0.00 2
o 015 1.25 1.50

Contact tube-to-work distanee, in.

Fig. 2.15~Fume generation rate‘of a 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
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Shielding Gas Effects

The shielding gas is 5 variable associated wigh the flux
cored and gas metal are welding processes,
the rate at which fumes are

The effects of shielding gases on fume generation rates
have already been discussed in the review of the base-
line data for flyx cored and gas metal arc welding elec.-
trodes. These i

composition of the fumes prod
arc electrodes used for welding
three E708-3 electrodes included in this investigation
was evaluated using welding conditions 1o produce the
following transfer modes: (a) spray transfer with Ar-2 Q,
shielding, (b) Spray transfer with Ar.9 Co, shielding, and
(c) globular transfer with CO; shielding. The fume sam-
Ples were coliected o cellulose membrane filters and
analyzed by atomic absorption procedures. The resulting

data plus the calculated
are shown in Table 2.
cussed below:

(1) Iron (iron oxide) contents wers highe
welding was done in the Spray transfer mode wi
Ar-2 O, or Ar-9 Co, shielding and lowest when
was done in the globular wansfer 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 elc
oxide) content was lowest when welding was don:
Spray transfer mode with Ar.2 O; shielding. He
oxidation potential of the shielding &as had a slight
on the contents of manganese (manganese oxide)
fumes.

(3) Silicon (silicon dioxide) contents were h
when welding was donc jn the globular transfer
with an oxidizing gas, CO,. These results are also in

weight percentages of e
14 and the apparent trend

ment with those of Heije and Hill (Ref 2.3). There w

(4) Copper contents in the fumes appeared to be

Table 2,14
Effects of shielding gas on fume composition

Shielding  Fume sample Composition, weight %

Electroge ! gas weight, g Fe  (Fey05) Ma (MnO,) s (5i0,)  cu
F7083  (54) Ay 0,2 0.23 6.7 (88.2) 46 (73 1.0 (1.6) 0.0
E7083  (54)  Ano co, 0.55 625  (894) ¢ (9.6) 0.5 (0.8) 0.0+
E708-3  (s4) co, 0.42 63 (805) 63 (10, 23 (3.6) 0.1<
E7083  (57)  Ar2 0,2 0.32 627 (89.7) 44 (79 L1 (.7 0.8¢
E708-3  (57)  Arg co, 0.44 62.2 " (88.9) 65 (10.3) 0.4 (0.6) 0.70
F7083  (s7) co, 0.33 554 (19.2) 6.8 (10.7) L5 (2.4) 1.20
E708-3  (58) A2 0,2 0.4] 62.1  (88.8) 5.6 (8.8) L1 (1.7 1.29
E7083  (58) Ar9 co, 0.54 620 (88.7) 44 (7.3) 1.5 (2.4) 0.99
E708-3  (s8) co, 0.40 525 (15.1) 5.5 (87 2.5 (3.9) 1.00

. Weiding Conditions:

For spray transfer welding with A.2 02 shiclding
3 V:260-280 A

V.270-250 A
Eectrode No, 53: .5V 290300 A

For globulyr transfer welding wigh €Oy shiciding
Electrode No. 54: 36 v: 330-340 A
Eectrode No_ §7: I5v:i0a
Electroue No, 53- 32v;330aA

[-27

For spray transfer welding with A-9 €Oy shiclding

Bectrode No, $4: 34.5V:210-220 A
Flectrode No, 57: 35 V:205-215 A
Hectrode No. 58 35 V:215-225 A

2. Awerage of three analyses,




,ental vaporization, condensation.
nd oxidation enhanced vaporiza-

on.

Additional support for the vaporiza-
-~ ~ondensation-oxidation mech-
(v-C-0)is also tound in the data
_ented in Table 5 covering GMA
sing of aluminum alloys. Because
~ert shielding, the mechanism for
_mg generation is simply vaporiza-

-~ and condensation of elemental’

=-=rial. Aluminum 5356 generates
- -2 fume because of the additional
.amemipution of Mg. Note that the Mg
.~--ant of the 5356 fume (Mg/Al =
“z. .5 enriched over that of the wire
o Al = 1/16). This results from the
-nat Mg has a considerably higher
sr pressure n the range of 2000-
1 K and its activity coefficient in
- :ap alyminum is 0.5. In making a
._ —oarison of the above data, note
-~ - fner wires produce less fume at
--mgsarable currents and arc lengths.
-~ apove discussion applies
zz.aily well to fume generation in
==+ a2nd SMA welding, In these
-~casses. the fume results from the
~.~ of elemental and lower oxide
=;2s. and the V-C of oxide and
-ce flux species. As might be ex-
-a~_the composition of the fume is
_~gly dependent on flux com-
- _:wnn since significant quantities of
o~ ~2iting point tlux components are
-=~zined in the fume.

. V-C-O mechanism advanced
= .3 noint is essentially a simple one
-z..ng to do with the vapor pres-
: -ag and latent heats of vaporiza-

-~ sf the constituents present in the
— nt the consumabies anc with the
sizng potenual of the shielding

12t one1s usec. To first order. these
‘z-+ars determine the amount of a
~srupular constiuent appearing in
-2 ‘ume. Obviously. rate controlling
;-a0s nvolving diffusion of the various
-aspiznts and products will aftect the
== ang composition of the ‘fume as
vz A more compiete rmodel re-
-_-ag consideration of ihese rate
- =~:-plling tactors anc the aynamic
-urz of the metal rransfer process
.uging such factors as residence
-a pi the molten aropiet at a par-
- -uiar remperature, degree of sur-
-z-2 sxposea for participation in the
.zzcrization process, and the ef-
~ziency of energy agsorption cy the
su-tace. These contributions will be
zorsiaered in turn,
Tor instance. as observed pre-
- zusly. the higher FFR tor CO, com-
© -2¢ with argon-based shielC gases
seiieved to be caused by the
sater sontripution of oxide species
ing from the increased oxidizing
= .ual of the CO, shielding gas.
“gginonally, the inability to achieve
-apid drop detachment when using
ZQ, may tfurther augment the oxide
annancement. 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
turbulent effects resulting in con-
tamination which, coupled with the
jong detachment times, can further
enhance the vanorization due to oxide
species over and above the natural
oxidizing potential of the shieid gas.
The rapid drop detachment obtained
in the spray mode using argon-based
shietd gases does not permit this con-
dition to oceur. This fact and the lower
oxidizing potential of the argon-based
shield gases are sufficient to account
tor the gitferences in the mean FFRs.

The problem of instabilities and
wrbulent eftects in FCA and SMA
similar to those which exist with CO.
in GMA is compounded by the
presence of extremely volatile fiux
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 dynamc
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 examine fume torma-
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
shieiding. The initial implication is that
the molten metal in the weid puddle
does not substantially contribute to

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

the fume. The weld puddle is cool
relative o the arc. While vaporizaton
is occurring, the partial pressures and
nence the contribution -to the total
fume level is substantially reduced.
Adding oxygen to the shieiding gas

- did produce small amounts of fume,

supporting the nypothesis of en-
nanced vaporization due to oxide
species.

The second experiment involved
the welding of Mg bearing Al plate us-
ing the GMA process. Two wire types
were empioyed. type 5356 containing
Mg and type 1100 containing no Mg.
Referring back to Tabie 5. Mg was
founc in the fume wnen 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 eiemental and oxide species is
occuring at the .wire tip and in the
welding arc. but not in the weld pud-
dle to any comparable degree. This is
totally consistent with known
temperature distributions ot the arc.

A feeling for just how the fume
evoliution is atfected 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 exhibited in Figs. 10 and 12.

The CO, results are presented in
Fig. 12. Two features are apparent.
For a given volage, 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 rate Weight of fume/

Current, A Measured, Normalized ! ., wgt. of dcposi_scd
Electrode Covering . (nominal) g/min g/min metal, g/kg-
6013 lligh titania 165 0.73 081 29.86
7014 High titania 175 0.72 .- 0.75 23.72
[£7024 liigh 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
117024 Low hydrogen 230 1.03 0.58 21.27

1. Fume genceation rates normalized to 175 A.

2. g/ke + 10 = weight of fuine expressed as a pereentage 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 probiems 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-

ties 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 cvaluated with carbon steel plate, E410-15 elec-
trodes with 400-scries stainless steel plate, and so on.
Since the base plate has relatively little effect on the pro-
duction of fumes. the need to match the base plate 10 the
electrode was questioned, particuiarly with respect to the
evaluation of stainless steel electrodes. To resoive this
question, fume samples for gravimetric and chemical
-analyses were collected during the deposition of stain-
less stee] bead-on-plate weids on carbon stecl and stainless
steel plates. Welding was donc with 2 4 mm (5/32 w.)

diameter E316-16 covered electrode at baseline conditions.

The cxperimental results are discussed below with the
aid of Tabies 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 extrapoiating these results 1o other electrodes is
advised.

(2) The composition of the fumes did reflect the

1-29

composition of the base metal upon which the welds we:
deposited as well as that of the electrode. When the E31¢
16 electrode was evaluated on stainless steel, the fume
contained higher contents of mangancse, nickel. ar.
chromium than when this electrode was used on carbc
steel (Table 2.17). The effects of the eicctrode itself ¢
fume composition can be estimated by examining tt
composition of the fumes produced when welds we:
deposited on carbon steel. The difference between th
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, Tt.
fume generation characteristics of a 1.6 mm (1/16 in
diameter E70T-1 electrode were compared to those of
2.4 mm (3/32 in.) diameter electrode made by the sar.
manufacturer. Welding was done at current levels apprc
priate for the respective electrodes and CO, was used fc
shielding (Table B4l). Data on the “as measured” an
“normalized™ fume generation rates are presented below

Electrode Welding Fume gencﬁlion rate,

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

“Fume generation rates normalized to a current of 480 A.

The measured fume generation rate for the small diarr
eter 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 to 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
Fume generation rate, g/min. 0.24 0.24
Weight of fume/weight of 9.96 9.87
deposited metal, g/kg™
"ulkp + 10=%
Table 2.17

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

Compasition, weight 7%

Type Fe Mn Si Cr Ni
Base platc

Carbon stece! Bal. 0.68 <0.01 aa= -
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 ~
E316-16/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 greaterin
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
deposition 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 selected 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 (¢.g., atomic absorp-
tion) must be used to obtain greater accuracy. In the case
of welding fumes, optical emission spectroscopy can pro-
vide an overview of most of the elements present in the

. fume sample, regardless of their origin; i.e., from the

i-30

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 emission 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 elements, 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

gr

n L
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ET0T-1 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 E70T-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 capabie of detecting
the presence of 70 or morc clements on a semiquantita-

Section IID. 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. etc.) must be
used to achieve more accuracy. Only one crystailine
phase, iron oxide (Fe,0,. or magnetite). was detected
by XRD in the fumes produced by the covered elec-
trodes; manganesec 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) F410-16 (21)  E70T-1 (42) £70T4 (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 4.0-6.0
Na 3.0-6.0 3.0-6.0 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 <0.1 0.1 <0.1 <0.1 <0.1
Ti 0.5 0.3 04 0.5 <0.01 0.2
Pb 0.2 0.2 0.0t <0.01 0.2 0.02
Al 0.1 0.05 0.5 0.4 7.0-10.0 1.0-2.0
$n 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 .05 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 £0.01 0.03 <0.01 <0.01 0.02
Cu 0.05 0.1 0.1 0.1 0.01 0.02
Ni 0.005 0.01 0.05 0.01 <0.01 <0.01
Co <0.01 0.0l <0.01 <0.01 <0.01
Ba .- <0.01 0.03 0.0l 0.05 0.03
Zr - - 0.1 ) <0.01 0.03
Sr -- < 0.01 <0.0} <0.01

1. Thc numbcr in parentheses following the clectrde designation is the cude number identifying the speeific clectrode.
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oarticulate Fume Generation
Arc Welding Processes
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vlechanisms of particulate emis
-2:as and composition have been

. z-jgty of arc welding processes

3v 3. F. HEILE AND D. €. HILL

_Z2T3ACT. A techncal method has
- peveigped that allows a de-

- mation of the fume formation rate
:iyme compaosition in arc welding
+--~agges. This methcd has been
Jser 10 characterize paruculate emis-
s3:0ons 1 a number of processes:
snielced metal arc (SMA), gas metal
zrc (@GMA), flux cored arc (FCAL and
o2s tungsien arc (GTA) welding, and
=5 sermitted a ranking of these
--~cesses according to their relative
- zaniiness.” Of the continuous elec-
e processes studied. GMA

- zing with argon-based shielding
;-3 Droduced the ieast iumes. while
s2ismeiding FCA welaing producec
:ne =pst. The data indicate that the
mecnamsm of fume formanon is one
3¢ siemental vaporization-condensa-
sien and oxidation enhanced
vasgrization-condensation of the con-
sumable constituents. A model
~2;atng this mechanism 10 process
--= orocess vanabies s advanced
=n would allow fume formation

= MEILE is Semor Researcn Physicist
arz o C. HILL is Group Leader. Linge Re-
searcn Department. Linge Division, Umon
Carsige Carporation. Tarrytown, New York
10597

rates and composition to be predictec
semi-quantitatively given & knowl-
edge of the consumable com-
position. the volatility of the con-
stituents. the transfer mode. the arc
temperature and stability as de-
terminec by the weiding paramerers
and shield gas. and ine oxidizing po-
tential of the shield gas. Based on the
results. methods of fume control are
indicated which can serve as a Sup-
plement to ventilation.

Introduction

Although numerous studies of the
generation of smoke ana fume in arc
welding have been maade (Ref. 1). the
mechanism and ¢haracter of the fume
formation have not been extensively
investigated or reported. Itis now rec-
ognized that variations in sampling
techniques. electrogde compositions,
and welding parameters all have a
major impact on the results of fume
experiments. As a result. care must
pe exercised in interpreting the ex-
isting literature. Recently, a pro-
posed technigue for measurement of
fume generation in arc welding has
peen published (Ref. 2). Un-
tortunately. little statistical evidence
tor the accuracy and reproducibility of

sion along with emission
determined for a

this technique was advanced.

The purposes of this study are to
provide fume generation com-
parisons among ditferent arc wetding

‘processes, {0 understand the mech-

anism of fume formation, and to
supply the information necessary for
choice of a welding process when
ventilation considerations are im-
poriant.

Method for Particulate Sampling
Genersl

A critical aspect of particulate
sampling is the technique itself.
various sampling technigues have
peen empioyed by other inves-
tigators (Ref. 1). Many of these tech-
nigues collect all of the evolved tume.
In so doing. oftentimes unrealistic
conditions are imposed on the par-
ticular welding process. We chose. in-
stead. to use a modified stack sampl-
ing technigue which would minimally
gisturb the welding process and at the
same time allow a carefully con-
trolled sample to be taken at a pre-
determined rate. This section briefly
describes the technigue and dis~
cusses the accuracy and re-
producibility of the results.

WELDING RESEARCH SUPPLEMENT | 201-s
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Experimental Technique

A schematic of the stack sampling
system employed in this work is
shown in Fig. 1. A duct was placed
coaxially over a stationary welding
torch. Welds were made on a ro-
tating workpiece. The gas flow rate of
the duct was set 1o allow collection of
most all the fume, yet not so fastasto
disturb the shieiding gas. The duct
velocity was measured using an in=
clined manometer. A probe. con-
nected to a filter and a sampling
pump. was inserted in the duct. The
velocity in the probe was adjusted 1o
match the duct velocity. By maintain-
ing isokinetic sampling conditions, it
is possible to relate the size of the
sample collected to the total fume
avolution without having to coliect all
of the fume.

This technigue is applicable over a
range of duct velocities. i.e.. sampling
rates for a constant sampling time.
This is especially important in sampi-
ing emissions where the saturation
time of the filter is short. Without con-
trol over the sampling rate in such
situations. the results would be sub-
ject to transient effects related to
snhort sampling times. This technique
eiiminates those problems.

The basic procecure followed for
taking a sample was !0 establish

MAIN DUCT
£-3000 FPM

’
7 4
///
/ / HURRICANE PUMP
~—, / 0-250 CFM
/ 7/ PROBE 0-3000 FPM

I

\-\—/
-

N

-~
/i //I
ROTATER éﬁ‘.,/
e

i H =  |ROTATING WORKPIECE

SCHEMATIC OF APPARATUS

Eig. 1 — Schemanc diagram of fume
sampung apparatus
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Fig. 2 — Variatons and collection ef-

ficiencies for several filters as a functon ¢ 13
time
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isokinetic sampling conditions and
then, before actually beginning the
sample, to choose the welding
parameters. Sampling was begun
atter the arc was struck anc steady-
state conditions established. The
duration of the sampling period de-
pended upon the tume tormation rate
and the filter capacity. The im-
portance of the sampling period is
discussed in greater detail in the sec- .
tion below.

. Two types of filters were em-
ployed, glass fiber filters and tri-
acetate filters. The giass tiber filters
ware used principally to determine
the fume generation rates. and the tri-
acetate filters were used to collect
fume for chemical analysis. Typical
sampling times were 2 minutes for the
glass fiber filters and 30 seconds for
the triacetate filters.

An optical viewing system at-
tached to the weiding station per-
mitted a simple measurement of arc
iengtn.

Reproducibility and Variations

The purpose of sampling is, of
course. to arrive at a fume formation
rate (FFR) and a fume composition
which can be assigned to a given
welding process. It is obvious tnat the
generation rate will depend upon
voltage and current as well as the
process and that the fume genera-
tion rate must be expresseq as a func-
tion of these or related parameters. it
is not so cbvious how sensitive fume
tormation is to such things as work
travel speed and variations in the
plates on which the weids are madgde
or. for that matter. to the sampling
arocedure itself. .

in order to assess the accuracy of
these experiments and o determine
what parameters are needed to
specify FFHs unambiguously, 8 iwo-
fold investigation was undertaken.
This included an invesugation of the
cependence of fume formation on
voitage. current, work travel soeed.
and piate variations and an investiga-
tion of sources of error associated
directly with the sampling tecnnique.

N
(L]

TUME W1 (gl
F B
o y——— T T T T

-
o

w

20 40 60 80 100 120 140
TIME 13econds:

Fig. 3 — Collection linearity of a singie filter
as a function of time
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Although there is some evidency
a variation in tume formation for qu
ferent plates. the eflect can Be
minimized, as far as relative me
ments are concerned, by collect
given series of weld data on the
plate. In_absolute terms, the variatg,
is a source of error on the order o
percent or two. Such an error g j,
significant when COMPAared 10 othy
sources yet 10 be discussed.

Work travel speed Can also py
omitted in the specification of FFRy
Increasing the travel speed by a fasyey
of two produces a 5% decrease in ty
formation rate. Small variations
work travel speec from nominy
values have. therefcre. no significam
effect. The observed variation is atag
not great enough to warrant specity.
ing travel speed when stating tw
fume formation rates. L

Depending on the shield gag
voltage and current are by far the
most important factors among the
welding parameters. For argon-base
shielding gas. a 110 5% variation in
voltage for a fixed current can
oroduce cnanges in the FFR of a8
much as 20%. By way of contrast, the
sensitivity of the FFR t0 changes in the
voltage and current is far less for CO,
shielding gases. In terms of re
producibility of the results, one mun
exercise great care in maintaining the
voltage and current settings when
welding with the argon-based shield-
ing gases. in this regard, the ability o
measure the arc length is exceed-
ingly useful.

From the above information, it was
expected that the FFAs would be
reprocucibie to within 10%, yet st~
tistical fluctuations of as high as 40%
were otyserved. The large standard
deviations that resuited tended 10 M=
duce the statistically meaningful i
tormauon wnich could be extractad
trom the data. As a result, the samp
ing method was explored as the
source of the probiem. The sensitivity
of the fume generation rate tO the
tume collection rate was exami
Different fume cotlection rates
produceo statistically consistent F
as long as isokinetic sampling con-
gditions were maintained, However, "
investigation of the sensitivity of
FFR 1o the sampling period reve
that the oroblem resiced in Vi
tions in the stopping powef ot U
fiiters. This data is presented in
2 and 3. In Fig. 2. ten welds
made at a constant sampling rate.
conditions were held constant ex
tor the sampling period which was
creased by 10 seconds fof o
successive weld. In principie. al
points shouid be on a straight 1@
passing through the origin. The sl
of this line is proportional to the
Instead of a straight line. 2 9
scatter was observed as Fig-
demonsirates. .
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in addition to the gata, there are
tour lines drawn in Fig. 2. The outer
jines represent the worst case slopes
tor all the gata points. There is a fac-
-gr of Six difference between them.
-ne inner lines are the worst case
~as for the data where the sampl-
~eriod was greater snan or egual
me minute. The longer sampling
. .od tends 10 reduce the variations
~ -ne filters. In this case. the slopes
sre within 40% of one another. It
snculd be rememberad that these are
vorst case slopes. The accuracy can
~e further improved by making a least
scuares fit and limiting the sampling
~eriods 1o one minute of greater. This
-zgults in an overall statistical ac-
- racy of approximatety 20% for the
:olute measurements of the FFRs
“ted in this report.
ne behavior of individual pieces of
: .ar paper was also examined as a
s.nction of time. The same piece of
sHi-ar paper was successively ex-
cosed for consiant time increments
zma weighed after each increment.
-.ese results are plotted in Fig. 3. In
~1g case, the points lie on a straight
-a  as expected. although there
-oears to be a nonlinearity during
: initial few seconds ot samoling.
s does not present a probiem

_ .ce the information can we drawn’

--3m the linear portion of the curve.
=-yally important is that over typicat
sampling periods of one or iwo
sinutes, no saturation of the filter was
.oserved. In fact. no saturation was
seserved even with sampling periods
23 long as four minutes for many
siding processes.
To summarize. therefore, absolute
aasurements of the FFAs are sub-
-t o large varatons. Voitage and
ssrrent must De precisely oceter-
~.ned and maintained. Plate
. 3nations and work travel speec. ai-
:~ough factors. @0 not result in sig-
~sicant variations. Difterences from
irer to filter account for the largest
z=¢ ieast controllable variation. As a
-aguylt, FFAs can be .conveniently de-
ireined within no more than 20%.
-aater accuracies are pessible but
-& not required for the Durpose of
-a comparisons mace In this article.

barticulate Data by Process
General

Firm limits exis: for both the time
weightea and excursion levels of solid
—aterials dispersed in air. These
‘mits are rather arbitrary. although
-sme toxicological data exist to sup-
.ort them. They are deficient in that
~ey tail to recognize that vanations in
srystallograpnic structure. particle
size, ang chemical activity are im-
aortant in influencing the interaction
of such materials with the numan sys-
tem. We have studied fume genera-
tion in several arc welding processes:

Table 1 — Fume Sampling in SMA waeiding

gas tungsten arc (GTA) welging.
Fume generation is measuregd in two
ways: g of fume/min ot arc time and
mg of fume/g of metal deposited.
These formalisms (g/min and mg/g)
express the reiative “cleanliness” of a
process on reai time and real comple-
tion rate oases.

FFR measurements were made of
200 % 250 mm fiberglass filters using
the rechniques described in the pre-
vipus section. Samples tor .com-
positional analysis were maae on tri-
acetate filters and analvzed using
atomic absorption specirophotometry
and x-ray fluorescence tecnnigues. A
limited amount of size distribution
data has been taken.

SMA Welding

Oniy electrodes for the welding of
{errous materials were studiec. These
alectroges incluce those of the cel-
lulosic type, rutile type. rutile-iron
powder type. and low hydrogen type.
Both acsp and derp were studied
wherever possible. A constant current
type power supply was uyseq. Results
are bnefiy summanzed in Table 1.

The FER gata (mg/g) is plotted
against current in Fig. 4 tor 3/32 in.
elecirodes. Data reguced from Rets.
2 3. and 4 are also included. Note that
the cata ‘all into three bands. The low-
est FFRs are associated with rutile
and rutile-iron powder type elec-
troges. Higner rates are found for low
hydrogen type electrodes. probably
due to the presence of CaF, in the
flux. Cellulosic electrodes have the
highes! rates.

Vvanations in rates accompanying
polarity changes are best under-

Fume

Electrode tormation rate
Class Brand Diam Current  Voltage  Polarity g/min  mg/Q
6010 A 5732 1m0 29 RP 32 19
6010 A s el 3 RP_____88 24
Bo12 B 5732 108 20" TSP 12- - 7
6012 B 5/42  ._.180...___ 2] sp 25 S
7018 B 5/32 160 22 RP .28 8

T8 . BB 220 26 s_____ 18

7024 c 5/32 180 32 RP 29 8
7024 (o4 5/32 230 36 RP A7 8
7024 c 5/32 180 0 1 .29 7
7024 c 5/32 250 a7 SP .50 9.
7024 D /16 230 36 RP 54 9
7024 D 3/16 250 36 AP .58 9
7024 [+ 376 250 34 AP .39 7
7024 c 3/16 220 a2 RP 31 T
7024 D 346 230 30 SP .50 Q
7024 D 3716 250 32 SP .56 9
7024 c 3/16 230 32 SP 48 "9
2026 .. .— L .36, __25;,___3____5!’———55 T &
308-16 € £/32 160 23 RP .25 10
308-36 E 5/32 210 28 RP 51 16
shielded metal arc (8MA), Hux cored 10— - !
arc (FCA), gas metal arc (GMA). and IR+ s bt o»

el
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Fig. 4 — Companson of FFAs for saveral
SMA electroges
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Fig. § — Comparison ot FFAs in FCA
weiging for three electrodes

stood by variations in arc voltages
due to the polarity change.

No chemical analyses were per-
tormed on SMA welding tumne. itis ex-
pacted that the principal difterence
petween fume from rutile, rutile-iron
powder electrodes, and from low
nydrogen electrodes will be the
presence of CaF,.

FCA Welding

Three types of flux cored elec-
trodes were studied: CO; shielded,

WELDING RESEARCH SUPPLEMENT | 203-s
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Table 2 — Fume Sampling in FCA Waiding

Fume
Electrode Shielding tormation rate
Designation Brand  Current Voltage gas g/min  mg/g
STRTLY D 300 28 C0. 75 1
= pase as0 30 .96 12
400 N 1.10 12
450 32 1.20 1
£707-5 E 300 28 COo; 1.40 18
Siiica-base as0 29 1.0 20
400 30 2.10 21
450 N 2.50 22
7074 B 250 28 None 1.8 18
Fluorspar-base - 323 30 1.62 20
400 <Y 2.00 20
475 a2 2.50 20
.- —5  noted between CO, shielded. silica-
6r £rava 5 base and CC: shielded. rutile-base
- 5 18.2 my TOYAL FUME - electroges. These differences are
&7 o626 my TOTAL SUME | primarily due to variations in arc sta-
- ‘1 pility anc CaF, content.
T 2= "i Table 2 shows the comparative and
2 | apsoiute variations in fume com-
ERRS __| position for the three types of elec-
2 Y,c = twooges. Note that ihe rather large
g 52 I variation in fume composition results
o : from differences in the flux com-
’ i positions. ’
- 7 variations in weiding parameters
= di¢ not seem to have a significant ef-

0.l 12 51020 40 60 B8O 90
CUMULATIVE WEIGHT PERCENT

Fip 5 — Particle size aistribution by weight
narcent in FCA welding

B= oA 5% D .
L e ar 2% D .
! ® A 2% C0;
_ 5
£
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a8 i
= *r -
= L i
2h i
i
ol R
100 200 300 400 500

WELDING CURRENT /Amps!

=:,g. 7 — Comoparison ol FFRs in GMA
werding using argon-pased shieid gases

silica-pase (ET0T-3) ¢O, shielded,
rutile-pase (E70T-1) selfshieided,
fluorspar-base (E70T-4). A constant
nolential type power supply was used.
The results of the fume generation
studies are shown in Table 2.
Figure 5 snows a combined plot of
/g versus current for the gata.
_ere is an appreciablé ditference in
FFR between selfghielded, fluorspar-
pase and CO; shielded. rutile-base
electrodes. A similar ditference is
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iact on FFR. Voltage increases did not
proguce FFR increases in any way
comparable with those sound in SMA
welding.

particle size distribution data were
taken using an inertial separation sys-
ten. The results of iwo of the studies
with the selfshielded, fluorspar-base
electrode are shown in Fig. 6. The piot
shows the cumulative weignt percent
of tume due to particles jarger than
any diameter. The weight cistribution
is log-normal. The mean particle size
by weight caiculatec from this gata is

0.12am.

GMA Welding

Particulate data were gathered in
GMA welding with a vanety of wire
compositions, wire sizes. and
shieiding gases over a proad range of
welding conditions. General con-
sigeraunons on reprogucibility and
techmgue were discussed in pre-
vious secsions ot this article. This sec-
tion covers additional work on terrous
materials ané aluminum alloys.

Ferrous Materials

Etect of Shielding Gas on FFR.
Treating first the effect of shieiding
gas. reference is made to Figs. 7 and
8. Figure 7 SnNows the FFR plotted
against current for argon-base
shielding gases. The wire diameter
was 0.045 in. and the weiding voitage

J-6

was 28 V. Note the presence of a wej
defined minimum in the 250-300 A
range for each ot the shielding gases,
Figure 8 plots FFR versus current for
CO, and Ar-25% COa. For these gaseg
FFR is a monotonic function of
current. Note that significant, repro.
ducible departures from the Ar-25%,
¢O, curve occur at 200 and 400 A.

A comparison of these figures re.
veals that considerably more fume iy
produced when welding with COQ,
shielding compared with argon-baseq
shielding. The explanation of thig
effect involves consideration ot the
oxidizing nature of the shield gas ang
of the mode of metal transfer.

The dependence of the FFR on the
oxidation potential of the shield gas
was examined by measuring the FFR
as a function of the oxygen content of

an argon-based shielding gas. These

results are shown in Fig. 9 tor O, addi-

“tions of up to 40%. Note that the FFR

is approximately equal to (%0))*.
Since oxygen is present as atomic ox-
ygeninthe arc1oa certain extent, itis
possible that the dependence would
pe greater than {%0,)". Thus the ex-
ponent ¥ is reasonable.

Eftect of Welding Parameters and
Wire Size on FFR. The existence of
the minimum in FFR noted above for
argon-based shielding gases was ex-
plored further as a function of welding
parameters, Figure 10 shows con-
stant current plots as a tunction of arc
voltage for FFR (g/min). In all cases,
arc length increased for increasing
arc voitage. Note that the minimum
FER occurs at 28 V. 250 A. It mg/g is
used as a2 criterion instead, a similar
observation is made. Fig. 11. The
minimum correlates with the transi-
tion from globuiar to spray transfer.
This minumum is thought to result
from the establishment of a stable
spray arc at a minimum voltage.

Similar piots for CO; shielding gas
are snown in Figs. 12 and 13. Notethe
absence of any minima. This observe-
tion reinforces the hypotnesis that the
ranster mode affects the FFR.

Figure 14 shows the attact of wire
diameter on FFR in Ar-5%0,.

Fume Composition and Particle
Size Distributions. Fume com-
position was measured for a number
ol weliding conditions. Data may be
found in Table 4. For the most pan. as
measured by weight percent. the
composition of the fume is constant
“he most significant exception 10 this
is that the tume silicon contents gen-
erated in argon shieiding gas aré sig-
nificantly less than those proguced
with oxygen bearing argon-based
gases and substantially less than COx

Particle size analysis of the fume
produced using argon-based shield-
ing gases and CO, shielding gases
was attempted. However, when
argon-based shieiding was used, N9
fume couid be collected on the upper

-
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stages of the sonter. Electron micro-
raphs revealed fume particle sizes
on the order of 0.005 to 0.1 microns.
-nese particie sizes are much smaller
. tor any other welding process
axplains the nuil result with the
. ar. Avisual comparison of particle
. ..z is presented in Fig. 15.

-ae particle size distribution

Tapis 3 — Fume Compeosition in
FCA Welding (s)

E70T-1 ET0T-4 E70T-5
[}

o % %

=a 28 13 23
mn 5 2 4
25 4 20

—_ 13 8

- 2 - -

- 2 — —
g 3 9 -

Al -— [ ——
: 7 13 7

ETOT-1 ET0T-4 ETOT-3

measurements for CO, shielding gas
were made at 300 A. 34 V. The re-
sults are plotted in Fig. 16. An ex-
trapolated mean particle diameter of
0.03 micron, considerably smaller
than for FCA welding, is determined
from this data.

Aluminum Alloys

FERs and fume compositions were
determined for 1100 and 5356 alloys
welded in argon. Typical FFRs (g/min)
and fume compositions are gwvern in
Tabie 5. '

it is interesting to note the de-
crease in FFR with increasing cur-
rent. This observation is similar to that
opserved in GMA spray arc welding of
steel over a certain range of current
and voltage. A precise under-
standing of tnis effect is lacking at this
time.

GTA Weiding

Fume formation in GTA weiding of
steel using 3 mm and 5 mm thoriated

that the FFRs and the composition of
the welding fume ecould help to iden~
tity the mechanism of fume tormation.

Consider first free elemental
vaporization as a source of fume. The
partial pressures of Mn, Si. and Fe
apove moiten steel with the com-
-position of the £705-2 electrode are
plotted as a tunction of temperature in
Fig. 17. Two things are apparent. Free
vaporization can account for the in-
crease in fume with arc temperature.
but based on this mechanism alone
tnere shautd be but negligible silicon
in the tume compared with Mn and
Fe. Since this is not the case. other
mechanisms must contribute.

The notable diffterence in fume
composition between weldments
made in argon-based gases and CO,
is the silicon content of the fume. The
same difference. although somewhat
smaller in magnitude, axists between
fume produced with Ar-29%0, and Ar-
5%0,. This suggests that oxidation
may be important in producing fume
containing silicon. The supporting

m m m indi
) s 9 o tungsten electrodes with argon data, drawn from Taple 4. are indi-
; 2-1 1.8 3.3 shielding gas was studied. The FFRs cated below:
ma 18 g z'g for all currents between 50 and 450 A
: 1'3 1‘, were essentially zero. )
- 5 . -1 %, Si for shielding gases of:
s 2 1.2 -_—
= - 1.2 - Discussion of Results and Cur-
: 3 1.8 10 Probable Mechanisms e A o, 25
robabie nism A Ar 2%0; 5%0; 25%CO; CO:
) e ase _— in adgition to supplying com- 250 2 5 14 - 25
ruil Hux T5; oM womng: : . i -
e et Ease . 70 A 5m e parative data among difterent arc 300 * 7 14 17 27
I=i- 3. sea pase tux. CO: gas smeing. welding processes. it was believed 360 4 10 14 - -
-.¢ 4 — Fume Formation Compaosition in GMA Welding of FerTous Mataerisis
. ad FFR Mn Si Fe ] Mn Si Fe
235 Current Voltage mg/min % % e Ye mg/min mg/mun  mg/min
argon 250 29 35 4 2 63 3N 1 1 22
300 31 25 4 1 4B 49 1 0 12
350 35 98 ] 4 52 ag 5 4 5
Are2%0, 150 28 257 6 3 52 39 15 8 1534
200 28 147 8 7 51 4 12 10 75
250 28 ar g 5 70 16 3 2 26
300 29 56 9 7 63 22 5 4 5
350 31 115 9 10 S0 )] 10 11 58
400 34 162 " 10 53 26 18 16 86
2723% 0, 100 28 557 5 6 49 40 29 a3 273
150 28 299 3 7 50 a7 16 21 150
200 28 257 6 9 50 35 16 22 129
250 28 140 7 14 43 36 10 20 &0
300 28 162 8 14 47 33 10 23 76
300 28 169 L] 14 41 40 9 23 70
B0 20 110 9 7 56 24 10 12 62
120 20 140 9 14 51 26 13 20 71
200 20 162 9 18 52 21 15 29 84
2 28% GO, 100 23 120 9 17 63 12 1 20 75"
150 27 210 6 17 S0 27 13 35 105
300 35 67 8 17 52 23 29 62 191
b 130 27 198 7 30 43 20 13 59 86
150 30 264 5 24 a5 25 14 63 120
180 30 31 7 26 47 ral 22 a3 150
200 30 279 7 26 a5 22 19 73 126
250 T30 449 7 25 ag 20 3 112 - 216
300 30 as85 8 27 a7 18 a6 12§ 214
140 22 198 7 32 43 18 14 63 85

J-7 WELDING RESEARCH SUPPLEMENT | 2058



Much work has been done study-
-ing the properties of SIO. Silicon
monoxide is a gas at all tem-
peratures of interest, 1500-3000 K. It
is often formed when insufficient ox-
ygen is available to form continuous
SiO; layers over silicon-bearing Ii-
quids. It has a high vapor pressure.
The reaction of interest is:

al = % Q=310 or (1)
Si + CO~~CO <+ 8i0 _ (2)

The standard free energy of each of
these reactions may be calculated
irom thermodynarnic data (Refs. 5, 6).
Consider Equation (1) for the E708-2
elecirode composition, ag, = 3.35 X
10~% the partial pressure of SiQ
(Psio ) as a function of temperature
I8
Partial pressure PSio (atm) for

Temp,
(K) Po, (atm)= 01 02 .05

2000 087 137 217
2500 023 033 .05
3000 009 013 020

Ctviously, since the reaction is con-
trolled by (Pp, )% , the ratio of Peo at
any lemperature in equilibrium with
Ar-5%0Q,; to that in equilibrium with
Ar-2%0; is (5/2)" or 1.58. If equillb-
rium thermodynamics can tell us any-
thing about the relative fume forma-
lion. then we should measure this in-

crease in silicon in our fume samples. -

The actual ratios, at each set of weid-

Ing currents, for sllicon emission from
Tabie 4 are:

- Current, Si (5% O,)
(A) Si (2% 0,)
150 26
200 2.2
250 10.0
300 5.7

interpretation of these results is un-
certain because of possible variations
in arc behavior; however, it is ap-
parent that the generation of silicon-
bearing fume is dependent on oxida-
tion potential. it we now perform the
calculations for Equation (2) and as-
sume that the stoichiometry of the re-
action as written applies, we find:

Ternp—.

(K) P gq (atm)
2000 .290
2500 .508
3000 .672

Thus, we would expect significant in-
creases in the rate of silicon emission,
when CO; is present in the shielding
gas. as great as an order of
magnitude. It is not reasonable to
compare data taken in Ar-2%0,, Ar-
5%0,, and COQ, except under con-
ditions of globular transfer. The only
data points are at 150 A, and caution
must be usec because the arc lengths
vary significantly. Data from Tabie 4
show:

Si(CO,)/Si(5%C:)/S5i(2%0;)
= 7.9/2.6/1.0

Tabie 5 — Fume Formation Rate and Composition

in GMA Walding of Aluminum Alloys

Further comparisons are not justifieq,
If we soive Eguation (2) with Peo, =
.25, tor Ar-25%C0, we obtain;

Temp.

(K) P g0 (atm)
2000 .123
2500 .185
3000 216

Silicon emission should now bpe
roughly the same as it is for Ar-2%0,
and Ar-5%0; in the temperature
range 2000-2500 K. The data of Tabig
4 agree with these calculations.

What then of vaporization of Fe0
and MnQ as contributors to fume gen-
eration? The calculations for FeQ are
tabulated. below, for three partia|
pressures of oxygen:

. Preo (atm)
Tarmp,
(K) Po. (atm) = .01 .02 a5
2000 003 .005 .oo7
2500 .039 .055 .87

oo 204 288 458

The caicuiations in CO, yield:

Preo (atm)
Temp,

K Feo, (atm) = 25 1.0
2000 .003 .007
2500 : .054 118
3000 .198 567

Changing from Ar-5%0, to CQ, does
not alter the FeO contribution sig-
nificantly, The same is true for chang-
ing trom Ar-2%0Q, to Ar-25%C0,. The
data agree with these calculations.
For the temperature and ranges of Mn
activity of interest, no significant
amounts of MnO form.

Based on the above, it can be un-

(RS

Fume derstood why furne generation is sig-
FFR composition nificantly less in the GMA welding
Alloy Diam Current Voltage (9/min) % Al % Mg process when argon-based shieiding
zagn gases are employed than when COQ, is
4 g:g ;gg ;g 1:;2 :g 2 used. and why there is a suppression
3358 043 250 27 85 47 B of the silicon content of the fume.
3356 045 _ 300 _..____ 28 70 80 e 11 Both of these facts support the
T100 .035 130 P R (- R— T hypothesis that fume generation is the ) R
Aol .035 210 26 .60 50 0 sum of elemental vaporization and '
oxide vaporization. !t is feit that the
Mn component comes strictly trom
elemental vaporization, the $i com-
35 4 a . 2smco. . Fe component from elemental plus
L e o ) 3 ms2 il FeO vaoorization. FFRs with argon-
Sag~ based shielding gas are lower be-
the 2 20 ames 7 cause there is no enhanced vaporiza-

30-32 VOLTS . N A
e tion due to oxide species as- the

data drawn from Tabile 4 indicate:

-

FFR (g/min)

FFR {g/min|

& m

Cur-
rent, 2% % - 25%
A Ar O, (o N 0, CO

250 as 37 140 - 448

- R . e 300 25 56 162 367 455

2 4 & 810 20 40 60 100 350 %8 115 - - -
' %0, ’

1 8 s liily

) T YTouT L I

b

j ponent trom SiQ formation, and the
:‘-j

100 200 300 400
WELDING CURRENT (Amps)

Q0

o

—
—

Comparison of FFARs in GMA
Miny  uSING shield gases containing
2 than 25% CO,

The mechanism of fume formation

Fig. 9 — Tha ettect of oxidizing potential on
appears to be, therefore, one of ele-

the FFR in GMA welging
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mental vaporization, condensation,
and oxidation enhanced vaporiza-
Lyon.
additional support for the vaporiza-
.= ~ondensation-oxidation  mech-
- (v-C-0) is also found in the data
-ented in Table 5 covering GMA
sing of aluminum alloys. Because
~ert shielding, the mechanism for
-.—a generation is simply vaporiza-

2~ and condensation of elemental’

~-z-arial. Aluminum 3356 gQenerates
- a3 fume because of the additional
~~reribyution of Mg, Note that the Mg
-5=--ant of the 5356 turmne (Mg/Al =
-+z: ;5 enriched over that of the wire
“-x 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 aluminum is 0.5. In making a
.. —zarison of the above data, note
-~ =- finer wires produce less fume at
.- —~zarable currents and arc lengths.
-~e above discussion applies
z=.:ally well to fume generation in
"r>A and SMA welding. In these

T --scesses. the fume results from the

~.2 of elemental and lower oxide
.~as. and the V-C of oxide and
~ae flux species. As might be ex-

-2 the composition of the fume s

_~¢ly dependent on flux com-
- . :uon singe significamt quantities of
¢ . —aiting point flux components are
sc-r-ained in the fume.

+ V.C-0 mechanism advanced
= .3 oointis essentially a simpie one
-z..n¢ ‘0 do with the vapor pres-
;.-ss and latent heats of vaporiza-

-= sf *ne constituents present in the

— ot the consumabies anc with the

zizing potential of the shielding
1.z aneis useg. To first order, these
‘zztors getermine the amount of a
szrucular constituent appearing in
n2 fume. Obviously, rate controlling
s:20s involving diffusion of the various
~azctants and products will atfect the
== and composition of the fume as
2. A more complete model re-
=_-25 zonsideration of these rate
- -:-plling tfactors and the aynamic

-urz of the metal ranster process

.ucing such factors as residence

-2 pi the molten droplet at a par-
- zular temperature, degree of sur-
-zz22 axposed for participation in the
.zseszatuon process, and the ef-
ciency of energy acsorption Ty the
iurface. These contributions will be
snsigered in turn.

Tor instance. as observed pre-
zusly, the higher FFR for CO, com-
" .-ac with argon-based shielC gases

Seiieved to be caused Dy the

zater =ontribution of oxigde species

ing from the increased oxidizing
Z  .tal of the CO, shieiding gas.
“dditionally, the inability to achieve
-aoid drop detachment when using
20, may further augment the oxide
2nnancement. With CO,;, the molten

T
A -
A o
I
B
-3k -
s
1 Py ~
ImELDIE GAS
2k - sz |
F- 27 29 n 2 s 37 » 4

ARC VOLTAGE 1Vaits)

Fig. 10 = The affect of voltage and currant
on the FFR in GMA welding with argon-5%
O, shielding gas

z
i3 . 0
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=
=
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Fig. 12 — The affact of voltage and current
on the FFR in GMA weiging with CO,
shielging gas
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Fig. 11 — Data of Fig. 10 repiotted in mg/g

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
turpulent 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 natural
oxidizing potential of the shield gas,
The rapid drop detachment obtained
in the spray mode using argon-based
shield gases does not permit this con-
dition to occur. This fact and the lower
oxidizing potential of the argon-based
shield cases are sufficient to account
tor the differences in the mean FFRs.

The problem of instabilities and
turbulent etfects in FCA and SMA
similar to thase 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 affec: the V-C-0 process. it
was felt necessary to determine
where the vaporization is OCgurring.
Two experiments were performed.
The first was to examine fume forma-
tion using the GTA process. As stated
eariier, no measurable amounts of
fume were obtained for all currents
petween 50 and 450 A using argon
shielding. The initial implication is that
the moiten metal in the weld puddie
does not substantially contribute to

Fig. 13 — Data of Fig. 12 replotted inmg/g

the fume. The weld pucdle is cool
relative 0 the arc. While vaporization
is ogcurring, the partial pressures and
hence the contribution -1o the total
tume level is substantially reduced.
Adding oxygen to the shielding gas
di¢ produce small amounts of fume,
supporting the hypothesis of en-
nance¢ vaporization due to oxide
species.

The second experiment invoived
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 Table 5. Mg was
tound 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 conciusion 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-
dle to any comparable degree. Thisis
totaily consistent with known
temperature distributions of the arc.

A fteeling for just how the fume
evoiution is affected by the weiding
conditions and shieiding gas can now
be gained by a more critical examina-
tion of the pehavior of the fume data
in CO; ang argon-based shielding
gases exhibited in Figs. 10 and 12.

The CO, results are presented in
Fig. 12. Two features are apparent.
For a given voMage, there is a mono-
tonic increase of fume with current:

WELDING RESEARCH SUPPLEMENT | 207-s
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92 / EXPERIMENTAL STUDY

bon steel is welded with the CO.-metal-arc process
using a copper<oated solid electrode, the following
contaminants will (or may) be present in significant
amounts in the weiding fumes and gases:

Fumes Gases
F! -_.O 3 CO -
MO, COa -
§i0- NO.
Cu 04

In this case, optical emission spectroscopy would be
used to determine the elemental concentrations of
iron, manganese, slicon, and copper since all of thess
clemenrs are expected to be present in significant
quantities. The concentations of carbon dioxide and
niTogen oxides would be determined by gas mass
spectroscopy; another technique, such as the Saltzman
method, would be used to detect the presence of
nitrogen dioxide if this information were necded. Gas
chromatograplly would be used to determine the
concentration of cwbon monoxide. Procedures for
detecring the presence of ozonme in welding fumes
require more research to develop a reliable method,

It should be recognized that the spectrograph
containt mformation on concentravions of elements
ather than those listed in the exampie. Therefore, the

entire spectrograph should be examined for unsus

peeted clements that may be presenr in hygenicajly

sgnificant amounts.
Wet chemical methods can also be used to derec:

the presence of specific slements and compounds in
welding fumes and gases Such methods can be readily
mastered, ‘and they produce accurars results at low
costs during routine use. If muldple wet chemical
analyses must be made for several elements, the totwl
cost m@y exceed that of a spectographic analysis,
Also, the use of wet chemicl methods does not permit
the detection of unexpected potenually hazardous
elements.

It has been suggested that the hygienic hazards
astociated with a particular welding operation could be
determined by analyzing the fumes and gases for a
single element. This suggestion would be valid if the
proportions of the fume constituents remained con-
stant, regardless of the welding conditions. Such is not
the case, however. For exampie, in work conducted by
Thrysin, the amount of ion oxide produced during
welding with a specific low-hydrogen siectrode varjed
nonlinearly from about 38 to 43% as the weiding
current was increased from 400 to 800 A10 Changes
in the proportions of other fume congrituents varied
aiso. Similar results were observed during other work
conducted at Battelle-Columbus.

TOTAL FUME STUDIES

OBJECTIVE

The objective of this task was to select and evaluate
methods to messure the total quantity of fiomes
produced during weilding with E11018, E70S.3,
E70T.1, E70T4, and EM12K electrodes, and deter-
mine the distribution of fume particles according to
size for the same welding electrodes.

Data on fume quantities and fume generation rates

are important for thes: reasons:

(1) The fome geoeration mte can be owed to indicets the
buildap of pomatially bazardous fames associated with
the uw of 3 particoln electrode.

() Thoe fome pmenanion maw can be used 1 predict
ventilation requirerents.

(3) Total fume data ¢ be wed in product developmwat
acivitior.

The classification of fume particles according to stze
s important from the hygienic standpoint because the
quantty of fumes that is retained in the human
respiratory systerm and the depth in the systaem to
which they penetrate are largely functions of particle
size. Datza on fume particle sizes are also important in
the sslection of ventilating equipment and devices
(serubbers, precipitators, etc.) to remove or collect
fumes from the atmosphere surrounding welding opera-
tions.

PROCEDURES

Total Fume Measurements

During studies to measure total fume quantities,
weiding was done in a patally closed chamber. An
absolute filter plus prefilters were used to collect the
fumes produced by E11018, E70S-3, E70T-1, and

the data in order to minimize ssatter attributable to
minor variations in the welding or sampling procedures.
The weiding conditions are shown in Table 2.9.”

weiding, Sines the flux deposition method did not signifleant-
fy ufecs the fume prseradom rats, only ane (edt wis
v 12K No. 2 siscmods. A higher

EM

used for this test than thom conduched
with the other submerged arc weidiog slectrode (o0 determine
if the fume quantitisas would be nceassd appreciably.
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TABLE 2.9. WELDING CONDITIONS FOR TOTAL FUME STUDIES

Eleecrode Current, wire Teed Welding
Diamecer, a Voltage, Shielding Rate, ipm Contact- Time,
Zlecczode in. (Neminal) v Gas (Average) to=dorx, in. s
711018 /16 150 ' 20-30 wal® wa /A 90-100
200 20~35 N/A N/A N/a 115-118
27053 0.045 250 30-31 co, 428 34 110-120
300 29-30 (:C)2 607 /4 110=-120
E70T-1 i 400 31=-32 CDZ 142 1 30
500 30-31 co; 186 1 30
E701- 3/32 400 31-32 None 140 1 30
500 30=-31 None 220 1 30
EMI2K (2) 3/32 400 32-33 None 84 1-1/4 120
No. 1 500 31=-32 None 138 i-1/4 120
EM12¥ (3) 3/32 400 32-33 Neme 92 1-1/4 120
No. 1 500 31-32 Noue 145 1-1/4 120
EHIZK(Z) 3/32 500 31-32 None 144 1-1/4 120
No. 2 600 29=31 Nonos 193 1-1/4 120

(1) N/A: not applicable
(2) Flux poared on piste before wekling
(3) Flux pourwd on piate during weiding

The fume samples were collected in accordance with
the procedures outlined eartier.

The datz obuined during these swudies (fume
weight, weight of filler metal consumed, and sampling
time) permitted cilculation of the fume generatiom
rate, and the weight of electrode convertsd to fumes.
For comparison purposes, the fume generation rates
were normalized on 3 perqminute basis. In calcularing
the weight of electrode converted to fumes, the total
electrode weight (metal weight pius flux or cowering
weight) was used becauss the amount of fumes
produced during weiding s dependent on the Qux or
covering and the metallic portion of the electrode.
Repeated measurements indicated that the flux in the
E70T-1 and E70T4 electrodes used in this program
accounted for 14 and 15% of the electrode weight,
respectively; the covering of the E11018 electrode
amounted to about 30% of the electrode weight.

Fume Particle Size Qasxification

A cascade impactor was used to classify the fume
particles according to size. The manner in which
particle classification is accomplished with this equip-
ment has been discused previously.

The particle size distribution was determined on a
weight baxis in accordance with the procedures out-
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lined earlier, To insure that sufficient fumes would be

" gwailable for collection near the inlet, the cascade

impactor was placed inside the weiding chamber that
was used for total fume messurements; the impactor
inlet was lozated about 16 in. above and 8 in. to the
side of the arc. The operating vacuum for the ompactor
was provided by a small pummp.

Two particle size analyses of the fumes produced by
each of the E11018, E70S.3, E70T-i, and E70T<4
electrodes were made with the ciscade fmpactor; the
comditions for the analyses of fumes produced by one
clectrode differed only in the length of the welding or
ampling penod or both. Only one analysis of the
fames produced by each of the EM12K electrodes was
made, because the quantity of fumes evoived during
submerged arc welding was msignificmt, unjess the arc
broks through the flux cover.

The welding and smmpling conditions for each
particle size analyss are shown in Tablke 2.10,

RESULTS AND DISCUSSION

Toal Fome Messarements

The results of these fume studies are surmarized in
Table 2.11. For casy comparison, the fume generation
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TABLE 2.10. WELDING CONDITIONS FOR FUME PARTICLE SIZE ANALYSIS

*‘-__-—'——__‘___-—_—__n_-__—“-—._“_‘——-h.—______ﬁ_-—_—___

Elgetrode Current, i Welding Sampl:
Diameter, A Volcage, Shielding Wire Peed Contaer- Tizm, Tize
Electzode  in. (Nominal) v Gas Bace, ipm to-Jork, in. o (1
E11018 3/16 150 20=30 N/A (2) N/A l N/A‘ 45 10s
150 20-30 N/A N/A N/A 45 150
E705-3 0.045 250 30-31 CO2 « 450 3/4 60 240
250 30-31 co2 450 3/4 60 180
E70T=-1 k V2 ¥3 500 30-11 coz 170 1 30 920
500 30~-31 (':t:)z 170 1 60 180
E70T=4 3/32 200 30-31 None 216 1l 60 180
300 30-31 Noze 216 1 30 90
122 3/32 600 29~30 None 180 1-1/4 180 180
No. 1
MR 3/32 600 29-30 None 185 1-1/4 150 150
No. 2

e e———— e e e——

(1) Sampling was conducted during the welding cycle and for salacted times thersafter
to decermine if the results wers affected by che leagth of the sampling cycle.

(2) H/A ~ Not applicable.

rate and the weight of electrode converted to fumes
are also plotted as bar graphe in Figs. 2.5 and 2.6. In
each case, data for the submerged arc welding elec-
trodes are shown separately, because the quantity of
fumes produced by these electrodes was very small in
comparison with that produced by shielded metal-arc
and gas metalarc weiding electrodes.

The equipmet and procedures used in this invest-
gation produced congistent resuits within experimennl
limits. For exampie, at a current of 400 A, the weights
of three fume sxmples collected during 30 s of weiding
with the E70T-1 clectrode were 03997, 0.4059, and
03939 g. The mean fume weight was 03998 g and the
standard deviation from this vaiue was 0.0060 g.

Fume Generation Rate Fumes were generated at
the highest rate by the two flux cored arc-welding
electrodes. The fume generation rates of the E1]018
and E70S.3 electrodes were comparable. Fumes were
produced at insignificant rates by the submerged arc
welding electrodes, regardless of whether the flux was
poured in the joint area before or during welding
However, in cases where the arc broke the cover
momentarily, the fume generation rate ncressed sharp-
ly. For example, at 2 welding current of 500 A, the
rate at which fumes were produced by ome of the
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EM12ZK electrodes increased from 42 mg/min to 15.2
mg/min, even though the arc was unshielded for only
few seconds.

An examination of the data contained in Table 2.11
indicates some ambiguitiee With few exceptions
(E70S-3 fumes and the fumes from one of the EM12K
clectrodes), fumes were produced at increased rates
when the arc cument leve] was incressed. Other
investigators have also noted an inereass in the quant-
ty of fumes produced a3 3 function of increased

current. For cxample, Thrysin reported that
15 g of fumes were produced at an arc amrent of 240
A; at 350 A, 2.1 g of fumes were produced.19 During
an investigation of the fumes associated with gas (CO)
metal-arc welding, Erman, et al, observed that the

fiume generation rate increased from 035 to Q.84 g per ;
min at welding currents of 190 and3mA.mpecﬁve-;

ly.11 However, in other work where the fume genera-
ton rates for several electrodes were determined over 2

wide range of welding currents, the variation in fume
mﬁmm;ppandmbemoncomplummag
simple dependence on welding current (Fig. 2.7). The

fume generation rates of electrodes used for flux cored

are welding (E70T-1 and E70T4) incressed to 3 |
nmnumﬁthinuﬂﬁngmmtmd:hsnde-‘

oy
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TABLE 2.11. SUMMARY OF DATA FUME MEASUREMENTS

Zlactrode CurTenc, Fuma Generaciss Yaight of Electrode
(AWS A Race, z/a1n‘ Convarzed o Tumes, 7
Dasignacicm) (Nowioal) Avearage ita. Jev, Avarage scd, Dav, 2amarea
£11013 : 150 0.3770 0.0103 l.110 Q.952
00 0.=3%0 0.0055 l.10 0.014 Arc interrupced: valuas

Mnm_h.

E7D5~-3 2%0 0.4150 0.02713 Q.475 o.o011 Are incarruptwd; awerage valuss
00 0,2570 0.0304 0.212 0.013 based o8 Cwo samplas
E70I=-1 400 0.7996 0.0120 0.776 0.012
500 0.89% 0.0300 0.670 Q.017
E70T=4 400 2.010 0.0187 1,990 0.022
500 2.5106 0.2110 1.330 0.168
mzx(z) 400 0.0310 0.0016 Q.0041 0.0020 Are broks covey; avarage valuas
No, 1 500 0.0042 0.0a10 0.0034 0.0007 based an Cwo samplas
mzr.m &00 0.0012 0. 0007 0.00135 0.0011
Ra. 1 500 0.0029 0. 0009 0.0022 0.0007
nnz:m 300 0.00166 0.0005 0.0014 0,0002
No. 2 &00 0.00029 0.00004 0.00016 Q.00002 Afe broks cower; zverage valuas

basad oo tED sesples

(1) Avarags valuss based on thiwa samples

(2) Flux poursd on plate bafors walding
(3) Flux poursd an plate during wmlding

(4) Eleccroda waight is equal to sum of macal weight plus flux (or alactfode covering)

waight.

creased, The opposite variation in fume generation rate

was observed for an electrode used for gas (CO4)
metal-arc welding

It is believed that the mate at which fumes are
generated is largely dependent on the stability of the
welding arc and its metal-transfer characteristics The
fume generation rate could aiso be aifected by process
variabies other than arc amrrent such a3 am woitage,
clecrode  stick-out, shielding gas type and gas flow
rate. More work on the fimdamental nature of fumes
and the mechanics of fume generation is needed to
explain the observations made durng this program.

Elecrode Conversion o Fumer The ET0T4 elec.
trode produced the most fumes per umit weight of
electrode consumed, followed in decreasing order by
the E11018, E70T-1, E705-3, and EMI12K ejectrodes.

As in the case of the fume genmeration rate, the
effect of the welding current on the zmount of the
electrode that was converted to fumes is not ciearly
evident from the data shown m Fig 2.6. At the
current levels investigated during this program, 2
decrease in this parameter usially occurred when the
weiding current was increased. However, this relation.
ship was not consistent when the welding current was

varied over 3 wide range (Fig. 2.8). The amount of the
E70T-4 electrode that was converted to fumes in-
creased tn 2 maximum and then decreased as the
welding current was incressed; the opposite behavior
was observed for the E70S-3 electrode. The most
consistent dependence of this parametst on current
was noted when the E70T-1 electrode was used for
welding, The amount of electrode converted to fumes
is affected by the same parmmeters as the fume
genenation rate.

Fume Particle Size Clamification .

The results of the studies to chsify fume particies
according to size are shown i Tables 2.12 through
2.16. With few exceptions, the finpe particies produced
during welding were mmaller than 1.0 ym in size. These
results are in substantial agreement with those obtained
by other investigators.!3. 13

On the average, the particies in the fumes produced
by the E11018 eclectrode were larger than those
associated with the electrodes wsed for gas metai-arc
and submerged arc welding A sizeable proportion of
the E11018 fume particles had sizes of 1.0 to 2.0 xum
while the particle sizes of fumes produced with other
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the

the fumes. Thess same factors could aiso account in
part for the large amount of frunes collected during the
second test with the E11018 eiectrode. Some incresse
in fume weight over that collected during the first test
with this electrode was expested becguse the sampling

-puiodmlnahmed;howm.themgﬁum of the

increase was unexpected. )
A relatively short welding period had to be used i
dﬂlifﬁngthnﬁmpuﬁ:hpmduwdbytheEm4
clectrode to prevent overicading the cascade impactor-
Because of the high fume generation rate associated
with this electrode, wall losses (that i, some fume
collected on the inner walls of the impactor

instead of on the impactor fiiters) occurred at loager

K-8 .
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o Data points
* Fluxed before welding
** Fluxed during welding
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(b) Submerged Arc Process
Fig. 2.5—{Contimusi). [Note change in vervicsl scaic. )

welding times, and a valid clamification of the fume
particies was got poasible, :

CONCLUSIONS

The equipment and procedures nwed to determine
the total quantities of fumes produced as a function of
welding current and weiding tims and to claify fume
particies according to szz have produced reasonable
requits with elsctrodes used for shielded metal-arc, gas
meul-arc, flux cored arc, and submerged arc welding.
As 2 result, the use of such techniques or their

equivalent by industry is recormended.

provided, For example, if iron oxids fumes are being
generated at the rate of 1 g/min in an unventilated
room with a volume of 10,000 cu ft (2832 m3), the
tota] fumne concentration will exceed the
limit value for iron oxide (10 mg/m3) in less than
min, if it is assumed that the fumes diffuse uniformly
throughout the room. Such is oot the case, of course,
since fume particles are subject to gravitational forces
and the effects of air currents. For a room of this size
the publicaton, “Safety in Welding and Cutting,”
(ANSI Standard Z49.1-1967) recommends that general

|
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Electrode Classification

(a) Shielded Metal-Are, Gas Matal-Arc, and Flux
Corad Arc Processes

Fig 26—Weight of dectrode converted to fumes at & funcrion of dectrade classficarion

and current,

ventilation at 2000 cfm be provided for esch welder
unless local exhanst hoods are available. This may or
may not be adequate depending on the electrods being
used and the rate at which fumes are being gemerated.

The hxzards that may be asociated with welding
operations could be minimized if information were
gwailabie on the rate at which fumes are generated by
particular electrodes. It is not known if the fume
generation rate is characteristic of a class of electrodes
or if it is different for various eiectrodes of the ame
class, In the caee of bare, sobid electrodes (for example,

" E708-3), it_is belisved that the fume generation rate
-and other fume characteristics should be simdlar for all

slectrodes corresponding 10 a single clamification, re-

mardless of the producer. Such is not expected to be the
case for covered and flux cored electrodes because of
differences in the compositions of the covering or flux.

With the exception of the fumes associated with the
E11018 electrods, the partice sizes of fumes produced
during welding were smaller than 1.0 gm in size (ome
particies in E11018 fumes had sizes of 1.0 to 2.0 um).

]
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e« Data points
*  Fluxed before welding )
** TFluxed during welding
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Fig 2. 7~Fume gencretion ax & function of welding current. (MMWMWW.MRMMMb

TABLE 2.12. CASCADE IMPACTOR PARTICLE-SIZE ANALYSIS
OF E11018 WELDING FUMES

®an Mo, 16D Run wo. 2(2)
Famg We. CQualacive Tomy WE. Camulative

. ar Cutoff, u 1 T ue., T — ve., T
1 16 - -— -— -— - -—
2 3. - — -— — -— —
3 & -— - — -— - —-—
& 2 — — -— — -— -
] 1 0.2 13.3 100.0 5.2 61,9 100.0
) 9.5 0.5 1.2 6.7 2.3 27.4 3.1
7 9,25 0.7 48,7 33.4 0.7 8.3 10.7
- 0.23 0.1 6.7 6.7 0.2 2.6 2.4

(1) Waldiag corTWmE: m.;-umu-su.;-puuunzmuus
s during walding +60 s after walding).

(2) Velding cxTmat: 150 A; walding time: 45 s; smmpliag tima: 150 o (45
» doring valding +103 ¢ aftar walding).

K-12
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Fums Wefght/Filjer Hetal Welght, %

1.8
|
1. = Self-Shielded Flux Cored _|
Arc Ueldiag (E70T-<
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]
0.
1
~ C0,-Shielded Flux Corad
: ¢ Wealding (E70T-1
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Fig. 28— Amounr of filler meral coiverred o fumes vi. welding curvens, (mwmmmwmmmma
Bartelle-Columbus).
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TABLE 2.13. CASCADE IMPACTOR PARTICLE-SIZE ANALYSIS
OF E70S-3 WELDING FUMES

Mya Yo 1(1) : San No. 2(2)
zor Fuma Jt. CmiAcive Yums We. Cumlacive
Seage No.  Jar Cucoff, J L. % 3 ve. . T L4 = ge., %
1 16 - - -— - -_ —
2 [} - - _— — - -
3 & - - -— -— - —
LY 2 -~ -— a—— - -— -
L 1 — — — - -— —-—
[ Q.3 0.8 357.2 1005 0.1 8. ma.0
7 0.25 0.4 2B.6 42,9 0.6 356.0 9.7
- «0.25 0.2 143 14.3 05 4l.? 1.7

(1) Walding currsar: 150 A; walding cime: 60 =g sampling Cime: 140 s (60
s doring weldisg +180 s aftar walding).

(2) Valding curvess: 250 A; welding time: 60 8; semplisg cttms: 180 s (60
s during waldiag +120 s afcar walding).

TABLE 2.14. CASCADE IMPACTOR PARTICLE-SIZE ANALYSIS
OF E70T-l| WELDING FUMES

fhe e e Egm Aty . e

Run Yo. 1) % No. 2(2)
—WDECEOT Fuma WE. Cummlacive Fam UG- Comiative
Stage No. Jet Cucoff, us wg 1 ve., L = 1 we.. %
1 16 —_ - -— - -— -
2 8 _— — . - - -
3 4 -— - - [ — -
'S 2 — - — -— - -
5 1 - - _— -— - -—
6 0.3 0.2 5 100 0.2 2.2 ".9
7 0.25 0.6 50 75 0.4 bb.4 .7
- <.28 0.2 5 25 0.3 1.3 1.3

B

(1) Selding corrent: 500 4; walding Cime: 30 #; sampling Clam: 90 »
s during walding +60 » after walding).

(2) Ualding currenc: mumu—:w-:_mu—:ﬂ-(iﬂ
s doxing walding +120 s afear walding).

- . TABLE 2.15, CASCADE IMPACTOR PARTICLE-SIZE ANALYSIS
OF E70T-4 WELDING FUMES

i Bno No. !(1) Bun No. 2(2)
Impac tor - Puss Ye. Cumulacive Tuma We. CQuamlacive
l §eage No. _Iet Cutoff um = b4 ve., % o b4 ve., T
E - 1 16 -— - -—
:. 1 L] - —_ -
3 b - - -
4 2 (impactor owerloadad) . - -
3 1 0.2 1.9 ”».9
[ 0.5 6.1 5a.1 ".0
7 Q.25 1.3 17.1 3.9
- .23 . .4 2.8 2.3

g

Salding coarTwac: 300 A; waldisg cime: 50 5; sampling cima: 30 » (&0
s daring weldisag +120 5 aftar wlding). ’

Valding currmne: 300 A; walding tims: 30 s; sswpling tima: %0 ¢ (30
s doring welding +60 s aftar welding).

-~
N
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TABLE 2.16. CASCADE IMPACTOR PARTICLE-SIZE ANALYSIS
OF EMIZK WELDING FUMES

nozx v 1(1) DMLIE o, 23
Imaccor Puma de., Cumlative Fuma Je.. Cummiative
Scage No. Jac Curoff, = E~ 4 * we., T . ax - ve,_ "
1 16 - — -— — — -—
4 ] — -~ - -_— -— -—
3 4 - — - - - -
4 2 - e — — - -—
3 1 - — - -— — -
6 0.5 - = - - - -
7 0.25 Discoloracion Discnlafacion
- <0.15 0.1 100 100 0.1 100 100

(1) Waldisg curreoc:
weiding.

(2) Walding corTemt:
walding.

600 4; walding Cime: 130 &; smmpling Clme: 130 s during

600 A; walding time: 180 s; ssmpling cime: 180 s durisy

FUME MEASUREMENTS IN THE HELMET REGION

OBJECTIVE

This task was underraken t0 evaluate methods for
derermining the concentrations of fumes to which the
welder is subjected during weiding. Fume samples were
coliected outside and inside the welder's heimet while
he was welding, and fume comcentrations were cilcu-
lated for comparison with establithed threshold Limit
values.

PROCEDURES

The fumes produced by E11018, E70S-3, and
E70T-1 electrodes were collected on cellulosic mem-
brane filters using equipment and procedures discussed
carlier. Welding was done in the flat position; that is,
the position i which the welder is subjected to
maximum fume concentrations. The welding area was
an open and unvendlated room with an approximate
volume of 2200 ft3 (624 m3); the fumes were
exhausted from the room after each experimental text,

As mentioned carlier, equipment was incorporated
in the fume ampling train to measure the volme of
fumedaden air that passed through the filter (Fig. 2.3).
This volume is required to calculate concentra.
. tions. To insure 2 reiatvely constant position for the
ampling device, the filter holder was mounted in a
hole that was drlled in the welder's helmer at a

lozmtion immediately n front of his mouth and nose.
Depending on the datm required, the holder was
mounted nside or outside the heimet (Fig. 2.4).

The weiding conditions for thess studies were
‘identical to those used for the studies to evaluate
analytical techniques (Table 2.3). The gun used for gus
metal-arc welding with solid or flux cored filler wires
was held manuslly, and effors were made to mmintain
a cstit arc length during weiding The same
procedures were umd for shielded metal-arc welding.
During weiding, the welder asmimed a position that
was comfortable for him; another welder might have
wed a slighdy differest position.

RESULTS AND DISCUSSION

Fume sampies, in duplicate, were collected outside
and inside the welder's heimet during the welding of
steel with E11018, E70S-3, and E70T-1 elecrodes.”
The results of these studies are shown in Tables 2.17
through 2.20. A summary of the data collecred is
shown in Table 2.17 along with the total fume
concentrations in front of and behind the welder's
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These metals are reportable under SARA Title IIl, Section 313, and could be expected
from these types of welding operations. Based on the analysis of these samples and
the weights of all materials used, emission release factors were developed for fume
and slag generated during welding operations. These emission factors can be used to

_estimate releases to the air and off-site transfers.

TABLE 1. TYPES OF ELECTRODES USED IN FUME TESTS

AWS® Class Type of electrode
E308LSH Solid electrode
E70S-3 Solid electrode
E70S-6 Solid electrode
E707-1 Flux-cored electrode
E717-1 ' Flux-cored electrode
E6010 Manuai.

E6011 : Manual

E6013 : Manual

£308-16 Manual

E7018 Manual

2 American Welding Society.

The procedures used to develop these data are described in this report. Sec-
tion 2 describes the sampling procedures. Section 3 presents an overview of the qual-
ity of the data generated. Section 4 describes the results of the study. Conclusions
are presented in Section 3.



SECTION 4

RESULTS OF WELDING TEST

This section discusses the results of the welding tests and the fate of electrodes
during welding. As an electrode is consumed, most of it is deposited onto the base
metal. The remainder is either emitted t0 the air as fume or is deposited onto the weld
in the form of slag. Slag is then chipped or brushed from the weld and disposed of as
solid waste. The quantity of fume and slag generated for each class of electrode test-
ed is given in Subsections 4.1 and 4.2. Because the steel plates were extremely
heavy in comparison with the weight of the weld, the quantity deposited onto the base
metal could not be accurately determined; thus, a complete mass balance was infeasi-

ble.
4.1 Airborne Emission Results

On the basis of procedures outlined in Section 2 of this report, emission factors
were determined for the quantity of fume generated per weight of welding electrode
ysed. Table S présents the average weight of fume generated per weight of electrode
consumed for the classes of electrodes investigated in this study as well as values
extracted from Draft 5 of "Guidelines to Cover SARA Requirements Section 313" (No-
vember 20, 1&'-)89),1 denoted as Reference 1.

As shown in Table 5, the weight of fume generated per weight of electrode
consumed varied from 0.54 Ib/100 1b of electrode for E308LSI tO 3.84 Ib/100 Ib of
electrode for E6011. Manual electrodes generally emitted more fume than flux-cored
electrodes, which in turn emitted more fume than did solid electrodes.

The experimental values either fell within the range given in Reference 1 or were
slightly higher. Experimental values for E308-16, E6010, and E70S-3 electrodes were

h'igher than the range given in Reference 1.
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TABLE 6. FUME GENERATED PER AMOUNT OF ELECTRODE USED
(1b fume/100 1b electrode consumed)

Electrode class Type of electrode Ratio Reference 1
E70S-3 Solid electrode 0.86 0.20-0.80
£70S-6 Solid electrode 0.79 NA?
E308LSi Solid electrode 0.54 NA
E707-1 Flux-cored electrode 0.87 0.40-1.1
E717-1 Flux-cored electrode 1.2 - NA
E6010(A) Manual electrode 2.27 1.0-2.0
E6010(B) Manual electrode 2.05 1.0-2.0
E6011 Manual electrode 3.84 NA
£6013 Manual electrode 1.36 NA
E308-16 Manual electrode 0.64 0.30-0.60
E7018 Manual electrode 1.57 1.5-2.0

3 NA = Not available.

Reference 1 did not give details of the welding conditions used. As mentioned
in Section 2, all of the tests in this study were performed at the manufacturer's recom-
mended conditions. Detailed operating conditions for each test are given in Appendix
B. In all cases, a %-inch-thick Type A36 steel plate was used for welding.

" shielding gas having a flow rate of 0.67 #3/min was used for all flux-cored and
solid-wire electrodes. A 98 percent argon/2 percent oxygen mixture was used with
Electrode ER308LSI, and carbon dioxide was used with the remainder of the elec-
trodes. A DCB00 power supply was used with all of these electrodes. An automatic
wire feeder (shown in Figure 2) fed the wire at a constant rate of 275 inches per min-
ute for E308LSI, E70T-1, and E70T-2 electrodes, and 450 inches per minute for ETOS-B
and E70S-3 electl_'odes. The electrode angle was set at a 10-degree lag for all solid-
wire and flux-cored welding. The electrical extension (distance between the tip of the
electrode and the plate) was set at 3/4 inch for E70S-3, E70S-6, E71T-1, and
ER308LSI electrodes and 1 inch for E70T-1. The plate was set to make aweld at a
rate of 14 inches _'per minute. The voltage for all tests was set between 23 and
31 volts, and the current was between 250 and 425 amperes.

A TIG350 power supply (shown in Figure 2) was used with the manual elec-
trodes. Manual electrodes have no electrical extension, but are dragged along the
surface of the plate. Although the voltage varies slightly during manual welding, an
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experienced welder can hold it constant. The voltage read from the power source was
watched carefully during each test to ensure it was constant. The voltage for each
electrode is given in Appendix B. The current for all of the manual tests was kept con-
stant at the recommended conditions. For all electrodes, the current was in the range
of 130 to 180 amps.

These emission factors should suffice for most uses of the studied electrodes.
In the event that the welding conditions are vastly different from the manufacturer's
recommended conditions, information concerning the effects of operating conditions
for different types of electrodes may be obtained from studies compiled in *Fumes and
Gases in the Welding Environment. The quantity of fume generated varies directly as
a function of the applied voltage and current for all classes of electrodes, though this
function may vary for each elec:trode.2 Other variables that may impact the quantity of
fume generated include the diameter of the electrode, the presence of iron powder,
types of shielding gas used, and the presence of fluorides.

For manual (covered) electrodes, the ratio of fume weight to weight of electrode
consumed and fume generation rate (FGR) depend on the diameter of the electrode
and the composition of the coverings (e.g., presence of iron powder). 'Fume genera-
tion rate (grams per minute) is defined as the amount of fume generated per unit of
time. Measured FGRs and ratios of fume weight to weight of electrode consuméd for
a small-diameter electrode have been found to be less than those of a larger-diameter
electrod«'-:.3 It is important to keep in mind that all tests were performed at the manu-
facturer's recommended conditions. If both small- and large-diameter electrodes are
operated at the same conditions (i.e., voltage and current), this would not be the case.
Higher v'oltage and current settings are always recommended for a larger-diameter
electrode. If a smaller-diameter electrode were operated at the same current as a
larger-diameter electrode, it would have a higher current density (current/unit volume)
than the latter electrode. This would then cause the smaller-diameter electrode to
generate a higher value for the ratio of fume weight to weight of electrode consumed.
The presence of iron powder in the covering of the electrode reduces fume generation
~ rates and the ratio of fume weight to electrode weight consumed.3
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The fume generation characteristics of flux-cored electrodes are influenced by
the diameter of the electrode, the shielding gas used during welding, and the presence
. of fluorides. |f the electrodes are operated at the commercially recommended condi-
tions, as the diameter of flux-cored electrodes is increased, the FGR and ratio of fume
weight to electrode weight consumed also increase."' Fume generation characteristics
can be affected by the type of shielding gas used during welding. An argon-based
shielding gas (Ar-XCO,, where X is an integer) yields lower values for the fume gen-
eration characteristics than pure carbon dioxide because the argon-based shielding
gas has a lower oxidation potential. Therefore, oxidation processes contributing to
fume generation around the tip of the electrode are reduced.5 Fluorides also may be
present in the flux core, which increases fume production.

When electrodes are used at the recommended conditions, fume generation
characteristics of solid electrodes depend directly upon the quantity of electrode con-
sumed during welding, as well as the type of shielding gas. The shielding gas has the
same effect on solid electrodes as it does for flux-cored electrodes.

Table 6 presents the results of the metals analyses of the welding fume sam-
plés, It contains the concentrations expressed in average percent of metal in fume.
Laboratory analyses are presented in Appendix C. It should be noted that because
the fume was only analyzed for Section 313 metals, the summation of the percentages
in Table 6 will not be 100 percent. The remaining percentage will consist primarily of

BH.

iron with a small amount of silicone.
In general, the composition of the fume generated by manual electrodes reflects

the composition of the electrode and the base metal upon which the weld is placed.
Estimates of fume compositions could be made for different classes of covered elec-
trodes if the base plate and electrode are matched (electrode is used on the recom-
mended base plate).6 If this is not the case, fume composition cannot be estimated.

[

The fume composition of flux-cored electrodes depends on the compositions of
the electrode sheath, the flux core, and, to a lesser extent, the base metal. Because
the composition of the electrode sheath differs little among manufacturers, variations in
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the composition of the fume for this type of electrode resuit from differences in the

composition in the flux core.7 For the purpose. of estimating emissions, if no fume

composition data are available for a given electrode class, the electrode class that
most nearly has the same electrode (flux core) composition should be chosen.

TABLE 6. METAL CONCENTRATION IN FUME OF COMMONLY "USED ELECTRODES
(percent of total fume)

Electrade . _
class Aluminum Barium Chromium Cobalt Copper  Manganese Nickel - Vanadium Zing
E705-3 0.0869 0.011 0.020 0.0017 0.65 6.7 0.0072 0.00076 0.094
£705-6 0.060 0.0030 0.015 0.0029 0.44 10.4 0.014 0.00098 0.078
E308LSH 0.077 0.0014 6.0 0.0071 0.50 6.4 3.4 0.012 0.042
E70T-1 0.1l 0.0018 0.013 0.0022 0.016 9.0 0.0058 - 0.0045 0.065
E71T-1 0.042 10.0026 0.014 0.0029 0.048 8.1 0.0040 0.0057 0.086
EB010(A) 0.043 0.0012 0.018 .0.0023 0.26 3.9 0.026 0.0031 0.022
E6010(8B) 0.018 . 0.00088 0.011 0.0035 0.033 4.4 0.0080 0.0023 0.036
E6011 n.016 0.0012 0.012 0.0025 0.014 2.6 0.014 0.0038 0.016
£6013 0.18 0.00097 0.030 0.0030 0.16 4.1 0.015 0.012 12
E308-16 0.78 0.0062 6.2 0.0078 0.10 3.8 0.82 0.019 0.087
E7018 1.3 0.042 0.024 0.0016 0.072 3.9 0.012 0.06070 0.12

The compositions of the elecirode and any coating on the surface of the elec-
trode are the only factors contributing to the composition of the fume generated during
the welding with solid F:lectrodes.8 Thus, fume compositions can be estimated for
classes of solid electrodes for which no fume composition data exist.

A comparison was made between the results obtained from these analyses and
data in "Fumes and Gases in the Welding Environment"g (denoted as Reference 9). A
second set of results was extracted from Draft 5 of ~Guidelines to Cover SARA Re-
quirements Section 313" (November 20, 1989)1 (denoted as Reference 1). These re-
sults (Table 7) were expressed as percent of metal in fume. In general, the relative
percent differences between values generated in this study and those found in Refer-
ence 9 are acceptable. Comparison of the values from this study with the range of
values found in Reference 1 indicates general agreement on the composition of the
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welding fume and metal concentrations. No data are available for comparison of

some of the fume components.

TABLE 7. PERCENT METAL IN FUME

Electrode class Metal This study Reference 9 Reference 1 rPD?
E70S-3 Mn 6.7 5.3 6.5-9.0 23
Cu _ 0.65 0.7 0.20-0.60 7.4
E705-6 M 10.4 No data No data  NA®
E308LSi Mn 6.4 No data No data NA
Cu 3.4 No data No data - NA
Cr 6.0 No data No data NA
E70T-1 Mn 9.0 9.2 7.5-10.5 2.2
E717-1 Mn 8.1 . No data No data NA
E6010(A) Mn 3.9 3.2 3.0-4.0 20
E6010(B) - Mn 4.4 3.2 3.0-4.0 32
E6O11 Mn 2.6 No data No data NA
E6013 Mn 4.1 4.9 No data 18
E308-16 Mn 3.8 No data 3.0-4.0 NA
Cu 0.10 No data No data NA
Cr 6.2 No data 5.5-6.5 NA
Ni 0.82 No data 0.25-0.75 NA
£7018 Mn 3.9 4.1 3.0-5.0 5.0
Al 1.3. No data No data NA

3 ppp = Relative percent differehce between this study and Reference 9.
b NA = Not available.

Average chemical-specific emission factors for the electrode classes studied are
presented in Table 8. A chemical-specific emission factor is the estimate of the num-
ber of pounds of 2 particular chemical (in this caee, metal) released in the form of
fume per a given weight of welding electrode consumed. This factor depends on the
class of the welding electrode because it is the product of the ratio of weight of fume
generated to weight of electrode consumed and the concentration of the chemical in
the fume from that electrode. The values are expressed in units of pounds per ton of
electrode consumed and are based on total weight of fume (i.e., weight of fume on

glass-fiber fiter plus weight of fume on wipe cloth).
19
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TABLE 8. AVERAGE CHEMICAL-SPECIFIC EMISSION FACTORS (FUME)
(pounds of metal in fume per ton of electrode consumed

Electrode

class Aluminum  Barium Chromi um Cobalt Copper Manganese  Ni ckel Vanadium zing
E705-3 0.012 0.0019 0.0034 0.00029 0.11 1.2 0.0012 0.0013 0.016.
E705-6 0.0094 0.00047 0.0023 0.00045 0.069 1.6 0.0022 g.o0015 0.012
E308LSH 0.0083 0.00013 0.65 0.00077 0.054 0.869 0.37 0.0013 0.0045
E70T-1 0.018 0.00034 0.0022 0.00038 0.0028 1.56 0.0010  0.00077 0.011
E71T-1 0.010 0.00062 0.0034 0.00070 0.0012 1.9 0.000986 0.0014 0.021
E6010(A) 0.020 0.00054 0.0082 0.0010 0.12 1.8 0.012 0.0014 0.010
£6010(B) 0.0074 0.00036 0.0045 0.0014 0.014 1.8 0.0033 0.00094 0.015
EGO1L 0.012 0.00092 0.0092 0.0019 0.011 2.0 0.011 0.0029 0.012
EBQ13 0.049 0.00026 0.0082 0.00082 0.044 1.1 0.0049 0.0033 33
E308-16 0.10 0.00078 0.79 0.0010 - 0.013 0.49 0.10 0.0024 0.011
E7018 0.41° 0.013 0.0075 0.00050 0.023 1.2 0.0038 0.00022 0.038

Table 9 presents the composition of the electrodes according 0 the material
safety data sheets (MSDS). Although aluminum, barium, cobalt, and vanadium are re-
portable metals under Section 343, none of these metals was listed on the MSDSs.
Therefore, they areé present at levels below de minimis for each metal and would not
be reportable under Section 313. This explains why these metals are present at rela-
tively low levels in the fume. For all of the electrodes except E308-16, manganese is
reportable, which explains the higher concentrations of manganese in the fume. The
highest chromium and nickel fume concentrations were found in E308LSi and E308-16
electrodes, which were the only electrodes that contained reportable quantities of this
metal. The highest zinc levels were found in E6013 and E7018, as expected consider-
ing the electrode composition. Although a higher metal concentration in electrodes
indicates a higher metal concentration in the fume, no direct relationship appears 10
exist between the levels in the fume and those in the electrode.

42 Slag Release Results

In addition to releases 10 air during welding operations, many classes of elec-
trodes generate a solid waste (slag) that must also be considered during the develop-
ment of release estimates under Section 313. Table 10 presents the ratios of the
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APPENDIX M

EXAMPLE HAND CALCULATION FOR PARTICULATE EMISSION
FACTOR DEVELOPMENT
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