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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 CHARACTERIZATION1,2,3,4,5

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.
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TABLE 2-1.  WELDING PROCESSES FOR ONE BRITISH SHIPYARD2

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 VESSELS3

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
gas tungsten arc welding (GTAW)

 5

TABLE 2-3.  WELDING PROCESSES FOR ONE CALIFORNIA
SHIPYARD4

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
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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 DESCRIPTION6,7

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 Welding6,8,9

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. 
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2.2.1.1  Gas Tungsten Arc Welding7,9,10—

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 Welding8,10—

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.



2-6 MRI-M\R4601-02.WLD



2-7MRI-M\R4601-02.WLD



2-8 MRI-M\R4601-02.WLD

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 16,700EC (30,000EF).

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 Welding10—

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.
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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 Welding10—

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.
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2.2.1.5  Flux Cored Arc Welding10—

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 Welding9,10—

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. 
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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 Welding10—

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 Welding10—

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 
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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 1650EC (3000EF), while the interior of the molten bath is approximately

1925EC (3500EF).  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 Welding6,10

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.  
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2.2.3  Resistance Welding6

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  Brazing6,10

In brazing, metals are heated and joined together by a molten filler metal at

temperatures exceeding 450EC (840EF).  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  Soldering10

Soldering is similar to brazing.  The main difference between the two processes

is that soldering uses a filler metal in a liquid state below 450EC (840EF), and brazing

uses temperatures over 450EC (840EF).  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 Cutting10

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 Cutting10

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:

!  Plasma Arc Cutting (PAC)

!  Air Carbon Arc Cutting (CAC-A)

!  Shielded Metal Arc Cutting (SMAC)

!  Gas Metal Arc Cutting (GMAC)

!  Gas Tungsten Arc Cutting (GTAC)

!  Oxygen Arc Cutting (AOC)

!  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 EMISSIONS6,9,15,16,17,18

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.9,15  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 µm.18  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.9,15

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 CO2, CO, NOx, and

O3.  Also, many of the gases produced are not considered hazardous pollutants, but

only simple asphyxiants.

2.4  CONTROLS6

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 Controls6,9,13,14,15,16

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 CO2 shielding gas usually will have a higher emission than

an inert gas such as argon.  

2.4.2  Operating Variables6,9,13,14,15,16

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 Collection6,11,12,13,15,16,19

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.19

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  Cleanup6

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 Awareness6

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 6.6 
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SECTION 3

GENERAL DATA REVIEW AND ANALYSIS

3.1  LITERATURE SEARCH AND SCREENING1

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 SYSTEM1

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.1 

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:

1. 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.

2. Sampling procedures.  The sampling procedures conformed to a

generally accepted methodology.  If actual procedures deviated from

accepted methods, the deviations were well documented.  

3. 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.

4. 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



     *  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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such as consistency of results and completeness of other areas of the test

report.

3.3  EMISSION FACTOR QUALITY RATING SYSTEM1

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. 
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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.2  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

½ in to ¾ 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 Box4

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 Chamber5,6

        The Battelle fume collection chamber (Figures 3-4a and 3-4b) occupies a volume

of approximately 33 ft3 (0.93 m3).  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 Chamber7

The Press/Florian fume capture chamber (Figure 3-5) stands 2 m x 2 m x 2 m
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 Box8,9,10

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 Collector11

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 Method3,4

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 Chamber12

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.  



3-12 MRI-M\R4601-02.WLD



3-13MRI-M\R4601-02.WLD



3-14 MRI-M\R4601-02.WLD



3-15MRI-M\R4601-02.WLD

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 System13,14,15

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 Hood16

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 Technique17

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.



3-16 MRI-M\R4601-02.WLD



3-17MRI-M\R4601-02.WLD



3-18 MRI-M\R4601-02.WLD



3-19MRI-M\R4601-02.WLD

3.4.12  BOHS Method3,4

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 m3 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 Environment18

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 m3 (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 METHODS19,20

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)21

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)3,5,13,15,17,22,23,24

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)3,9,11,13,15,17,23

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)3,5,6,13,25

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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qualitative identification of the diffraction patterns arise when several compounds are

present in a single specimen.      

3.5.5  Ion Specific Electrode3,13,15

Ion 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 Spectroscopy3

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, ENiCl 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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*  Indicates potential sources of useful emissions data.
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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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.
47 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

Welding
process

Electrode
type

Total fume
emission factor
(g/kg electrode)

Wt % HAP in fumea

Cr Mn Ni

SMAW E308-16
E310-16
ECoCr-A
ENiCl
14Mn-4Cr
E7018
E11018-M

10.9
15.1
27.9
18.8
81.6
17.7
17.5

!
!
!
!
1.7
!
!

!
!
!
!

28.4
6.4
7.9

!
!
!
!
2.1
!
!

FCAW E11018-M 57 1.7 24.5 !
a 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

Welding
process

Electrode
type

Total fume
emission factor
(g/kg electrode)

Wt % HAP in fumea

Cr Mn Ni

FCAW E70 T-1 7.3-12.0 0.01-0.04 7.2-13.5 0.03-0.08

FCAW E71 T-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 E71 T-11 17.0-21.0 0.01 1.2 0.03

a 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(III) 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, CO2 was used for one electrode, an Ar/CO2 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

Welding
process

Electrode
type

Total fume
emission factor
(g/kg electrode)

Wt % HAP in fume

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 69.21b 12.4 3.0 1.6 14.0 0.44 0.04
GMAW E70 S-6 5.4 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 ! !

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

b 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
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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%O2 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

Welding process
Electrode
type

Total fume
emission

factora (g/kg
electrode)

Wt % HAP in fumeb

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 13.4 0.2 12.6 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

a Data from the 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.

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

Welding
process Electrode typea

Wt % HAP in fumeb

Cr Cr VI Mn Ni

SMAW (E01) 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

a Australian Welding Research classification of electrodes.
b 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.



4-12 MRI-M\R4601-02.WLD

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

Welding
process Electrode type

Total fume
emission factor
(g/kg electrode)a

SMAW (E01) 1855A4b 26-55

SMAW E9018 G 15-25

SMAW E9015 B3 10-22

SMAW (E11) 1215A4 35-70

SMAW (E12) 2355A1 40-75

a Range from presented graph.

b 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 µm 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

Welding process Electrode type

% HAP in fumea

Cr Mn

SMAW E6010  ! 4.0

SMAW E7018  ! 4.6

GMAW E70S - 3  ! 7.8

FCAW E70T - 1  ! 11.1

SMAW E308 - 16 5.6 6.2

GMAW E5356 ! 5.4

a 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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Welding
process

Electrode
 type

Total fume 
emission

factor (g/kg
electrode)a

Wt % HAP in fumeb

Cr Mn Ni

SMAW E316L-16 6-22 3.0-
6.0

3.0-4.0 0.6-1.0

a 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.



4-15MRI-M\R4601-02.WLD

TABLE 4-11.  SUMMARY DATA FROM REFERENCE 46

Welding
process

Electrode
 type

Total fume
emission factor
(g/kg electrode)

Wt % HAP in fumea

Cr Mn Ni

SMAW E6010 35.85 ! 3.0-3.9 !

SMAW E6013 14.16-25.75 ! 4.1-5.1 !

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 ! 2.1 4.2

SMAW ERNiCrMo-3
(Inconel 625)

9.24 5.9 4.6 !

SMAW ENiCrMo-4
(Haynes C-276)

14.20 2.5 0.3 1.1

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 22.1



TABLE 4-11 (Continued)Welding
process

Electrode
 type

Total fume
emission factor
(g/kg electrode)

Wt % HAP in fumea

Cr Mn Ni
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GMAW ERNiCrMo-3
(Inconel 625)

0.87 15.4 27.2

GMAW Haynes 25 1.38 14.9 15.4 7.1

GMAW ENiCrMo-4
(Haynes C-276)

6.98 8.2 1 32.5

a 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 CO2 shielding gas, a silica-base electrode

with CO2 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 CO2 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

Welding
process Electrode type

Total fume
emission factor 

(g/kg metal)
Wt % Mn in

fumea

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

a  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 E11018 - M 11.1

GMAW E70S - 3  2.120-4.750

FCAW E70T - 1 6.700-7.760

FCAW E70T - 4 15.5-19.9

SAW EM12K   1 0.034-0.041

SAW F72-EM12K  2 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.  
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TABLE 4-14.  SUMMARY DATA FROM REFERENCE 51

W e l d i n g
process Electrode type

Total fume
emission

factor (g/kg
electrode)

Wt % HAP in fumea

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 10.4 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

a 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
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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 µm 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

quality 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.
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TABLE 4-15.  SUMMARY OF PM-10 EMISSION DATA AND CANDIDATE EMISSION FACTORSa

Welding
process Electrode type Reference No.

No. of tests
conducted

Average
current (A)

Average
volt (V)

Average
emission factor
(g/kg electrode)b

Data quality
rating

Candidate
emission factor

(g/kg
electrode)c

Emission factor
rating

SMAW 14Mn-4Cr 11 23 198 24 81.6 C 81.6 C

E11018-M
E11018-M

11
50

30
6

161
175

24
26

17.5
11.1

C
B

16.4 C

E308-16
E308-16
E308-16
E308L-15

11
48
51
15

35
2
2
1

174
185
130
115

23
26
24
33

10.9
13.0
6.4
11.3

C
C
A
B

10.8 C

E310-16 11 26 164 24 15.1 C 15.1 C

E316-15
E316-15
E316L-16
E316L-16
E316-16

15
46
21
36
46

1
9
2
22
9

140
151
145
102
149

24
26
29
26
23

15.6
9.8
8.1
10.5
9.0

B
A
C
D
A

10.0 C

E410-16 46 9 153 23 13.2 A 13.2 D

E6010
E6010
E6010a
E6010b

46
48
51
51

3
2
3
3

150
140
130
130

23
30
29
29

35.9
22.0
22.7
20.5

A
C
A
A

25.6 B

E6011 51 6 145 34 38.4 A 38.4 C

E6012 48 2 149 21 8.0 C 8.0 D

E6013
E6013

46
51

9
2

154
180

23
30

21.0
13.6

A
A

19.7 B

E7018
E7018
E7018
E7018
E7018

11
15
46
48
51

35
1
12
2
2

161
140
175
190
155

24
23
23
24
25

17.7
26.0
20.9
13.0
15.7

C
B
A
C
A

18.4 C

E7024
E7024

46
48

3
12

207
229

40
33

10.2
9.0

A
C

9.2 C

E7028 15 3 220 34 18.0 B 18.0 C

E8018C3 46 7 164 23 17.1 A 17.1 C
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Welding
process Electrode type Reference No.

No. of tests
conducted

Average
current (A)

Average
volt (V)

Average
emission factor
(g/kg electrode)b

Data quality
rating

Candidate
emission factor

(g/kg
electrode)c

Emission factor
rating
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SMAW E9015B3 29 4 112 29 17.0 D 17.0 D

E9018G
E9018B3

29
46

9
10

117
168

29
23

21.0
13.3

D
A

16.9 C

ECoCr-A 11 27 138 25 27.9 C 27.9 C

ENi-CI
ENi-Cl

11
46

27
3

139
135

23
21

18.8
12.9

C
A

18.2 C

ENiCrMo-4 46 6 139 34 11.7 A 11.7 C

ENi-Cu-2 46 3 143 23 10.1 A 10.1 C

GMAWd E308LSi 51 2 250 23 5.4 A 5.4 C

E70S-3
E70S-3
E70S-3
E70S-5
E70S-6
E70S-6

46
50
51
46
15
51

37
6
5
9
1
2

252
275
245
275
180
275

31
30
27
29
30
29

5.2
3.4
8.6
4.0
5.4
7.9

A
B
A
A
B
A

5.2 A

ER1260 15 1 180 20.5 20.5 B 20.5 D

ER5154 15 1 160 24.1 24.1 B 24.1 D

ER316I-Si
ER316L-Si

ER316

15
21
46

2
8
3

180
220
170

26
22
32

4.8
4.0
0.6

B
C
A

3.2 C

ERNiCrMo 46 6 179 32 3.9 A 3.9 C

ERNiCu-7 46 3 257 32 2.0 A 2.0 C

FCAWd 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 C

E316LT-3
E316LT-3

21
46

2
6

290
382

24
29

5.2
9.6

C
A

8.5 B
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TABLE 4-15 (CONTINUED)

Welding
process Electrode type Reference No.

No. of tests
conducted

Average
current (A)

Average
volt (V)

Average
emission factor
(g/kg electrode)b

Data quality
rating

Candidate
emission factor

(g/kg
electrode)c

Emission factor
rating

MRI-M\R4601-02.WLD

FCAWd E70T-1
E70T-1
E70T-1
E70T-1
E70T-1
E70T-2
E70T-4
E70T-4
E70T-4
E70T-4
E70T-5
E70T-5
E70T-5
E70T-7
E70T-G

12
46
48
50
51
12
12
46
48
50
12
46
48
12
12

5
15
4
6
2
2
6
10
4
6
8
6
4
3
5

410
451
375
450
425
340
420
391
375
450
370
441
375
340
370

29
31
30
31
31
28
29
31
32
31
29
31
30
25
32

11.0
11.7
12.0
7.2
8.7
11.0
20.0
16.4
20.0
17.7
15.5
20.8
20.0
31.3
8.2

B
A
C
B
A
B
B
A
C
B
B
A
C
B
B

15.1 B

E71T-1
E71T-1
E71T-11

12
51
12

7
2
3

280
275
460

28
25
19

9.4
12.0
19.0

B
A
B

12.2 B

SAW EM12K1
F72-EM12K2

50
50

5
5

450
550

32
31

0.04
0.01

B
B

0.05 C

a All fume generated is < 10 µm in aerodynamic diameter (i.e., PM-10).

b Average emission factor obtained in test series expressed as mass of pollutant emitted per mass of electrode consumed.

c Mass of pollutant (PM-10) emitted per mass of electrode consumed determined as weighted average of all data sets.  

d 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 FACTORSa

Welding
process Electrode type

Ref.
No.

No of
tests

Avg.
current

(A)

Avg.
voltage

(V)

 Avg. emission factor (10!1 g/kg electrode or 10!1 lb/103 1b
electrode)b

Data
rating

Candidate emission factor (10!1 g/kg electrode or 10!1 lb/103

lb electrode)c

Emission
factor ratingCr Cr(VI) Co Mn Ni Pb Cr Cr(VI) Co Mn Ni Pb

SMAW 14Mn-4Cr 11 23 198 24 13.97 -- -- 232 17.14 -- C 13.9 -- -- 232 17.1 -- 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 -- 2.71 0.25 -- B
E310-15 15 1 140 24 25.3 18.8 -- 22.0 1.96 0.24 B 25.3 18.77 -- 22.0 1.96 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 1.12 -- B 0.02 -- -- 20.2 1.12 -- 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)

Welding
process Electrode type

Ref.
No.

No of
tests

Avg.
current

(A)

Avg.
voltage

(V)

 Avg. emission factor (10!1 g/kg electrode or 10!1 lb/103 1b
electrode)b

Data
rating

Candidate emission factor (10!1 g/kg electrode or 10!1 lb/103

lb electrode)c

Emission
factor ratingCr Cr(VI) Co Mn Ni Pb Cr Cr(VI) Co Mn Ni Pb

MRI-M\R4601-02.WLD

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

ER316l-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)

Welding
process Electrode type

Ref.
No.

No of
tests

Avg.
current

(A)

Avg.
voltage

(V)

 Avg. emission factor (10!1 g/kg electrode or 10!1 lb/103 1b
electrode)b

Data
rating

Candidate emission factor (10!1 g/kg electrode or 10!1 lb/103

lb electrode)c

Emission
factor ratingCr Cr(VI) Co Mn Ni Pb Cr Cr(VI) Co Mn Ni Pb

MRI-M\R4601-02.WLD

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

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

b  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.

c  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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