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As you learn more about GMAW, it will

become apparent that this is a sophisti-

cated process. Welders who have used

“stick” welding (Shielded Metal Arc

Welding or SMAW) are sometimes of the

opinion that the GMAW process is sim-

pler; but to deposit a high quality bead

requires as much knowledge as, or more

than, with the SMAW process. The reason

for this is the number of variables that

affect the arc and the degree of control

the operator has over those variables.

The purpose of this manual is to make you

a better welder by increasing your knowl-

edge of how the GMAW process works.

A more knowledgeable welder can be

more productive by working smarter, not

harder. Figure 1 shows why your company

is interested in educating you in welding

stainless steel. Your labor and overhead

account for about 80% of the cost of

depositing weld metal. Any knowledge you

gain from this course not only helps you,

but also helps to make your company more

competitive in a very tough marketplace.

If you should have any questions in the

future that this manual or your supervisor

cannot answer, please feel free to have him

contact your Praxair regional engineering

staff for further assistance.

This training program was written to give

you a better understanding of the MIG

welding process. MIG is an acronym for

Metal Inert Gas, which is not technically

correct for stainless steels because shield-

ing gases for these materials contain

an active gas such as oxygen or carbon

dioxide. The correct term according to the

American Welding Society (AWS) is Gas

Metal Arc Welding (GMAW). We will use

the correct terminology as defined by the

AWS and also explain the slang used so

that you will be familiar with all the terms

applicable to this process.

Figure 1 –

Breakdown of

Stainless Steel

Welding Cost
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Stainless steels were accidentally discov-

ered in the 1800s when cannon barrels

were being cast. They noticed that the

castings from a certain ore didn’t rust.

They had found a load of ore that was

high in chromium. Steel is classified as a

stainless steel when its chromium content

exceeds 10.5%. At this level a thin, invi-

sible oxide layer forms on the surface of

the base metal. This adherent oxide layer

effectively stops the oxidation (rusting)

process. This protective film is self-healing

in the presence of oxygen (20.9 %of the

make-up of air is oxygen). Carbon steels, of

course, form a loose, flaky oxide that we

call rust. As this rust flakes off, more of the

base metal is exposed to the atmosphere,

which allows the corrosion process to

continue. Stainless steels are defined as

steel alloys where the chromium content

ranges from 10.5% to 30%.

There are five distinct types of stainless

steel. Each is iron-based with alloying

additions designed to modify specific

characteristics. The major grades are

as follows:

1. Ferritic

2. Austenitic

3. Martensitic

4. Precipitation Hardening

5. Duplex

Ferritic Stainless Steel –

Ferritic stainless steel contains from 10.5

to 30% chromium, is low in carbon, with

some alloys containing major amounts of

molybdenum, columbium and titanium.

These alloys are typically used where

corrosion is not severe, such as in automo-

bile exhaust systems, cookware, architec-

tural applications and automotive trim.

Ferritic stainless steels are magnetic at

room temperatures due to their body-

centered cubic crystal microstructure.

Austenitic Stainless Steel –

Austenitic stainless steels contain from

16% to 26% chromium, up to 35% nickel,

and have very low carbon content. Some of

these steels are also alloyed with a minor

amount of molybdenum, columbium and

titanium. Austenitic stainless steels are

used where corrosion can be severe. They

are easily weldable. All alloys of this type

are non-magnetic due to their face cen-

tered cubic structure at room temperature.

Austenitic grades include the 200 and 300

series of stainless steels. The 304 and 316

grades are very commonly used in welded

fabrications. Over 80% of today’s stainless

steel welding applications are done with

these types of grades.

Martensitic Stainless Steel –

Martensitic alloys contain from 12% to

17% chromium, up to 4% nickel and

.1% to 1.0% carbon. Some alloys will also

have minor additions of molybdenum,

vanadium, columbium, aluminum and

copper. These alloys are used where high

mechanical strength, hardness and corro-

sion resistance are required. They are not

easily weldable.
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Precipitation Hardening Stainless Steel –

Precipitation hardening alloys contain

between 11% and 18% chromium, 3% and

27% nickel and low carbon content. Some

of the alloys will also have minor additions

of molybdenum, vanadium, columbium,

aluminum and copper and boron.

Duplex Stainless Steel –

Duplex stainless alloys have 18% to 28%

chromium, 2.5% to 7.5% nickel and low

carbon contents. Some of the alloys will

also have additions of nitrogen, molybde-

num and copper. Duplex alloys have a

ferritic and austenitic make-up. They offer

the high strength properties of the ferritic

stainlesses combined with some of the

corrosion properties of the austenitic

stainlesses.

How are Stainless Steels Formulated?

In order to understand how stainless steels

resist corrosion, let’s look at the basic

metallurgy of these materials. All metals

are crystals, meaning that the atoms are

arranged in an ordered matrix. An easy

way to visualize a metal is to think of

layers of balls with each ball in the layer

touching its four neighbors (see figure 2).

The balls represent the atoms of iron,

chromium, nickel, molybdenum and other

metallic alloying elements.

Carbon and nitrogen are much smaller

than the metal atoms, and fit into the open

spaces between them. These atoms are

called interstitials. The layers above and

below the first layer are arranged identi-

cally, except that they are shifted on a 45

degree angle to fall into the areas where

the first layer of balls intersect. Now each

ball in the second plane is touching four

balls in its layer and four balls in the layers

directly above and below it. The orderly

manner in which metals are arranged in

crystals is one of the reasons that they are

so strong. When a metal yields, or deforms

plastically, the planes of atoms slip in

relation to adjacent planes. The only single

crystal materials used today are for turbine

blades. They are extremely strong due to

the orderliness of the matrix. They are

also extremely expensive to make.

The stainless steel alloys that are used in

fabrication are actually made up of grains

or groups of crystals. During welding,

grains begin to grow into the molten

puddle from the solid base metal at the

edge of the weld. When two grains contact

each other, they stop growing. The inter-

sections of these grains are called grain

boundaries. In the types of alloys that we

use, a lot of the “slip” or shifting of atoms

occurs at these grain boundaries. Because

of grain boundaries, the actual strength of

these steels is typically 25% to 50% of the

theoretical strength of a single crystal of

iron.

The following section lists some of the

elements that are commonly added to

stainless steels to produce alloys that give

us the desired properties.

Figure 2 –

Iron Face Centered

Cubic Unit Cell
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Carbon

Carbon strongly promotes the formation

of austenite that influences material

properties. Carbon can strengthen the

matrix through the formation of particles

such as iron carbide (Fe3C). The larger size

of the carbide compound pins the layers

within the metal matrix and makes it much

more difficult for the material to yield.

Higher levels of carbon in austenitic

stainless steel can lead to the formation

of chromium carbide (Cr23C6) and a

subsequent deterioration in corrosion

resistance.

Austenitic grades are typically < 0.20% C,

ferritics are < 0.12% C and the martensitic

grades are either < 0.15% C or from

0.6 to 1.2% C.

Chromium

Additions of chromium increase corrosion

resistance, strength, wear resistance, heat

resistance, and the hardness when added

to stainless steels. Chromium promotes the

formation of ferrite and can form carbide

particles that affect the strength of the

material. Chromium forms a very tight,

adherent oxide layer that resists further

oxidation. At elevated temperatures, this

layer grows thicker and changes color.

This can be seen on motorcycle exhaust

pipes. First a straw color is produced

(about 700 F), then a blue (about 1,000 F).

If chromium levels are decreased  in

localized areas below about 10% due to

chromium carbide precipitation at the

grain boundaries, corrosion resistance is

decreased.

Columbium + Titanium

Columbium (also called niobium) is added

in small percentages and stabilizes austen-

itic grades by forming columbium carbides

(CbC). Titanium, also a stabilizer, prefer-

entially combines with carbon, before

chromium, to maintain corrosion resis-

tance in the material. If these stabilizers

are not present and carbon levels are high,

chromium carbides form in the heat affect-

ed zone (HAZ) of the weld, decreasing the

corrosion resistance of the material just

outside the weld deposit.

Copper

Copper can be used as a strengthening

agent in alloys that respond to precipita-

tion hardening. Upon cooling or the

application of some other heat treatment

cycle, copper forms a precipitate in the

matrix, making deformation more difficult

and increasing the strength of the material.

Manganese

Manganese is added in small amounts as a

deoxidizer, desulfurizer and strengthener.

Manganese additions to austenitic stainless

grades of steel also reduce the crack sensi-

tivity of the weld metal. Manganese reacts

with some of the available free oxygen to

form manganese oxide (MnO). It will also

combine with any free sulfur to form man-

ganese sulfide (MnS). Sulfur is detrimental

because it solidifies at low temperatures

and can locate at grain boundaries where

it dramatically reduces the strength of the

weld metal. After combining with oxygen

and sulfur, manganese, a weak carbide for-

mer, will form manganese carbide (Mn3C)

which helps to strengthen the matrix.

Molybdenum

Molybdenum, another strong carbide

forming element, is used in alloy steels

from .5% to 1.5%. Molybdenum improves

yield strength and resistance to high

temperature deformation (creep). Molyb-

denum in stainless steels can reduce pitting

(highly localized corrosion) in corrosive

environments. Molybdenum is a strong

ferrite former in a stainless steel weld

deposit.
▲

A.
Alloying
Elements
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Nickel

While nickel does not form any carbide in

a steel matrix, hardenability, ductility and

toughness are all improved by the micro-

structural changes which occur as nickel is

added. Nickel is added to austenitic stain-

less steels (300 series) in concentrations of

7 to 35%. Nickel additions in the 9% range

encourage a fully austenitic microstructure.

This non-magnetic crystalline structure

maintains its strength and ductility to very

cold temperatures (-300 F).

Silicon

Silicon is added mainly as a deoxidizer.

It combines with oxygen to form SiO2

(“glass”) which floats on the surface of the

weld puddle along with manganese oxide

(brown, brittle slag islands). Silicon

improves the fluidity of the puddle and

makes it wet the base metal more effec-

tively. Silicon also promotes the formation

of ferrite in a stainless steel weld deposit.

Nitrogen

Nitrogen is a very strong austenite former.

It is added in controlled amounts in addi-

tion to strong nitride forming elements to

produce grain refinement and microstruc-

tural modifications in duplex stainless

steel. Nitrogen is 30 times more effective

than nickel in stabilizing the austenite

phase in duplex stainless steel.

Phosphorus

Phosphorus is generally considered an

impurity in stainless steels, and is usually

listed as a maximum allowable percentage.

Phosphorus tends to segregate and push

the carbon into the surrounding matrix,

causing the material to become brittle.

Sulfur

Sulfur is also considered an impurity.

Like phosphorus, it usually is specified

with a maximum allowable concentration.

Because of its low melting temperature,

sulfur in the puddle moves to the grain

boundaries of the solidifying weld metal.

This segregation at the grain boundaries

reduces the strength of the material.

Manganese is added to prevent this as it

combines with the sulfur (Mn + S = MnS)

before it can react with iron. Certain steels

called free machining steels, contain up to

.3% sulfur; these alloys are difficult to

weld and have poor strength when com-

pared to other stainless alloys.

Now that you have more of an under-

standing of the alloys that are added to

stainless steels, let’s look at some of the

available alloys.
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B.
Stainless Steel
Alloys

Table 1 –

Stainless Steel Alloys

SAE/AISI Cr Ni Mn Mo C(mx) Si(Mx) Other Tensile

Ferritic

405 11.5 - 14.5 – 1.0 – .08 1.0 .1 - .3 Al 60 ksi

409 10.5 - 11.7 – 1.0 – .08 1.0 .48 - .75 Ti 55 ksi

430 16.0 - 18.0 – 1.25 – .12 1.0 .6 Mo 60 ksi

Austenitic

304 18 - 20 8 - 12 2 – .08 1 85 ksi

304L 18 - 20 8 - 12 2 – .03 1 80 ksi

316 16 - 18 10 - 14 2 2 - 3 .08 1 85 ksi

316L 16 - 18 10 - 14 2 2 - 3 .03 1 78 ksi

321 17 - 19 9 - 12 2 2 .08 1 .4Ti min 87 ksi

Martensitic

410 11.5 - 13.5 – 1.0 – .15 1.0 100 ksi

420 12.0 - 14.0 – 1.0 – .15 1.0 250 ksi

440C 16.0 - 18.0 – 1.0 .75 .95 - 1.2 1.0 280 ksi

Precipitation

Hardening

15-5 PH 14.0 - 15.5 3.5 - 5.5 1.0 – .07 1.0 Cu & Nb 190 ksi

1 7-7 PH 16.0 – 18.0 6.5 - 7.5 1.0 – .09 1.0 .7 - 1.5Al 210ksi

Duplex

329 23.0 - 28.0 2.5 - 5 1.0 1 - 2 .20 .75 90 ksi

6

% Addition

The stainless steel designation system is

based on a three-digit system for most

alloys that specifies the chemistry. The

precipitation hardening alloys are an

exception to this rule. The “L” designation

indicates a low carbon form of that

particular alloy.



The GMAW power supply (or welding

machine) connected to the torch is

basically a big transformer/rectifier. Its

purpose is to take high voltage (575v or

220v) and low current (20-50 amps/leg)

AC power and transform it to low voltage

(16-40v), high current (80-500 amp) DC

power. To change AC to DC, a device

called a rectifier is used. Direct current is

utilized as it provides a much more stable

arc. Most GMAW power supplies are set-

up using a reverse polarity connection.

Reverse polarity is designated as DCEP,

which means Direct Current, Electrode

Positive. An easy way to remember this is:

S E C T I O N   3

Electrical Characteristics
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A.
Constant
Voltage Power
Supply Basics

Congress is made of:

SENators And REPresentatives

Straight Electrode Negative

Reverse Electrode Positive

Almost all GMAW power supplies are

constant voltage machines, while Stick

Electrode (SMAW) and TIG (GTAW)

machines are a constant current design.

Figure 3 –

Typical GMAW

Power Supply
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AC
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B.
Constant
Voltage Power
Supply Controls

All constant voltage (CV) power supplies

have at least two operator-adjustable

settings: current and voltage. Current is set

by adjusting the wire feed rate; voltage is

set with a voltage adjustment on the power

supply or on the remote control. Increasing

wire feed speed increases current propor-

tionally so that enough current is available

to melt the wire and deposit it in the weld

pool. Voltage adjusts the length of the arc.

Some power supplies also provide the

options of adjustable slope and inductance.

The purpose of these controls will be

discussed in the section on power supply

characteristics. Figure 4 shows a power

supply with the standard voltage (arc

length) and wire feed speed (current)

adjustments. This power supply also allows

the operator to change the inductance and

slope.

Electrical stick-out (ESO) is the distance

measured from the contact tip in the torch

to the workpiece, as figure 5 shows. ESO

is very important, and does affect the

following:

▲

C.
Electrical
Stick-Out

1.  Preheats the electrode

2.  Burns off drawing lubricants

3.  Determines current level

Figure 4 –

Power Supply

Adjustments

Figure 5 –

Measuring Electrical

Stick-Out
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The wire in the GMAW process is called

an electrode because it conducts electricity.

The current is transferred to the wire at

the contact tip. The energy resulting from

the welding current is distributed to two

different places in the welding circuit;

(1) resistance heating of the electrode,

and (2) penetration into the base metal, as

figure 6 shows. The electrode acts like the

elements in a home toaster. As current

passes through it, resistance heating occurs

and its temperature rises. The increased

temperature burns off drawing lubricants

used in the manufacturing of the wire. The

temperature rise also helps make it easier

to melt the electrode. This is the reason

that deposition rate increases as ESO

increases. As ESO increases, current is

decreased. This also helps to keep the

contact tip cooler at higher deposition

rates. This is a big help in controlling

penetration, because as current increases,

so does the depth of penetration. By using

a slightly longer stick-out, more weld metal

can be deposited without burning through

thinner parts. This is a useful trick when

welding light gauge stainless steel, as base

metal distortion is reduced with an in-

crease in the ESO. Increasing ESO makes

the arc harder to start because less current

is available at the arc due to resistance

heating. As more resistance is put into the

welding circuit (increased ESO), the effec-

tive slope of the system is also increased.

This reduces the short-circuit current

available to start the arc.

ESO also affects shielding gas coverage. As

the distance increases from the contact tip

to the work (also called TWD – tip to work

distance), you reach a point where the

shielding gas cannot effectively blanket the

molten weld puddle. This will be covered

in more detail in the shielding gas section.
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Current

Distribution

Current from the power supply
is distributed to:

1. Resistance heating of the
    electrode (ESO dependent)
2. Penetration into base metal
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D.
Constant Voltage
Power Supply
Characteristics

1. Slope

The characteristics of a power supply are

determined by the components used in

its design. The performance of a typical

machine is described by a graph such as

figure 7. Most constant voltage power

supplies without slope adjustment are

factory preset at about 2 volts/100 amps

(flat slope).

This means that for each increase of

100 amps, the power supply will produce

2 volts less without a change on the voltage

control. The lower slope line is 6 volts/100

amps, and is about the maximum slope

seen in a constant voltage power supply

(steep slope). A few machines are still

available with continuously adjustable

slope; others have external or internal taps

to switch between slopes. Increasing the

slope of a power supply to control short-

arc welding at low currents is necessary

because the short-circuit current is limited.

This reduces the tendency to burn-through

on thinner materials and decreases spatter

on arc starts. This will be explained further

in the section on metal transfer. Again, this

is a very good feature to have when weld-

ing stainless steel as it helps to lower weld

spatter when working in the short-arc

range (14-22 volts).

Figure 8 shows a typical 2 volt/100 amp

slope power supply characteristic curve.

A review of this graph helps to explain

why the arc changes during welding. As

an example, select a welding condition of

27 volts and 250 amps. As welding contin-

ues, if the stick-out (ESO) is reduced the

welding conditions change. As that change

is made, the spatter level begins to in-

crease. As ESO is decreased, less current

goes into preheating the wire and more

goes into the arc. Suppose the current

increases 50 amps, which is easily done

with a torch movement of about 1/4". This

moves the operating point to the second

point in figure 8; here the voltage de-

creases to 26v while the current increases

to 300 amps. This voltage is at the mini-

mum for spray transfer; this would account

for the slight increase in spatter that is

observed. This will be explained in more

detail in Section 6.
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It can measure as high as 5 volts which

makes starting the arc difficult and

generates more weld spatter.

2. Inductance

Inductance is an adjustment that is provid-

ed more frequently than slope on CV

power supplies. Inductance is another

method for controlling the arc. This is done

by controlling the rate at which the weld-

ing current reaches the setting selected.

Figure 10 shows a plot of inductance vs.

time. The top curve shows what happens

with no additional inductance and the

current rises as quickly as the power sup-

ply will allow it to rise. This can result in

very hot starts or even in the wire explod-

ing at these very high current levels.

Inductance should be kept low for spray

transfer. This produces better arc starting

and more stable arc at high currents. High

inductance settings can make it hard to

initiate the arc because it limits the maxi-

mum short-circuit current available for this

purpose.

Referring again to figure 7, as the elec-

trode first touches the work to strike an

arc, the voltage falls to 0 arc volts. At 0

volts (no arc length or a dead short), the

power supply produces the maximum

short-circuit current. For a machine rated

at 450 amps (at 100% duty cycle) this

might be 550-600 amps. This can be enough

current to explode the wire and make the

arc difficult to start. If the arc start is too

hot, either the slope can be increased or

inductance added to reduce the current at

arc initiation. Inductance can also be

beneficial when welding with low current

short-arc, as it makes the puddle more

fluid and allows it to better wet the base

material.

11

Measuring Actual Welding Voltage

Measuring actual welding voltage is a use-

ful way to be certain that the condition is

within the range specified by the welding

procedure. Hard starts can result from

bad connections in the welding circuit.

The voltage drop due to bad connections

increases the slope of the system, and

reduces the available short-circuit current.

Comparing the voltage at the power

supply terminals and between the feeder

and the work (figure 9) will give the

voltage drop due to resistance.

Figure 10 –

The Effect of Increasing Inductance

Figure 9 –

Measuring Actual

Welding Voltage
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3. Heat Input

A useful formula often used by welding

engineers is the heat input equation. If

you have been welding high strength or

corrosion resistant alloys, you may already

be familiar with this formula. It allows you

to calculate the amount of heat delivered

to the workpiece.

The formula is:

Heat input is measured in units of energy/

unit of length (joules/inch). A joule is a

unit of energy equal to 1 watt of energy

into the workpiece per second. While a

joule is not a familiar unit of measurement,

there are a lot of uses  for the heat input

formula itself.

For example, suppose that welding is done

at the second condition used as an example

in figure 8. That condition was 300 amps

and 26 volts. For this example, say the

travel speed is 10 in/min. This works out

to a heat input of 46,800 joules/in. If we

know that the welding involves bridging

a gap, ESO can be increased to reduce

current and increase voltage while reach-

ing the first condition indicated. That was

250 amps and 27 volts, still at 10 in/min.

The heat input is now 40,500 joules/in. By

increasing ESO (stick-out), heat input has

been reduced by almost 15%.

Heat Input =
 Amps x Volts x 60

                    Travel Speed (in/min)

12

The heat input formula is also used when

welding high alloy materials, but it also

helps in understanding the uses of the

power supply characteristic curve.

The heat input formula can assist in pre-

paring welding procedures where similar

material thicknesses and joint configura-

tions are welded. After determining the

range of heat inputs that produce an

acceptable weld, the range of heat inputs

can be calculated. This is really helpful in

increasing speeds for robotic welding. The

required travel speed can be calculated as

wire feed speed (current) and voltage are

increased. The formula is also helpful in

controlling distortion. Conditions that put

less energy into the metal can be calcu-

lated, which reduces distortion.



At high temperature, all metals commonly

used for fabrication will oxidize in the

presence of the atmosphere. Every weld-

ing process provides shielding from the

atmosphere by some method. When

welding steels we want to exclude oxygen,

nitrogen, and moisture from the area

above the molten puddle.

In the Oxy-fuel process, the weld pool

is shielded from the atmosphere by the

combustion by-products of carbon monox-

ide (CO) and carbon dioxide (CO2). In

stick welding (SMAW), CO and CO2 are

also the shielding gases. The 60XX type of

electrode uses a cellulosic coating, which

has very high moisture content. The

moisture produces oxygen and hydrogen

in the arc environment.

Submerged-arc welding shields the puddle

by a different method. As the puddle

progresses, the intense heat melts the flux

in the joint area; this forms a slag that

covers the weld and excludes the

atmosphere.

GMAW (MIG) and GTAW (TIG) are

both gas shielded processes in which the

shielding gas is provided from an outside

source. No fluxing agents are included in

the filler metal of solid wires.

S E C T I O N   4

Shielding Gases

4

▲

▲

A.
Shielding Gas
Functions

For the purpose of this discussion the

GMAW process will be emphasized

because it constitutes the greatest portion

of welding done in industry. A good

portion of this information is applicable

to GTAW too.

The major functions of a shielding

gas are to:

1. Protect the puddle from the atmosphere

2. Support the arc plasma

3. Provide oxygen for wetting

    (ferrous alloys)

4. Control type of metal transfer

5. Affect arc stability

6. Control welding costs.

7. Impact the penetration properties of

    the weld deposit.

8. Impact welding fume levels.

As was mentioned earlier, the atmosphere

must be displaced while the puddle is

cooling or oxidation will occur rapidly.

This appears as a gray surface on the weld

bead. One cause of porosity is the result of

poor shielding when atmospheric oxygen

combines with carbon in the puddle. As

the weld metal cools, porosity occurs as

this carbon monoxide escapes from the

center of the bead. If air is aspirated into

the shielding gas line through a leak,

nitrogen and moisture will also contami-

nate the shielding gas. Nitrogen, while very

soluble in the puddle at high temperatures,

will cause porosity as it escapes during

cooling of the weld bead.

13



The shielding gas also provides a portion

of the arc plasma, which transfers the

welding current across the gap between

the electrode and the work as figure 11

shows. This is accomplished by “ionizing”

the gas, which frees electrons to transfer

the current from the work to the electrode.

Metallic and argon ions (atoms stripped of

an electron) transfer the positive charge

across the arc. This explains in part why

the arc becomes very unstable when a

MIG torch is hooked up using straight

polarity (DCEN) rather than reverse

polarity (DCEP). In DCEN, the positive

current is trying to remove metal atoms

from the plate, which are much harder to

melt than a small diameter electrode.

In steels (carbon and stainless), oxygen

stabilizes the arc and reduces the surface

tension of the weld metal. Oxygen is

obtained from direct additions of oxygen

or carbon dioxide to the shielding gas.

Surface tension, the force that causes

water to bead up on a waxed car surface,

is not desirable when depositing a weld

bead. In GMAW, if pure argon is used

instead of a mixed gas, the bead does not

wet out and appears as though it is sitting

on top of the part surface (convex bead).

Figure 12 shows the basic gases used in

shielding GMAW. The ionization potential

is the amount of energy (in electron volts)

required to establish an arc. The use of a

helium rich gas such as Praxair’s HeliStar™

A-1025 blend (He/Ar/CO2) for short-and

pulse-arc welding of stainless steel requires

3-5 volts more than an Ar/CO2 mixture at

the same current. The shielding gas used

also has a pronounced effect on the type

of metal transfer obtained.

Figure 11 –

Transfer of Current

across the Arc

Plasma

Figure 12 –

Gases Used for

Shielding
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Gas Characteristic Ionization
Potential
(eV)

Ar Totally Inert (Cool) 15.759

He Totally Inert (Hot) 24.587

O2 Highly Oxidizing 13.618

CO2 Oxidizing (Dissociates) 13.769

H2 Highly Reducing 13.598



There is a “best gas” for almost every

application, but there may be 2 or 3 gases

that will do a very reasonable job over a

large variety of applications. Gases are

selected on the basis of performance,

availability, cost and many other variables.

Further discussion of gases and metal

transfer is found in section 6.

Stability of the arc plasma is another factor

influenced by the shielding gas. Pure argon

provides a stable arc, and is used when

welding reactive metals such as aluminum.

Argon/oxygen mixtures are also very

stable, and are used in steel welding

applications. Pure carbon dioxide provides

a less stable arc plasma, but its addition to

argon can be very beneficial where depth

and width of penetration need to be con-

trolled. Some shielding gases use additions

of oxygen and carbon dioxide in one

mixture. Blends for stainless steels may

also use additions of helium and hydrogen

with a carbon dioxide component.

▲

B.
Flow Rates

Once the shielding gas is selected, it is

critical to make sure that the flow rate is

within certain limits. For low current short-

arc applications, 25-35 scfh (standard cubic

feet per hour) is adequate if ESO is held

from 3/8" to 1/2". For high current short-

arc and the spray transfer mode, flow rates

need to be increased to the 35-45 scfh

range. Figure 13 shows the best way to

measure the flow rate using a torch

flowmeter.

Regulator-flowmeters can vary the inlet

pressure to the flowmeter. As inlet pres-

sure falls when a cylinder gets low, the flow

rate is actually skewed to a higher reading.

For example, a regulator-flowmeter,

installed in a low pressure line (20 psig),

showed a flow reading of 70+ scfh, but

the actual flow rate was 15 scfh. The

regulator had reduced the pressure in

the flowmeter to about 5 psig instead of

the correct design pressure of 50 psig.

Flow rates must be kept in a controlled

range so that the shielding gas column

does not become unstable and mixes with

air at both low and high flow rates or when

forced to flow past an obstruction in the

nozzle such as spatter. This type of flow is

called turbulent (non-axial flow).

Figure 13 –

Measuring Actual

Flow Rate
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Testing has shown that the shielding gas

flow remains laminar from 30 scfh up to

about 70 scfh with a 400 amp gun (using a

5/8" diameter nozzle). Above 70 scfh, the

flow becomes turbulent and mixes with air.

A cigarette in an ashtray can illustrate the

difference between laminar and turbulent

flow. The smoke initially leaves the tip, in a

tight, orderly laminar flow. A few inches

above, the flow becomes turbulent and the

smoke mixes with the air rapidly as shown

in figure 14. This same thing happens with

a column of shielding gas. The erratic

quality of the shielding can provide a weld

that looks satisfactory, but can contain

subsurface (honeycomb) porosity. As

deposition rates increase, a 35-45 scfh

flow rate is still satisfactory unless there

are breezes or drafts. Fans and drafts will

displace a shielding gas, and may require

increasing flow rates to 50-70 scfh. Reduc-

ing cup-to-work distance can also improve

shielding.

Figure 14 –

Laminar and

Turbulent Flow
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▲

C.
Gas Losses

Loss of shielding can cause problems in

GMAW. Inadequate gas coverage can

result in an oxidized surface or porosity.

The first step in troubleshooting what you

think may be a gas loss is the use of a torch

flowmeter. This flowmeter fits over the

nozzle on a torch and measures the actual

flow rate of your shielding gas (figure 13).

Compare the actual reading with that of

the station flowmeter (if used). The two

readings should be very close to each

other. If not, there may be some potential

problem areas.



Threaded Connections are notorious for

leaking if not properly sealed. A pipeline

with shielding gas at 50 psi can leak a lot of

expensive gas. It will also allow air to

diffuse in, as figure 15 shows.
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If the leak is large enough, no amount

of flow can give a good quality weld. A

pressure test of your distribution system

can quantify the leak rate. Use a  liquid

leak detector to pinpoint any leaks.

Figure 16 –

O-Rings Seal the Gas

Ports at the Feeder

Lube O-Ring with silicone
grease before installing

Figure 15 –

Back Diffusion Allows

Air to Leak into a

Pressurized Line

A few shops use quick disconnects for

their shielding gases. They are also prime

suspects when investigating leaks. For this

reason, they are not recommended for use

with shielding gases. Use a liquid leak

detector solution to check them. If the flow

measurement at the torch indicates a much

lower flow than the station flowmeter, find

the source of the problem by disconnecting

the supply hose at the wire feeder. Use the

torch flow meter to check the flow out of

the hose. If the flow meter is correct, check

if a leaking fitting or if the o-rings in the

back of the liner have been damaged

(figure 16). These can be easily replaced,

and should be lightly coated with silicone

grease to avoid damaging them during

reinstallation.

Another place where shielding gas flow

can be disrupted is in the diffuser. The gas

diffuser is found at the point where the

contact tip is mounted. Its purpose is to

distribute the gas evenly to produce

laminar flow out of the gas nozzle. If

spatter builds up on the diffuser, it can

clog it and reduce the gas flow enough to

provide poor shielding. If the diffuser is

only partially blocked, the entire gas flow

may try to exit the holes still open and

create unbalanced turbulent flow. This in

itself will aspirate air into the shielding

gas column and may once again cause

porosity.

Hose Wall

Hose Wall

Process
Gas

Air

N2, O2, H2O
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W
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Holding the torch at too small an angle can

also create a venturi effect between the

plate and the nozzle. This will contaminate

the shielding gas stream with air and cause

porosity (figure 17).

Some welders clean spatter from nozzles

by tapping the gas cup against the work to

knock the spatter out. This can create a

problem by eventually causing the cable

to gooseneck and the gas connection to

loosen, or by distorting the gas nozzle. If

either happens, it is possible to lose your

gas coverage in the torch handle and

aspirate air into the shielding gas stream.

One final thing to check is incorrect inlet

pressure to the flowmeter. All flowmeters

are calibrated for one specific inlet

pressure, and the actual flow reading will

be incorrect if the inlet pressure does not

match the calibration pressure. Figure 18

shows what happens when a 20 psig

calibrated flowmeter is attached to a

50 psig line. The actual flow is 26% higher

than indicated on the flowmeter. The

easiest way to check this is by using a

torch flowmeter, because it is calibrated

for atmospheric pressure at the outlet.

Venturi effect pulls air
into the shielding gas

Figure 17 –

Air Aspirated by the

Venturi Effect can

Contaminate the

Shielding Gas

Figure 18 –

Pressure Correction

Formula for Flowmeters

Example: A flowmeter calibrated at 20 psig
               on a 50 psig line indicating 40 scfh

Actual
Flow Rate

Indicated
Flow Rate

Actual Pressure (psia)

Calibration Pressure (psia)
= x

Actual
Flow Rate 40 scfh

50 + 14.7

20 + 14.7
= x

= 40 x 1.37 = 54.6 scfh
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Although a welder doesn't often get the

chance to select the filler material, this

section is included for your information.

S E C T I O N   5

Electrodes

5

▲

Knowing how and why wires are alloyed

can sometimes be helpful when a problem

arises.

▲

A.
Filler Metal
Alloying
Additions

This listing found in figure 19 shows the

main alloying elements used in stainless

steels and the reasons for their addition.

These are the same constituents that are

used in filler metals, although the propor-

tions may be different.

Chromium – Chromium is added to

improve corrosion resistance of the

deposited weld metal. The chromium

level in the filler metal is usually selected

to match or exceed the amount found in

the base material.

Nickel – Nickel, also added for corrosion

resistance, improves low temperature

mechanical properties of the deposited

weld metal. Nickel promotes the formation

of austenite in the weld structure.

Silicon – Silicon acts to deoxidize the weld

puddle. Silicon reacts with oxygen in the

weld puddle before metallic elements such

as iron and chromium. This deoxidation

cleans the puddle, and silicon dioxide im-

purities float to the surface of the puddle.

They then freeze (along with manganese

dioxide) to form slag islands. Silicon is also

added in higher concentrations to some

filler materials to improve the fluidity of

the puddle. When silicon reacts with oxy-

gen, heat is released (exothermic reaction)

which makes the puddle more fluid. High

silicon wires can create more slag islands

that may cause more grinding in multi-

pass weldments. High silicon wires are not

recommended for joints under extreme

restraint as the crack resistance of the

standard filler metals is superior.

Manganese – This element is added for

three reasons: (1) Deoxidation. Manganese

combines with oxygen in the weld metal

before the carbon does so there is little or

no oxidation of carbon in the weld puddle

(which produces carbon monoxide and

causes porosity.) (2) Desulfurization.

Manganese combines with sulfur to form

manganese sulfides before the sulfur can

segregate to the grain boundaries and form

low melting point iron sulfides. Iron sul-

fides can cause hot cracking in steels.Figure 19 –

Stainless Steel

Alloying Additions 19

Stainless steel is iron that is alloyed with

Chromium Corrosion Resistance

Nickel Corrosion Resistance

Silicon Deoxidation

Manganese Deoxidation & Strength

Molybdenum Increased Pitting Resistance

Niobium Combines with Carbon



▲

B.
Wire
Designations
and Chemistries

(3) Mechanical properties. Manganese can

be used in place of nickel to stabilize the

austenite phase and increase resistance to

weld metal cracking.

Figure 20 –

Deoxidation

Reactions
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Figure 21 –

AWS Solid Wire

Designation

The stainless steel wire designations used

in the United States and Canada are

specified by the American Welding Society

(AWS). The classification system is based

on the chemical composition of the filler

wire for solid wires and on the deposited

weld metal for tubular or composite

electrodes. Designation nomenclature is

shown in figures 21 and 22.

For solid wires:

E – Indicates that this wire is suitable

for use as an electrode, and it can carry

welding current.

R – Means that this electrode is available

either as a continuous wire or as a distinct

length rod. Rods are used as filler in the

GTAW (TIG) process.

309 – The alloy designation indicates a

particular chemistry range met by this

consumable.

L – This indicates a lower maximum

carbon level for the standard electrode

of this composition (usually 0.03%).

Si – When added, this designation indicates

a higher level of silicon designed to

improve fluidity of the weld puddle.

Mol – When added, this designation

indicates that a higher level of Molybde-

num is added to the filler metal to improve

corrosion resistance (when pitting corro-

sion is a problem.)

Molybdenum – Molybdenum reduces

the occurrence of pitting (high localized

corrosion) in corrosive environments. In

stainless steels it is also a strong ferrite

former. Stainless steel wires that are high

in molybdenum are easily identified as

they usually have a suffix of Mol

(ex. 317L Mol).

Columbium (Niobium) and Titanium –

These act to stabilize the structure and pro-

perties of the weldment by preferentially

combining with carbon to form columbium

and titanium carbides. This prevents a loss

of chromium that can result in sensitiza-

tion (loss of corrosion resistance).

ER309-L

Electrode Alloy Series
Number

Rod Low Carbon

Liquids

Gases

Si + 2O -> Si O2
Mn + O -> MnO

C + O -> CO
C + 2O -> CO2



For Tubular Wire:

E – Designates an electrode which carries

current. No R is used because cut lengths

of tubular wires are not available. The

alloy designation here indicates the

chemical composition of the weld metal

deposited with this wire, not the composi-

tion of the wire itself.

T – This indicates the filler metal is a

tubular, or fabricated wire.

X – The indication of “0” (flat and horizon-

tal) or “1” (all position) immediately after

the “T” indicates the normal welding

position for this product.

X – The indication after the “dash”

describes the type of shielding to be used.

“1” is CO2, “3” is none, “4” is Ar/CO2,

and “5” is 100% argon.

Figure 23 shows the chemistries of some of

the more common filler metals.
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Figure 22 –

AWS Tubular Wire

Designation

Figure 23 –

Common Filler

Metal Chemistry
Wire Cr Ni Si Mn Mo

308 18-21 9-11 .3-.65 1-2.5 .75

309 23-25 12-14 .3-.65 1-2.5 .75

309L 23-25 12-14 .3-.65 1-2.5 .75

316 18-20 11-14 .3-.65 1-2.5 2-3

316L 18-20 11-14 .3-.65 1-2.5 2-3

321 18.5-20.5 9-10.5 .3-.65 1-2.5 .75

E309TX-X

Chemistry Shielding
Type

Electrode Tubular

Position



▲

C.
Solidification
of the Weld
Puddle

Figure 24 shows how a weld puddle cools

and solidifies. At the weld puddle to base

metal interface, crystals begin to grow into

the molten weld pool. This is very similar

to the growth of  ice crystals on a window

seen in time-lapse photography. The

crystals are called grains, and where they

meet and stop growing is called the grain

boundary. As the metal solidifies, the

solubility of gases decreases greatly. If

there is just slightly more oxygen in the

puddle than manganese and silicon

available for deoxidization (and also

possibly nitrogen), these gases will be

pushed to the centerline as the puddle

freezes. This causes porosity along the

solidification line and is known as

centerline porosity. Larger amounts of

contamination can cause gross porosity in

the weld and lead to the condition shown

in the bottom illustration in figure 24.

As the weld is finished, the cooling rate

at the crater increases because the weld

is losing heat in all directions. This rapid

cooling rate leaves less time for the gases

to leave the puddle, and a hollow gas

cavity can form at the crater.

Calculation of Deposition Rates

A very useful piece of information needed

when calculating the cost of welding is the

deposition rate. The deposition rate is

usually stated in pounds of wire per hour

of weld time. Figure 25 shows the multipli-

ers that can be used to determine deposi-

tion rate for different diameters of solid

wires. The multiplier is a factor that takes

into account the cubic inches of wire per

hour consumed and the density of steel,

to arrive at the rate in pounds per hour.

To calculate the deposition rate of an

.045" diameter wire at 500 ipm wire feed

speed, multiply the 500 ipm times the

.027 multiplier, and determine a rate of

13.5 lbs/hr of arc-on time. To determine the

actual amount of metal deposited, multiply

this weight by the duty cycle (% of an hour

that the arc is actually on) and the deposi-

tion efficiency of the process.

Figure 24 –

Solidification

of a Weld

Figure 25 –

Calculating

Deposition Rates

for Solid Electrodes
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Wire Diameter Multiplier

.030 .012

.035 .0163

.045 .027

.052 .0361

.0625 .0521

Example: an .045 wire at 500 ipm

500 ipm x .027 = 13.5 lbs/hour



S E C T I O N   6

Metal Transfer

6

▲

An understanding of metal transfer is very

helpful when trying to solve a welding

problem such as “why is there so much

spatter?” or “how can more penetration be

obtained?” In this section, electrical

▲

A.
Short-Arc

characteristics, wires and shielding gases all

come together. There are four major types

of metal transfer that will be discussed.

They are:

1. Short-Arc

2. Globular Transfer

3. Spray Transfer

4. Pulsed Spray Transfer

Figure 26 shows the pinch effect. The pinch

effect is a function of current, and tries to

pinch off the molten tip of the electrode.

Higher currents and smaller areas increase

the pinch effect and give cleaner metal

transfer with less spatter.

Figure 26 –

The Pinch Effect

Tries to Pinch off

the End of the

Electrode

Figure 27 –

In Short-Arc Transfer,

the Electrode Shorts

60-120 Times

Per Second
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Short-arc or short-circuit transfer is basi-

cally a low heat input, low penetration

process. Currents range from 40 to 50

amps (.023" wire) up to 250-275 amps

(0.052" diameter wire). Voltage ranges

from 14 to 21v. This process is a good

choice on thin material and sheet metal

and has been used extensively for out-of-

position MIG welding. Short-arc is also a

good choice where bridging gaps is a

problem.

This form of metal transfer is called short-

arc because the wire does electrically short

to the workpiece. When the wire touches

the base material, the arc goes out, and the

current flowing through the wire begins to

rapidly raise the temperature of the wire.

As seen in the power supply characteristic

curve, at 0 volts the power supply tries to

produce a maximum current output. When

the wire reaches its melting point, it flows

into the puddle and the arc reignites. This

shorting takes place very rapidly, from 60

to 120 times per second. Figure 27 shows

the droplet of molten weld metal pinching

off just before the arc reignites in the

third illustration.

P PP P

Short-Arc Globular Spray

The pinch effect is a function of current

Time (milliseconds)
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After adjusting the wire feed to do the job,

the voltage can be fine-tuned to where the

sound from the arc becomes smooth and

very regular (similar to the sound of bacon

frying). Electrical stick-out must be closely

controlled as it has a great impact on

current levels. At the low-end condition of

40-50 amps and 14-15 volts with a .023"

electrode, stick-out should be about 1/4".

With a .035" electrode at 80-90 amps and

15-16 volts, ESO should be about 3/8".

Also, the contact tip should extend out

of the gas nozzle from 1/8" to 3/16" to

increase current and arc stability at low

currents. At the high end of short-arc

transfer with a .045" electrode, current

will be at 225-235 amps and 20-22 volts.

Because of the high current levels, we

increase the ESO to preheat the electrode

and reduce the current. The ESO with

these conditions would be in the 5/8"-3/4"

range. This method gives a very control-

lable arc. If the arc is unstable, the usual

cause is that the ESO is too long or voltage

is too high. There should be very little

spatter with this process, regardless

of shielding gas. Argon mixtures, however,

provide smaller droplets with better gap

bridging and arc stability as a result.

To adjust the power supply for short-arc

transfer, two variables can help, if they

are available. The slope on some machines

is adjustable, either externally or with

internal taps. Figure 7 shows that the

steeper curve will limit the maximum

current that the power supply can deliver,

which is a real benefit when short-arc

welding at low currents on thin materials.

If the majority of your work is in the short-

arc range, it is probably worthwhile to

change an internal tap if the machine has

one.

A power supply that has an inductance

control is easier to use for short-arc

transfer. As shown in figure 10, adding

inductance slows the rate of current rise.

With this available, after wire feed and

voltage are adjusted, inductance should be

increased to the point where the metal

begins to transfer smoothly. By increasing

the inductance, the current rises at a slower

rate, and is at a lower level when the cycle

begins again than it would be without the

inductance in the circuit. Limiting short-

circuit current reduces explosive, harsh

metal transfer. Most short-arc welding is

done with .023", .035" or .045" electrodes.

Larger wires require too much current

for most applications.

Gas blends for welding stainless steel

that work well in short-arc transfer are

He/Ar/CO2 mixtures (Praxair's HeliStar™

A1025 and SS), Ar/CO2 mixtures with

less than 5% CO2 (Praxair's StarGold™

C-2 and C-5), Ar/O2 mixtures with less

than 3% O2 (Praxair's StarGold™ O-1 and

O-2) and hydrogen-enhanced mixtures

(Praxair's HydroStar™ gas blends). As wire

feed (current) increases, it is advantageous

to reduce the amount of carbon dioxide

used to make the weld puddle less fluid

and easier to control. Burn-through is also

reduced. On thinner materials, gases lower

in carbon dioxide minimize burn-through

thus permitting higher currents and travel

speeds. Helium is also added to the shield-

ing gas in some stainless steel welding

applications. It adds energy to the arc,

allowing better wetting characteristics at

lower welding current levels.
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The arc is continuously moving to the

place where the glob of metal is closest to

the work, where the minimum voltage is

required to sustain the arc. This creates the

instability that you see and hear in the arc

when the surface tension and the force of

the arc are finally overcome by gravity the

glob transfers. As the glob of metal hits the

work, it tends to splash, throwing spatter

out of the puddle onto the work.

Globular transfer occurs when voltages

and currents exceed that of the short-arc

range but fall short of the minimum

voltage and current required to get into

spray transfer. If you are using He/Ar/CO2

mixtures (Praxair's HeliStar™ gas blends),

Ar/1-2%O2 mixtures (Praxair's StarGold™

O-1 and O-2 gas blends) or a Ar/2%CO2

mixture (Praxair's StarGold™ C-2 gas

blend), globular transfer can be avoided by

setting the welding parameters correctly to

obtain spray transfer.

▲

B.
Globular
Transfer

Globular transfer is usually not the

recommended way to deposit weld metal

because of the inefficiency of the process.

This type of transfer produces the most

spatter. Depending on the current range,

shielding gas and power supply settings,

globular transfer can waste 10-15% of

the weld metal as spatter. Because of the

inefficiency of the process, slower travel

speeds or smaller bead sizes result at wire

feeds comparable to spray or short-arc

transfer.

When the tip of the wire begins to melt in

globular transfer, as shown in figure 28, it

only shorts to the workpiece occasionally,

due to higher voltages. The inconsistent

cracks and pops you hear are the breaking

of the short circuits. Unlike short-circuit

transfer, an arc is present most of the time,

and the metal begins to form a ball on the

end of the wire. This ball is held by the

surface tension and the force of the arc.
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Figure 28 –

Globular Transfer

Produces High

Levels of Spatter

Unstable Arc
High Spatter Levels



Spray transfer can be used on materials

as thin as 14 and 16 gauge metals with

the  right wire diameter (.023"). Thicker

section welding is where spray really gains

an advantage, especially in the flat and

horizontal positions. This type of metal

transfer can be used out of position but

wire diameter should be smaller and the

operating conditions less than in the flat

position. All steels (carbon and stainless),

and most other materials, can be GMAW

welded in spray transfer.

The gas mixtures used for spray transfer

contain lower levels of active gases (CO2

and O2) than blends for short-arc and

globular transfer. Most contain from 85 to

90% argon, and some blends contain both

carbon dioxide and oxygen. Some recently

developed mixtures also contain small

additions of helium (Praxair's HeliStar™

gas blends) to increase the energy in

the arc.

For welding austenitic (300 series) stainless

steels, blends of argon with 2-5% carbon

dioxide or 1% oxygen are common.

Mixtures containing helium (Praxair's

HeliStar™ SS gas blend) or small additions

of hydrogen (Praxair's HydroStar™

hydrogen-enhanced gas blends) are used

to produce high quality weld beads.

For ferritic grades, Ar/O2, Ar/CO2 (with

up to 8% carbon dioxide), and Ar/He/CO2

blends are used. Hydrogen-containing

blends cannot be used because of the

increased potential for weld metal

cracking.

Spray transfer is a very clean, high effi-

ciency process. All wire diameters can be

used. For most applications in the 175 amp

to 400 amp range, .035" to 1/16" wires

work well. When the welding equipment is

set up properly, there is almost no spatter

and 97-98% of the filler weld is deposited

in the weld puddle (deposition efficiency).

In spray transfer, the tip of the electrode

becomes pointed, as figure 29 shows.

Because the tip is so small, the current

density (amps/square inch) and the pinch

force are very high. This pinches off metal

droplets that are smaller than the diameter

of the wire. The droplets are accelerated by

the magnetic field around the arc instead

of transferring by gravity as in globular

transfer. The small droplets are absorbed

into the weld pool rather than splashing.
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C.
Spray Transfer

Figure 29 –

Spray Transfer

is a Very High

Efficiency Process

Droplets smaller
than diameter of
electrode

Very low spatter

Minimum voltage
and current
required



Transition Currents

To set a welding system for spray, there

are minimum voltages and currents

required. Voltages range from 24 to 25 v

(small diameter with Ar/O2) to 30+volts

(hi-deposition with helium mixtures). A

good place to start is around 26-27 volts.

Using figure 30 as a guide, make sure that

your current is set slightly above the

transition current shown. Then reducing

the spatter  is usually just a matter of

increasing the voltage until the electrode

begins to neck down and small metal

droplets leave the wire tip cleanly.

Figure 31 shows the spray transfer ranges

for .035" and .045" electrodes when using

98% Ar/2% O2 as a shielding gas. Notice

the minimum voltage and current required

to get the .035" into spray are about 150

amps and 26 volts. When using the .045"

electrode, the minimums are 200 amps

and 27 volts. If the settings used are a

little below either of these levels, spatter

will result.
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Figure 30 –

Transition Currents

with Various

Shielding Gases

Wire O-1 O-2 Helistar PulseBlend

.035 150 155 185 145

.045 200 205 235 185

.052 235 240 270 210

.0625 290 295 325 255

Figure 31 –

Spray Transfer

Ranges for

98% Ar/2% O2

.035" and .045"

Electrodes

100 200 300 400
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* Voltage should be measured between the positive (+) terminal on the wire
   feed and the workpiece (–). Voltage drops due to resistance in welding cables
   can be up to 6-7 volts. Use this method to help reduce spatter.



Pulsed spray transfer is a process that

combines the lower heat inputs associated

with short-arc with the spatter free metal

transfer and good penetration associated

with spray transfer. A graph of current vs.

time (figure 32) shows the shape to be a

square wave. The current at the top of the

square wave is called the peak current, and

the current at the bottom of the square

wave is called the background current. The

background current keeps the arc estab-

lished, but at very low currents – typically

20-40 amp. When the current rises to the

peak current, the wire is melted into a

singular droplet and is transferred across

the arc in pulsed spray transfer. Because

of the small size of the droplet, spatter is

minimized and penetration is easily con-

trolled due to the lower average currents

when compared to spray transfer.

Due to its low heat input and fast freeze

puddle, pulsed spray is beneficial for out-

of-position work and for filling gaps. Since

it can produce high peak currents, a larger

wire can usually be used over a wider oper-

ating range. A larger wire (.045 instead of

.035) will usually reduce wire costs and

reduce wire feeding problems, especially

for soft materials such as aluminum or

copper alloys.

Recent research has shown that inverter

pulsed power supplies with very rapid

current rise can reduce the fume associ-

ated with higher current GMAW welding.

The fuming is caused by superheating the

molten tip of the wire and causing the

metal to boil. The very rapid current rise

reduces the superheating, leading to the

reduced fume generation rates.

Any gas blend recommended for conven-

tional spray transfer will generally work

acceptably well with pulsed spray transfer.

High helium blends may require special

power supply programming to obtain

optimum performance.

▲

D.
Pulsed Spray
Transfer

Figure 32 –

Pulsed Spray

Transfer Produces

Low Heat Inputs

With Very Clean

Transfer
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Copies of these diagrams can be found in

documents published by the American

Welding Society and a number of the filler

metal manufacturers.

Some applications can also benefit from

the use of low carbon and stabilized filler

materials that help control sensitization.

High silicon wires are specified to improve

metal transfer and make the puddle more

fluid for improved bead shape.

Figure 33 –

Sensitization of a

Stainless Steel
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4. Fill the crater upon weld completion

A very good welding practice is to spend

an extra fraction of a second at the weld

crater to ensure that it fills properly. The

shrinkage stresses that occur as the weld

metal solidifies can produce strains great

enough to pull the metal in the crater apart

as it is freezes. These cracks are sometimes

not visible to the naked eye. Filling the

crater provides enough metal to resist

these strains, while the increased heat also

helps to slow the weld cooling rate to

reduce any strain produced.

5. Avoid sensitization (overheating the

base material)

Sensitization is the formation of chromium

carbides in the heat-affected zone (HAZ),

the area directly adjacent to the weld. The

heat-affected zone has been heated to just

below its melting temperature followed by

rapid cooling. As figure 33 shows, the metal

atoms occupy the regular sites in the mat-

rix. These metals are the iron, chromium,

nickel, molybdenum and manganese

atoms. The carbon atoms occupy the small

spaces between the metal atoms called

interstitial spaces. In the temperature

range of 800 F - 1500 F, the carbon atoms

actually move through the metal matrix

and combine with the chromium atoms to

form chromium carbide (Cr23C6).

Stainless steels begin to lose corrosion

resistance when the free chromium in the

matrix falls below about 10.5%. When

carbide precipitation occurs, some chro-

mium is tied up as carbides (lowering the

level to <10.5%), and the corrosion

resistance of the material is reduced.

Iron Chromium Carbon

Base Metal HAZ Weld Metal

CrC

CrC



This loss of corrosion resistance typically

occurs in the HAZ, as shown in figure 34.

When a sensitized weldment is put into

service, the corrosion will occur just beside

the weld (HAZ) and often penetrates

through the base metal. Sensitized stainless

steel weldments are sometimes referred to

as “peppered weld metal” as the precipi-

tate is dark in color and heavily oxidized.

The three most common methods available

to avoid sensitization are:

1. Post weld heat treatment

2. Low carbon materials

3. Stabilized grades of materials and fillers

1. Use a post weld heat treatment

A postweld heat treatment entails heating

the entire weldment to about 1900 F

allowing the carbides to go back into

solution in the matrix. The weldment is

then cooled very rapidly to allow very little

time for another precipitation reaction to

occur. This technique does have problems

because at 1900 F, stainless steels oxidize

rapidly and so must be heated in an inert

atmosphere to prevent oxides from

forming. Another problem is that it is

sometimes very difficult to cool a large

weldment very quickly to prevent carbide

precipitation. Because of these problems,

this technique is not used very often.

2. Use low carbon materials

By reducing the level of carbon in the

material, a low carbon or “L” grade

material is produced. Typical examples are

304L, 308 ELC and 316L. If the available

carbon is limited, the problem of sensitiza-

tion is limited. Production of low carbon

stainless steel is done using a steelmaking

process known as argon/oxygen decarbur-

ization (AOD), patented by Praxair, Inc.

3. Use stabilized grades of materials

and fillers

The stabilized grades of stainless steels

contain titanium and niobium (colum-

bium). These elements have a higher

affinity for carbon than chromium does.

This means if precipitation occurs, the

carbon will preferentially combine with

these elements so that the free chromium

in the matrix is not reduced.
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Figure 34 –

Sensitization
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Technique is very important when welding

any type of material, and gets more

important as the alloy content increases.

Torch angle, feed roll tension, burnback,

S E C T I O N   8

Technique and Equipment Set-Up

8

▲

arc and puddle position, vertical down

welding technique, gaps, crater filling and

arc starting will be discussed here.

▲

A.
Torch Angle

There is a specific amount of energy avail-

able from the arc to heat and melt the base

metal. Torch angle plays a very important

role in the shape of the bead and the depth

of penetration into the base metal, as

figure 35 shows. A leading (or push) angle

will use some of the arc energy to preheat

the base metal before it is welded. Because

of the elevated temperature of the base

metal, the bead will cool more slowly. This

allows the face of the weld to come to

equilibrium and will give a relatively flat

face. If a lagging (or drag) angle is used,

very little of the arc energy goes into

preheating the base metal, and deeper

penetration is the result. Because of the

lack of preheat, the bead will tend to be

convex (humped) because the weld will

cool more quickly.
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Figure 35 –

Torch Angle Affects

Penetration and

Bead Shape

Travel

Lead Angle (Push) Lag Angle (Pull)


