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Preface

This is the fourth volume of the five volume series for the 7th Edition of the Welding
Handbook. This volume updates and expands the information on the weldability, brazeabil-
ity, and solderability of metals and their alloys, Information contained in Volumes 1,2, and
3 supplements the material presented herein with respect to welding metallurgy, joining
processes, testing methods, residual stresses, and distortjon.

The order of presentation has changed somewhat from the corresponding volume of
the 6th Edition. The information-presented on many metals is more extensive. Chapters
covering tool and die steels and commonly uséd, dissimilar metal combinations are now
included. Carbon and low alloy steels, stainless steels, and high alloy steels (other than tool
and die steels) are grouped in distinct chapters to show their similarities with respect to
Joining. The reactive metals, titanium, zirconium, hafnium, tantalum, and columbium, are
grouped in a chapter for the same reaspn. Another chapter addresses the jojning of
nonstructural metals including beryllium, uranium, molybdenum, tungsten, lead, and the
precious metals.

Some of the subjects covered in Section (Volume) 1 of the 6th Edition will be revised
in Volume 5 of this Edition, when published. That volume should be retained until Volume
5 is available. ) ' .

An index of major subjects precedes the volume index. It enables the reader to quickly
locate information on a major subject in the current volumes of Welding Handbook,
including Volumes (Sections) 1 and 5 of the 6th Edition. s

This volume was a voluntary effort by the Welding Handbook Committee and: the
Chapter Committees. The Chapter Committee Members and the Handbook Committee
Member responsible for a chapter are recognized on the title page of that chapter. Other
individuals also contributed in a variety of ways, particularly in chapter reviews, All
participants contributed generously of their time and talent, and the American Welding
Society expresses herewith its appreciation to them and to their employers for supporting
the work, ’

The Welding Handbook Committee expresses its appreciation to Richard French,
Deborah Swain, Hallock Campbell and other AWS Staff Members for their assistance in
the production of this volume, ' '

The Welding Handbook Committee welcomes your comments on the Handbook.
Please address them to the Editor, Welding Handbook, American Welding Society, P.O.
Box 351040, Miami, FL 33135.

LR.Condia, Chairman W. H. Keams, Editor
Welding Handbook Committee Welding Handbook
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1

Carbon and Low Alloy Steels

WELDING CLASSIFICATION

From a weldability standpoint, carbon and
low alloy steels can be divided into six general
classes or groups according to composition,
strength, heat treatment, or corrosion protection.
There will be some overlap in these groups be-
cause some steels are used in more than one heat-
treated condition, The groups are as follows:

(1) Carbon steels

(2) High-strength low alloy steels
(3) Quenched-and-tempered steels
(4) Heat-treatable low alloy steels-
(5) Chromium-molybdenum steels
(6) Precoated steels

Carbon steels contain carbon up to about
1.00 percent, manganese up to about 1.65 per-
cent, and silicon up to about 0.60 percent, Car-
bon steels are normally used in the as-rolled
condition, although some may be in the annealed
or normalized condition,

High-strength low alloy steels are designed
to provide better mechanical properties than con-
ventional carbon steels. They are generally clas-
sified according to mechanical properties rather
than chemical compositions. Their yield strengths
generally fall within the range of 42 to 70 ksi.
These steels are usually welded in the as-rolled
or normalized condition.

Quenched-and-tempered steels are a group
of carbon and low alloy steels that are generally
heat treated by the producer to provide yield
strengths in the range of 50 to 150 ksi. In addi-
tion, they are designed to be welded in the heat
treated condition. Normally, the weldments are
not postweld heat treated except for a stress re-

. lxevmg operation to reduce welding or cold-

fortmng stresses. Steels in this group include

carbon and -alloy steels designed for welded
construction,

Heat-treatable low alloy steels are, from a
weldability standpoint, alloy steels that will not
retain desirable properties after welding, They
must be given a postweld heat treatment to obtain
the best combination of properties offered by the
steel. These steels generally have higher carbon
contents than high-strength low alloy or quenched-
and-tempered steels. Consequently, the steels are
capable of higher mechanical properties but suf-
fer from a lack of toughness. _

Chromium-molybdenum steels are primar-
ily used for service at elevated temperatures up
to about 1300°F in applications such as power
plants and petroleum refineries. They are welded
in various heat-treated conditions: annealed, nor-
malized and tempered, or quenched and tem-
pered. Welded joints are often heat treated prior
to use to improve ductility -and toughness and
reduce welding stresses.

Precoated steels have a thin coating of alu-
minum, zinc, or a zinc-rich primer to provide
enhanced resistance to atmospheric corrosion or
elevated temperature oxidation. Metal coatings
may be applied by hat dipping, electrodeposi-
tion, or thermal spraymg, depending upon the
type. Zinc-rich prlmers are applied by roller coat-
ing or spray painting, Many applications involve
sheet and strip, but numerous structural appli-

cations involve zinc-coated (galvanized) plate -

and structural sections. In all cases, the steel is
coated prior to welding. .

Steels in the six groups are available in
varfous product forms mcludmg sheet, strip,
plate, structural shapes pipe, tubmg, forgmgs,

M
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and castings. Regardless of the product form, the
composition, mechanical properties, and condi-
tion of heat treatmient must be known to establish
satisfactory welding procedures. Although most
steels are used in wrought form the same consid-
erations apply to forgings and castings since
weldability is primarily a function of composi-
tion, properties, and heat treatment. However,

General Considerations / 3

with large forgings and castings, consideration
should be given to the effect of size or thickness
with respect to heat input, cooling rate, and re-
straint. Also, the effects of residual elements in
a casting, which may not be present in wrought
steels, and localized variations in composition
must also be taken into consideration.

GENERAL CONSIDERATIONS

HYDROGEN INDUCED CRACKING

One problem that may be encountered when
welding many steels under certain conditions is
hydrogen induced cracking.' Such cracking is
known by various other names, such as under-

“bead, cold, or delayed cracking. It generally oc-

curs at some temperature below 200°F immedi-
ately upon cooling or after a period of several
hours, the time depending upon the type of steel,
the magnitude of the welding stresses, and the
hydrogen content of the steel weld and heat-af-
fected zones. Delayed cracking normally takes
place after the weldment has cooled to ambient
temperature. In any case, it is cold cracking as
opposed to hot cracking, and is caused by dis-
solved hydrogen entrapped in small voids or dis-
locations in the weld metal or heat-affected zone.
Sometimes, the weld metal may crack, although
this seldom occurs when its yield strength is
below about 90 ksi. Diffusion of hydrogen into
the heat-affected zone from the weld metal dur-
ing welding contributes to cracking in this zone.
Microstructure of the steel is also a contributing
factor. : . .

Contributing Conditions

Hydrogen-induced cracking in welded joints
may be caused by stresses developed from trans-

1. For additional information, refer to the Welding
Handbook, Volume 1§, 7th Edition, 1976; 122-42, and
Linnert, G.E., Welding Metallurgy, Volume 2, 3rd Edi-
tion,*1967: 25076, published by the American Welding
Society.
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formation hardening or by excessive stresses im-
posed upon the joint. Such cracking is associated
with the combined presence of three conditions,
namely: _ '
(1) The presence of hydrogen in the steel.
(2) A microstructure that is partly or wholly
martensitic. '
(3) A tensile stress at the sensitive location.
Hydrogen-induced cracking will not take
place if.one or more of these conditions is absent
or at a low level,

Hydrogen Sources

Hydrogen is generally introduced during
welding, The source may be the filler metal,
moisture in the electrode covering, welding flux, -
or shielding gas, or a contaminant on the filler
or base metal. The filler wire or rod may be
contaminated with dissolved hydrogen during
processing.

Molten steel has a high solubility for atomic
hydrogen that may be formed by the dissociation
of water vapor or a hydrocarbon in the welding
arc. The diffusion rate of atomic hydrogen in
steel at or near its melting temperature is high.
Therefore, the molten weld metal can rapidly
pick up atomic hydrogen from the hot gas in the
arc. Hydrogen atoms can diffuse rapidly from
the weld metal into the heat-affected zone of the
base metal,

During cooling and phase transformation,
the absorbed hydrogen is rejected from the iron
and tends to concentrate at microstructural dis-
locations and voids in the matrix. This tends to
distort the iron and induce localized tensile
stresses that may accumulate.
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Microstructure

Cracking is most likely to be promoted by
hydrogen when the steel has a martensitic micro-
structure, With this microstructure and a quantity
of hydrogen present, a tensile stress much lower
than the normal cohesive strength of the metal
can initiate a crack, Possible sources of stress
are phase transformation, thermal contraction,
mechanical restraint, or applied loads, In gen-
eral, the stress required to produce a crack in
steel is progressively lower as the hydrogen con-
tent increases. The susceptibility of martensite
to hydrogen-induced cracking is believed to be
partly due to high local tranisformation stresses.

A bainitic microstructure in steel displays
a markedly lower susceptibility to cracking from
hydrogen. The local stresses are significantly
lower in bainite even though it will have a hard-
ness approaching that of any martensite in the
microstructure.

A mixture of ferrite and high-carbon mar-
tensite or bainite is also quite susceptible to hy-
drogen embrittlement. This microstructure is
produced during cooling from austenite at a
slightly faster rate than the critical cooling rate
for the steel, Therefore, any localized area of
such a mixed microstructure is likely to display
cracking. Because there is a range of cooling

rates in a weld heat-affected’zone, there is certain -

to be a narrow region in the zone where a crack-
sensitive structure is produced,

Susceptibility to cracking can be reduced
by minimizing the formation of martensite in the
weld metal and heat-affected zone. This can be
done by controlling the cooling rate of a weld;
Cooling rate depends upon section thickness,
preheat temperature, welding heat input, and
postweld thermal treatment. With some steels,
however, a change in welding procedures that
reduces the amount of martensite in the micro-
structure may result in a detrimental change in
certain mechanical properties of the welded joint.

Stresses

Tensile stresses resulting from martensitic
transformation can be intensified by additional
stresses caused by (1) thermat contraction of the
weld metal and heat-affected zone, (2) restraint

_on the welded joint imposed by the weldment

design, or (3) the fabrication sequence. These
stresses may be reduced by preheating to reduce
the cooling rate, adjusting the welding procedure
toreduce heat input, or redesigning the weldment
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or fabrication sequence to reduce restraint on the
joint, .

Underbead Cracking

The greatest problem with hydrogen-in-
duced cracking arises in the heat-affected zone
of hardenable steel, Cracking in this particular
location is called underbead cracking when it is
present a short distance from the weld interface,
as illustrated in Fig. 1.1, Sometimes, the crack
will initiate in the heat-affected zone but follow
some other path as it propagates through unaf-
fected base metal. )

As mentioned earlier, a mixed structure of
ferrite in a matrix of martensite or bainite seems

to display a high susceptibility to hydrogen ém- -

brittlement and cracking, A structure of this kind
is likely to form in the heat-affected zone at a
greater distance from the fusion line as the hard-
enability of the steel increases.

Weld Metal Cracking

Weld metal normally presents fewer prob-
lems with hydrogen-induced cracking than the
base metal. This is probably a result of the gen-
eral use of a filler metal with a lower carbon
content. However, hydrogen can embrittle the
weld metal to a significant extent.

Fig. 1.1—Underbead crack in a low alloy
steel bead-on-plate weld (10% Nital etch)
(x8)

-
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One form of hydrogen-induced cracking
that occurs in weld metal appears as small bright
spots on the fractured faces of broken specimens
of weld metal. These spots are called fisheyes.
The fisheye usually surrounds some discontinu-
ity in the metal, such as a gas pocket or a non-
metallic inclusion, which gives the appearance
of a “pupil in an eye.”

The conditions that lead to the formation of
fisheyes in weld metal can be minimized by using
dry low hydrogen electrodes or by heating the
weldment for some period at a temperature in the
range of 200° to 1300°F Longer times are re-
quired with lower temperatures.

Microcracks may be observed in weld metal
deposited with electrodes containing cellulose in
the covering or low hydrogen electrodes with
excessive moisture in the covering. These micro-
cracks are generally oriented transverse to the
axis of the weld. They should not be present in
the weld metal deposited with dry low hydrogen
electrodes.

Avoiding Cracking -

The tolerance of steels for hydrogen de-
creases as the carbon or alloy content is increased
to achieve higher strength because the hardness
of the martensite in the microstructure increases
also. Welding stresses tend to increase at the
same time, For example, some steels containing
less than about 0.15 percent carbon, such as low
carbon steel, may be welded with E6010 or E6011
covered electrodes, These electrodes are,char-
acteristically high in hydrogen because the cov-
erings contain cellulose and 3 to 7 percent mois-
ture. On the other hand, high-strength low alloy
steels, such as HY-130,2 must be welded with
covered electrodes that contain no more than 0.1
percent moisture in the covering. Moisture or
hydrogen limitations for covered electrodes vary
between these two levels, depending upon the
steel being welded.

Hydrogen—mduced cracking can be con-
trolled using (1) a welding process or an elec-
trode that produces little or no hydrogen, (2) a
combination of welding and thermal treatments
that drive off the hydrogen or produce a micro-
structure that is insensitive to it, or (3) welding

-procedures that result in low welding stresses.

Fee—

2. Refer to Table 1.15 for the chemical composition of
HY-130 alloy steel.
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Welding Process. Available hydrogen during
welding can be limited by using a “low hydro-
gen” process. Primary sources of hydrogen are
cellulose, moisture, or both, in the electrode cov-
ering with shielded metal arc welding, moisture
in submerged arc welding flux, and moisture in
core ingredients of flux or metal cored elec-
trodes. Other sources of hydrogen are adsorbed
moisture, rust, or hydrocarbon contaminants (oil,
grease, drawing lubricants, or paint) on the filler
metal or the base metal. Shielding gas contami-
nated with humid air or meisture is another
source of hydrogen.

The use of low hydrogen electrodes is rec-
ommended for shielded metal arc welding of
crack-sensitive steels. However, the moisture
content of the electrodes must be maintained
within specification limits for welding a specific
steel. :

Electrodes are manufactured to be within -
acceptable moisture limits, consistent with the
type of covering and strength of the weld metal,
Low hydrogen electrodes are packaged in a con-
tainer that provides the moisture protection nec-
essary for the type of covering and the application.

Such electrodes can be maintained for many
months in the containers when stored at room
temperature with the relative humidity at 50 per-

cent or less, or in electrode holding ovens for

short times.. However, the coverings may absorb
excessive moisture if the containers are damaged
or the electrodes are improperly stored.

The low hydrogen (EXX15 and EXX16) and
low hydrogen, iron powder (EXX18, EXX28 and -
EXX48) electrodes are designed and developed
to contain the minimum amount of moisture in
their coverings. To maintain this low moisture
level in the covering, hermetically sealed con-
tainers are mandatory for electrodes that deposit
weld metal with a tensile strength of 80 ksi or
higher. Such containers are optional for elec-
trodes of lower strength classifications.? Elec-
trodes that have been exposed to a humid atmos-.
phere for an extended time may absorb excessive

- moisture, The moisture content of electrades that

have been exposed to the atmosphere should not
exceed the limits given in the appropriate speci-
fication. If there is a possibility that the elec-
trodes have picked up excessive moisture, they

3. Refer to AWS AS5.1-81, Speciﬁcati'on Jor Carbon
Steel Covered Arc Welding Electrodes, or AWS AS.5-
81, Specification for LowAlon Steel Covered Arc Weld-

. ing Eleclrodes
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- may be reconditioned by rebaking. Some elec-

trodes require rebaking ‘at a temperature as high
as 800°F for approximately 2 hours. The proper
temperature and time for reconditioning specific

electrodes are determined by the time of expo-

sure and the relative humidity and temperature
conditions. The appropriate time and tempera-
ture for this reconditioning should be requested
from the electrode manufacturer.

Current specifications for submerged arc,

gas metal arc, and flux-cored arc welding elec-
trodes do not specify limits on moisture or hy-
drogen content of the electrodes or flux. The
welding code may place limits on them, and may
specify the required conditions for baking sub-
merged arc welding flux.* Flax-cored electrodes
that have been contaminated with moisture or
any other hydrogen-containing substance should
not be used to weld steels that are sensitive to
hydrogen-induced cracking.
Thermal Treatments. Preheating and postheating
should be considered when there is danger of
hydrogen-induced cracking in the welded joint.
Postheating should be done immediately after
welding without intermediate cooling. The post-
heat temperature may be that used for preheating
(200° to 600°F). The holding time at postheat
temperature depends upon the joint thickness
because the length of the path over which the
hydrogen must diffuse to the surface is a con-
trolling factor. Raising the temperature modestly
will markedly reduce the time needed for re-
moval of hydrogen. Heating at about 375°F for
24 hours is considered optimum for reducing the
average hydrogen concentration to a safe level.

Since the solubility for hydrogen increases
rapidly with rising temperature a postheat tem-
perature must be ‘a compromise between in-
creased diffusion rate and greater solubility at
elevated temperatures. Preheating and postheat-
ing temperatures also influence cracking indi-
rectly because of their effect on cooling rate and
resulting microstructure. Preheating can increase

4, AWS D1.1-81, Structural Welding Code-Steel, re-
quires that flux be baked at 250°F min, for 1 hour if
the packaging had been damaged. The top 1-inch thick
layer of exposed flux in hoppers and wet flux must be
discarded. These procedures should be followed for all
applications.

5. When preheating, the metal must be heated to the
appropriate temperature throughout the section thick-
ness without intermediate cooling prior to or during
welding, unless precautions are taken to avoid cracking.
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the rate of hydrogen diffusion from the weld
area, témper any martensite that forms, and de-
crease the cooling rate of the weld. The latter
effect produces weld microstructures, other than
martensite, that have lower susceptibility to
cracking, For this reason, the engineer may spec-
ify a preheat temperature above 375°F when hy-
drogen solubility and diffusion rate are the only
considerations.

Weldments of steels that are quenched and
tempered to achieve desired properties require
special treatment. They must be either welded
with a low hydrogen process or postheated, as
described previously, prior to the hardening heat
treatment. .

When a specific preheat temperature is not
required, it is best to have the steel at a temper-
ature above 32°F for welding to avoid cracking.
If the steel temperature is below 32°F, it should
be heated to at least 60°F before welding is
started. Under humid conditions, the steel should
be heated to a higher temperature to drive ad-
sorbed moisture from its surfaces, This is espe-
cially true for steels that are sensitive to hydro-
gen-induced cracking. o i .

INTERRUPTION OF HEATING CYCLE

Where preheating, heating during welding,
and postheating are employed in a welding pro-
cedure, there is sometimes a question as to
whether the weldment should be allowed to cool
to room temperature during or after welding but
before final heat treatment. The effects of inter-

rupting the heating cycle are both metallurgical .

and mechanical in nature. Metallurgical effects
involve microstructural changes. The mechanical
effects involve thermal contraction in the weld-

ment that may produce localized distortion or

high residual stresses. Accordingly, the greatest
assurance of successful welding requires the use
of continuous heating without interruption and
postweld heat treatment immediately after com-
pletion of welding.

However, there may be operational or eco-
nomical reasons for not carrying out a continuous
heating procedure. Interrupted operations are
necessary in sotne cases and quite common in
many applications. It is difficult to make general
rules for when interruptions are permissible be-
cause there are many factors that must be con-
sidered, some of which are discussed below.

Ambient Air Temperature

With low ambient temperatures, it is good

e E——— |
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practice to preheat prior to welding, Preheat tem-
perature should be maintained during welding to
avoid low toughness in the weld and heat-affected
zones. This procedure will also reduce the pos-
sibility of hydrogen-induced cracking,

Hydrogen-Forming Contaminants

Hydrogen can be introduced into the arc

~ from water vapor and other materials in the cov-

erings of certain types of welding electrodes, as
discussed previously. If hydrogen is absorbed in
the metal, it may produce high internal stresses
and cracking when the weldment is cooled. In-
terrupting the heating cycle is safer when low
hydrogen welding procedures are used. Even
then, post heating the weld area for a few hours
at approximately 400°F diffuses hydrogen away
from the heat affected zone and permits cooling
the weldment without risk of delayed cracking.

Joint Restraint

Interruptions in heating are less desirable if
a partially completed weld will be subjected to
bending moments or to high restraint when
cooled. All welding and postweld heat treatment
should be completed before a weldment is ex-
posed to-any type of loading,

Hardenability

Once welding has started, heating of steels

with high hardenability should not be interrupted -

unless appropriate steps are taken to avoid crack-
ing, These procedures are discussed later for the

various types of hardenable steels.

Base Metal Thickness

-An increase in section thickness increases
both the restraint on the weld and the cooling
rate from welding temperatures of both the heat-
affected zone and the weld metal. Accordingly,
the weld area is subjected to high residual
stresses.

For a given joint thickness, the greater the
percentage of the weld completed, the more
nearly the strength and rigidity of the joint ap-
proach those of a completed weld. Also, the unit

“stresses in the deposited weld metal will be lower.

For this reason, an interruption of welding is
generally not permitted until some minimum
amount of weld metal or a given fraction of the
joint thickness has been welded.

Wherever interruptions are permitted, the
weldment must be cooled slowly and uniformly,
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Welding should not resume until the Vweld area
has been reheated umformly to the specified pre-
heat temperature.

LAMELLAR TEARING

Groove welds, fillet welds, or combinations
of these in comer or T-joints can result in high
welding stresses in the base metal adjacent to the
weld metal. High tensile stresses can develop
perpendicular to the mid-plane of the steel plate
(through-thickness direction) as well as parallel
to it. The magnitude of these stresses depends.
upon the size of the weld, the welding proce-
dures, and the restraint imposed on the joint by
the weldment design. :

When welding steel plate and structural
shapes produced by conventional steel-making
processes, any high internal tensile stresses de-
veloped perpendicular to the surface may cause
tearing within the steel. The tears may or may
not propagate to exposed surfaces, This tearing
is usually associated with inclusions in the steel,
and it progresses from one inclusion to another.
On an etched cross section through the steel,
lamellar tearing is characterized by a step-like or
jagged crack with each step nearly parallel to the
mid-plane of the plate. Figure 1.2 illustrates typ-
ical joint designs where lamellar tearing may take
place, and its location with respect to the weld.

There is some evidence that sensitivity to
lamellar fearing is increased by the presence of
hydrogen in the steel. Various types of inclusions
also increase the sensitivity of steel to lamellar

" tearing. Some manufacturers offer steel that is

specially produced to reduce the sensitivity to
this behavior. The following are some ap-
proaches to minimize lamellar tearing: -

(1) Change the location and design of the
welded joint to mmlmxze through-thickness
strains.

(2) Use a lower strength weld metal.

(3) Reduce the available hydrogen.

(4) Butter the surface of the plate with weld
metal prior to making the weld.

(5) Use preheat and mterpass temperatures
of at least 200°F :

(6) Peen the weld beads.

(7) Use steel specially processed to have
improved through-thickness properties.

" The most reliable method of avoiding la-
mellar tearing is to use specially processed mill
products. It is difficult to detect subsurface la-
mellar tearing that would be detrimental in crit-
ical applications.
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Fig. 1.2—Weld joint designs in steel plate that are proné to lamellar leéring and the likely
’ focation of tears.

CARBON STEELS

DESCRIPTION

" Carbon steels are alloys of iron and carbon
in which carbon does not usually exceed 1 per-
cent, manganese does not exceed 1.65 percent,
and copper and silicon each do not exceed 0.60
percent. Other alloying elements are normally
not present in more than residual amounts. The
properties and weldability of these steels depend
mainly on carbon content, Other elements have

-only a limited effect,
Carbon steel can be classified, according to
yarious deoxidation practices, as rimmed, capped,

semikilled, or killed steel. Deoxidation practice
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and the steel making process will have an effect
upon the charactetisitics and properties of the
steel. Variations in carbon have the greatest effect
on mechanical properties with increasing carbon
content leading to increased hardness and strength,
Carbon steels are generally categorized accord-
ing to their carbon content as indicated in Table
11, C

AISI-SAE carbon steels are the 10XX,
11XX, 12XX, and 15XX groups, The 10XX
group has a maximum of 1.0 percent manganese,
but manganese in the 15XX group ranges from
1.00 to 1.65 percent. The 11XX resulfurized
steels and the 12XX resulfurized and rephos-
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. . Table 11
Classification and weldability of carbon steels
Carbon -
: content, Typical
Common name percent hardness Typical use ) Weldability
Low carbon 0.15 max 60HRB  Special plate and shapes, Excellent . V
steel sheet, strip, welding
electrodes
Mild steel 0.15-0.30 90HRB  Structural shapes, plate, Good
- o and bar
Medium carbon 0.30-0.50 25HRC  Machine parts and tools Féir (preheat and postheat
steel normally required; low-
hydrogen welding process
recommernded)
High carbon 0.50-1.00 . 40HRC  Springs, dies, railroad rail ~ Poor (low-hydrogen welding
steel process, preheat, and )

postheat requited) -

phorized steels are used for improved machina-
bility. However, they are difficult to fusion weld
because of their hot cracking tendencies.
ASTM Standards designate carbon steels on
the basis of chemical or mechanical properties,
or both, in conjunction with the product form
and the intended application. Typical ASTM car-
bon steels used on construction, pressure vessels,
and piping are listed in Table 1.2 :

WELDABILITY CONSIDERATIONS

Microstructure

Metal temperatures during welding may
range from that of molten weld metal down to
that of unaffected base metal. A continuous tem-
perature gradient will exist between the two ex-
tremes. The microstructure and mechanical
properties of a portion of the heated steel (heat-

affected zone) will be changed as a result of -

welding, Such changes will depend upon the
composition of the steel and the rate at which the
steel is heated and cooled.

With some steels, the thermal cycle may
result in the formation of martensite in the weld
metal apd heat-affected zone.® The amount of

6. Refer to the Welding Handbook, Volume 1, 7th
Edition, 107-17, for additional information.
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martensite formed and the hardness of the steel
depend upon carbon content as well as the heat-
ing and cooling rates, Figure 1.3 gives the rela-
tionship between hardness and carbon content
for steels that are 50 or 100 percent martensite
after quenching. Martensitic transformation and
the resulting high hardness can lead to cracking
in the weld or heat-affected zone if the metal
cannot yield to relieve welding stresses. The de-
gree of hardening in the heat-affected zone is an
important consideration detérmining the welda-
bility of a carbon steel. Obviously, weldability
generally decreases with increasing carbon or
martensite in the weld metal or the heat-affected
zone, or both, )

Carbon Equivalent

Although carbon is the most significant al-
loying element affecting weldability, the effects
of other elements can be estimated by equating
them to an equivalent amount of carbon. Thus,
the effect of total alloy content can be expressed
in terms of .a carbon equivalency (CE), One em-
pirical formula that may be used for judging the
risk of underbead cracking in carbon steels is:

CE = %C + %Mn4+ %oSi
Figure 1.4 shows in a general way the re-
lationships between carbon steel composition
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Table 1.2 '
‘Composition and strength requirements of typical ASTM carbon steels
Type ’lypicai composition limits, percent* Tensile Min. yield
: . ASTM or " strength,  strength,
Application  Standard  Grade C - Mn St ki ksi
- " Structural steels )
Welded buildings, ~ A36 0.29 0.80- 0.15— 5880 36
bridges, and general - 1.20 0.40
structural purposes
Welded buildings ~ AS529 027 120 - 60-85 a2
and genheral
purposes
Generalpurpose ~ AS70 30,33,36,40, 025 = 0.90 - 49-55 30
sheet and strip - 45,50 0.25 135 - 60-65 45
General purpose A573 S8 ) 0.23 0.60— “0.10~ 58-71 32 .
plate (improved ’ 0.90 - 0,35
toughness) 65 0.26 0.85— 0.15- 65-17 35
1.20 0.40 .
70 - 0.28 085— ~ 0.15- 70-90 42
. : 1.20 0.40 e
Pressure vessel steels ' )
Plate, low and A285 A 0.17 0.90 - 45-65 24
intermediate tensile B 0.22 0.90 - - 50-70 27
strength C 0.28 - 0.9 - 55-15 30
Plate, manganese- A299 ' 0.30. 090~  0.15- 75-95 40
silicon 140 0.40
Plate, low A442 55 0.24 0.60— 0.15- 5575 30
temperature 0.90 0.40
applications 60 0.27 0.60— 0.15— 60-80 32
o 0.90 0.40
Plate, intermediate  ASIS " 55 0.28 0.90 0.15- §5-75 30
and high tempera- 0.40
ture service 60 0.31 0.90 0.15—-  60-80 32
- .- - 0.40
65 0.33 0.90 0.15— 65-85 35
. 0.40 N
70 - 0.35 1.20 0.15— 70-90 38
' 0.40 :
Plate, moderateand ~ A516 55 0.26 0.60-  0.15- 5575 30
fow temperature 1.20 0.40 ’
service 60 0.27 - 0.85— 0.15— 60-80 - 32
_ 1.20 0.40
65 0,29 0.85— 0.15— 65-85 35
1.20 0.40 -
70 0.31 0.85- 0.15—- 70-90 38
- 1,20 0.40
Pfate, carbon- AS37 1° 0.24 0.70—- 0.15- 65-90 45
manganese-silicon _ 1.60 0.50 _ _
heat-treated 2¢). 75-100 55
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Table 1.2 (cont) :
Composition and strength requirements of typical ASTM carbon steels 7
Type . Typical composition limits, percent’ " Tensile Min. yield
) ASTM or strength, strength,
) Application Standards Grade C Mn Si . ksi
) ~ Piping and tubing
Welded and A53 A 0.25 0.95—- - - 48min. . 30
seamless pipe, black : 1.20 ’
and galvanized B 0.30 0.95— - 60 min. 35
1,20
Seamless pipe for A106 A 0.25 0.27— 0.10min. 48 min. 30
high temperature : 0.93 .
service B 0.30 0.29— 0.10 min. 60 min. 35
1.06
- C 0.35 0.29~ 0.10 min. 70 min. 40
: 1.06 : :
Structural tubing ~ ASO1 0.26 - - S8min. 36
. , Cast steels .
General use A27 60-30 -0.30 0.60 0.80 60 min. 30
Valves and fittings A216 WCA 0.25 . 0.70 0.60 60-85 30
for high temperature : -
service WCB - 0.30 1.00 0.60 70-95 36
. wCC 0.25 D120 0.60 7095 40
Valves and fittings ~ A352 LCA-~4 0.25 0.70 0.60 6085 30
for low temperature
_ service LCBe4 0.30 1.00 0.60 65-90 35
o LCC# 0.5 1.20 060 7095 40
a. Single values are maximum unless otherwise noted. '
b. Normalized condition.
¢. Quenched-and-tempered condition.
d. Normalized-and-tempered condition.

(CE) and hardness, underbead cracking sensitiv-
ity, or weldability based upon slow-bend capa-
bility of notched-weld-bead test bars.

Generally, steels with low CE values have

excellent weldability, but a stecl with only 0.20 -

percent C and 1.60 percent Mn will have a CE of
0.60, which has a relatively high crack sensitivity

of about 56 percent. Generally, the susceptibility -

to underbead cracking from hydrogen increases
when the CE exceeds 40.

Nonmetallic Inclusions

Normal sulfur and phosphotus contents in
carbon steels do not promote weld metal crack-
ing. Large amounts of these elements are added
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to some steels to provide free-machining char-
acteristics. These free-machining steels have rel-
atively poor weldability because of hot tearing in
the weld metal caused by low melting compounds

of phosphorus and sulfur at the grain boundaries.

The grains may be torn apart by thermal stresses
during cooling. High sulfur content also’ pro-
motes weld metal porosity.

Lead is also added to steel to improve ma-
chinability. It is nearly insoluble in steel and
exists as distinct globules. The lead can melt
during welding and volatilize into the weld
fumes. Lead may, on occasion, cause porosity
and embrittlement of steel. The major concern
with lead, however, is its presence in the welding

fumes and its toxicity. This requires special pre-
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Fig. 1.3—Relationship between carbon content and maximum hardness
_ of steels with microstructures of 50 and 100 percent martensite

cautions to assure good ventilation during weld- .

ing. Normally, free machining steels should not
be welded. If one of these steels must be welded,
low hydrogen electrodes and low welding cur-
rents should be used to Iimit dilution, porosity,
and cracking, -

Hydrogen

Carbon steels exhibit increasing suscepti-
bility to hydrogen-induced cracking with in-
creasing carbon content greater than about 0.15
percent. However, steels with 0.15 percent carbon
or less are not immune to this problem, espe-
cially when thick sections are welded.

Weld Cooling Rates

When arc welding thick sections, the weld
metal and heat-affected zone can be hardened
- significantly as a result of quenching by the large
mass of base metal. The cooling rate and the
carbon equivalent of the steel are the controlling
factors in determining the degree of hardening,
‘The cooling rate depends primarily on the fol-
Iowing factors: (1) the section thickness and joint
geometry, (2) the base metal temperature before
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welding commences, and (3) the rate of heat
input, Consequently, the use of higher welding
current, slower welding speed (high heat input),
or preheating of the base metal will reduce the
cooling rate of the weld zone. Preheat should be
maintained during the welding of successive
beads. With higher carbon content or increased
section thickness, a higher preheat and interpass
temperature should be used to decrease the weld
cooling rate and thus control the weld hardness
and minimize the likelihood of cracking.’

In resistance spot welding of carbon steel
sheets, the nugget may be hardened as a result of
rapid cooling by the water-cooled copper alloy
electrodes in contact with the sheet surfaces,

- Special electronic heat controls can provide a

. preheat or postweld heating cycle in the welding

schedule to control the cooling rate and hardness
of the nugget.

7. A comprehensive preheating guide for steels is Sug-
gested Arc Welding Procedures for Steels Meeting
Standard Specifications, by C. W. Ott and D. J, Snyder,
W(;lding Research Council Bulletin No. 191, January
- 1974
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LOW CARBON STEEL
Effect of Carbon Content

Steels with less than 0.15 percent carbon,
known as low carbon steels, are easily joined by
welding, brazing, or soldering. These steels have
very low hardenability.

According to Fig. 1.3, a carbon steel con-
taining 0.15 percent carbon is capable of being
hardened to 30 to 40 HRC when cooled at a very
high rate. However, the hardness of a weld heat-
affected zone seldom reaches this level because
the cooling rates are too low.

Rapidly cooled welded joints in steel con-
taining carbon of about 0.10 percent and higher
can develop cracks during severe cold forming

operations because the weld area is harder than

the unaffected base metal. When the welded joint
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will be subjected to severe forming, the carbon
content of the steel should be low.

Substantial hardness can be developed in
resistance spot welds in thin steel sheet contain-
ing more than 0.08 percent carbon, Spot weld
hardness is not a serious problem with these

steels, except for some critical applications.

Effect of Deoxidizing Practice

The deoxidation practice used in steel-mak-
ing can influence weld metal soundness, partic-
ularly with autogenous welding, Rimmed and
capped low carbon steels are not deoxidized.
When these steels are remelted without the ad-
dition of deoxidizers, carbon and oxygen in the
steel react to form carbon monoxide, which can
be entrapped as porosity in weld metal. This is
particularly true with high welding speeds where
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the gas does not have time to escape from the
molten weld pool

Porosity in welds in these steels can be min-
imized by adding a filler metal containing suf-

. ficient deoxidizers, such as- aluminum, man-

ganese, or silicon; to scavenge oxygen from the

- molten weld pool. With gas tungsten arc, plasma

arc, or gas metal arc welding, E70S-2 filler metal
should be used because it contains large amounts
of deoxidizers.® The covering on shielded metal
arc welding electrodes usually contains sufficient
deoxidizers for welding rimmed or capped steels.
Special aluminum paints are available that can
be applied to the joint faces to deoxidize the weld
metal during autogenous welding.

Submerged arc welding of rimmed or
capped steel requires selection of an electrode
and flux combination containing sufficient deox-
idizers, such as silicon or manganese, to produce
a sound weld, especially when high welding
speeds are used.®

Weld metal soundness is not normally a
problem with killed, low-carbon steels when
good welding practices are used. A viscéus, re-
fractory slag sometimes forms on the surface of

the molten weld pool and hampers metal flow.

'The slag results from deoxidation of the steel,
particularly when shielding of the molten weld
pool during welding is inadequate. The problem
can be corrected by improving the welding prac-
tices, using a gas-shielded welding process, or

adding a filler metal that contains sufficient man-

ganese or silicon to make the slag more fluid.

MILD STEEL

Carbon steels containing from about 0.15 to
0.30 percent carbon are commonly called mild
steels, Underbead cracking or lack of toughness
in the heat-affected zone is not usually encoun-

tered when welding mild steels containing no -

more than 0.20 percent carbon and 1 percent
manganese. Such steels can be welded without
preheat, postheat, or specxal welding procedures
when the jomt thickness is less than 1 in,, and
joint restraint is not severe.

8. Refer to AWS AS.18-79, Specification for Carbon
Steel Filler Metals for Gas Shielded Are Weldmg. for
additional information.

9. Refer to AWS AS5.17-80, Specification for Carbon
Steel Electrodes and Fluxes for Submerged Arc Weld-
ing, for further information.
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As the carbon and manganese contents in-
crease to gbout 0.30 and 1.40 percent respec-
tively, weldability of the steels remains good, but
the welds are susceptible to underbead cracking
because of increased hardenability and strength,

‘Welding with a Iow hydrogen process is recom-

mended. Preheating and control of interpass tem-
perature may be required, particularly when the
joint thickness is greater than 1 in. or joint re-
straint is high. If hydrogen-induced cracking still
is a problem with these procedures, hydrogen
may be diffused from the joint using a postweld
thermal treatment, as described previously.

Some mild steels are supplied in the nor-
malized or quenched-and-tempered condition to
provide good toughness or high strength prop-
erties. Tensile strengths may range from 65 to
100 ksi, depending upon the carbon and man-
ganese content and the heat treatment.

The welding procedures for heat-treated
mild steels are guided to a large extent by a need
to have the weld metal, the heat-affected zone,
and the unaffected base metal possess about the
same toughness. Precautions should be taken to
ensure that welding is done using low-hydrogen
conditions. For example, the flux for submerged-
arc welding should be dry.

Normal procedures are used with shielded
metal arc, submerged arc, and gas metal arc
welding because the cooling rates in the heat-
affected zone are sufficiently rapid to reproduce
amicrostructure similar to that of the normalized
or quenched steel. When carbon content is lim-

.ited to about 0.20 percent, underbead cracking

or lack of toughness in the heat-affected zone is
not normally a problem. This is true even with
low welding heat input that resuits in rapid cool-
ing. In fact, high welding heat input or-high
preheat and interpass temperature results in a
rather slow rate of cooling, which tends to in-
crease the grain size and produce coarser pearlite
in the heat-affected zone. These microstructural
conditions are detrimental to good strength and
toughness. If the welding process or procedure ~
subjects the heat-affected zone to prolonged
heating, high temperature, and slow cooling
(electroslag weldmg, for.example), the weldment

"will probably require a postweld heat treatment

to restore good strength and toughness to this
zone, When heat treatment of the weldment is
uneconomical or impractical, the rate of cooling
in the weld zone must be sufficiently rapid to
produce a microstructure of adequate strength

and toughness.
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In general, heat-treated mild steels are arc
welded without preheat, but a preheat should be
used when the metal temperature is below about
50°F In fact, a preheat of about 100°F or higher
should be used if the plate thickness is over 1 in,
or the joint is highly restrained.

Dilution must be considered when selecting
a filler metal to provide specified joint mechan-
ical properties in a selected steel. Mechanical
properties for weld metal given in filler metal
trade literature are for undiluted metal, The prop-
erties of the weld metal in an actual fabrication
may differ from the reported values because of

- dilution effects.

For heat-treated mild steels, low alloy steel
filler metal may be required to meet mechanical
property requirements. However, the weld metal
strength should not greatly exceed the strength
of the base metal. High-strength weld metal may
require a softer heat-affected zone to undergo a
relatively large amount of strain when the joint
is subjected to deformation near room tempera-
ture. Under such conditions, fracture may occur
prematurely in the heat-affected zone because of
excessive localized strain.

In a butt joint, the filler metal should be
selected to provide weld metal with essentially
the same strength as the base metal. For fillet
welds, a filler metal of lower steength is some-
times used to provide sufficient ductility to ac-
commodate .stress concentrations. However, a
low strength filler metal should not be used in-

discriminately as a remedy for cracking -

difficulties.

' MEDIUM CARBON STEEL

A pronounced change in the weldability of
carbon steel takes place when the carbon content
is in the 0.30 to 0.50 percent range. Steels con-
taining about 0,30 percent carbon and relatively
low manganese content have good weldability.
As the carbon content of the steel is increased,
the welding procedures must be designed to avoid
the formation of large amounts of hard martensite
in the heat-affected zone, If a steel containing
about 0.50 percent carbon is welded with pro-
cedures commonly used for mild steel, the heat-
affected zone is likely to be quite hard, low in
toughness, and susceptible to cold cracking,

For most applications, medium carbon steel
should be preheated prior to welding to control
the cooling rate in the weld metal and heat-af-

fected zone, and thus the formation of marten-
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~ site. The appropriate preheat temperature de-

pends upon the carbon equivalent of the steel,
the joint thicknesses, and the welding procedure,
In general, preheat temperature requirements in-
crease with higher carbon equivalent (CE),
greater joint thickness, or increased hydrogen in
the arc. With a carbon equivalent in the 0.45 to
0.60 range, a preheat temperature in the 200° to

. 400°F range is recommended, depending upon the

weldmg process and the joint thickness.© The
interpass temperature should be the same as the
preheat temperature.

A stress-relief heat treatment is recom-
mended- 1mmed1ate1y after weldmg, especmlly
with thick sections, hlgh Jjoint restraint, or service
conditions involving impact or dynamic loading.
If possible, the welded joint should be heated to
stress-relief temperature without intermediate
cooling to ambient temperature. This may be
done by transferring the weldment to a preheated
furnace. Slow cooling to room temperature fol-
lowing stress-relief is recommended to avoid i in-
troduction of thermal stresses.

‘When immediate stress relief is impractical,
the welded joint should be maintained at or
slightly above the specified preheat temperature
for 2 to 3 hours per inch of joint thickness. This
procedure promotes the diffusion of hydrogen
from the weld zone and reduces the possibility
of cracking during intermediate handling, How-
ever, it should not be considered a substitute for’

‘an appropriate stress-relief heat treatment.

Low hydrogen welding procedures are man-
datory with these steels. Selection of filler metal
for arc welding becomes more critical as the
carbon content increases. Pickup of carbon from
a steel containing 0.5 percent carbon by dilution
will usually result in high weld metal hardness,
susceptibility to cracking, and tendency for brit- -
tle failure. Dilution can be minimized by depos-
iting small weld beads or using a welding pro-
cedure that provides shallow penetration. Low
heat input is generally recommended for the first
few layers in a multlple-pass weld to limit dilu-
tion. Hngher heat input can be used to complete
the joint. It is good practice to deposit the final
weld bead, or beads, entirely on previously de-
posited weld metal without melting any base

10. Refer to Welding Rescarch Council Bulletin 191 for
recommended preheat temperatures for specific steels,

.
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metal. This practice has the effect of tempering
the heat-affected zones of previously deposited
weld beads, especially those in the base metal.
Postweld heat treatment is still a requirement
with this technique. ~

Medium carbon steels are used extensively

in machinery and tools. Many of the steels are .

selected for wear resistance rather than high
strength, and parts are frequently heat treated to

‘meet desired properties. Welding may be-per-

formed before or after final heat treatment, and
selection of filler metal and welding procedures
must be considered in this context. _
When welding is performed prior to heat
treatment, special care must be exercised in
choosing the filler metal if the weld metal prop-
erties must match the base metal properties after
heat treatments. If welding is required on a pre-
viously heat-treated component, precautions are
necessary to avoid cracking problems. A hard
component may crack during welding if a suit-
able preheat is not-used. The welding heat will
soften the heat-affected zone, and reheat treat-
ment of the weldment may be required to restore
desired properties in the heat-affected zone.

HIGH CARBON STEEL

The weldability of high carbon steels is poor
because of their high hardenability and sensitiv-
ity to cracking in the weld metal and heat-

. affected zone. Low hydrogen welding procedures

must be used for arc welding, Preheat and inter-
pass temperatures of 400°F and higher are re-
quired to retard the formation of brittle, high
carbon martensite in the weld.

A postweld stress relief is recommended,
particularly for welded joints in thick sections,
The stress relieving procedure described previ-
ously for medium carbon steels should be used.

Selection of an appropriate filler metal de-
pends upon the carbon content of the steel, the
weldment design, and service requirements.
Steel filler metals are not normally produced
with high carbon content. However, a low alloy
steel filler metal may be suitable for many ap-
plications. Effects of dilution on the response of
the weld metal to postweld heat treatment must
be evaluated. Pickup of carbon in an alloy steel
filler metal may significantly increase the hard-
enability of the weld metal, Consequently, the
welding procedures should be designed to min-
imize dilution,

High carbon steels are commonly used for
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applications requiring high hardness or abrasion
resistance, which is imparted by heat treatment.
The steel should be welded in the annealed con-
dition and then heat treated. Annealing is rec-
ommended prior to repair welding of broken
parts. Successful welding requires development
and testing of specific welding procedures for
each application. Service requirements of the
weldment must be considered when developing
the welding and testing procedures.

ARC WELDING

Shielded Metal Arc Welding

Most carbon steels can be welded using
covered electrodes and appropriate welding pro-
cedures including preheat when required. Cov-
ered electrodes are classified on the basis of the
chemical composition and mechanical properties
of undiluted weld metal, and also the type of
covering. Carbon steel covered electrodes that
produce weld metal with 60 or 70 ksi minimum
tensile strength are the EGOXX and E70XX types
respectively."

- The B60XX classifications are suitable for
welding low carbon and mild steels, provided the
weld metal strength is adequate. They are not
produced with low hydrogen coverings and
should not be used for welding steels that are
sensitive to hydrogen-induced cracking.

E70XX covered electrodes are produced
with both regular and low hydrogen-coverings.
They should be used where higher strength welds
or low hydrogen welding conditions, or both, are
required. The low hydrogen types (E7015, E7016,
E7018, E7028, and E7048) must be handled and
stored under conditions that prevent moisture
pickup in the coating, ) )

Low alloy steel electrodes, Types E70XX-

XX through E120XX-XX, are designed to pro-
-duce weld metals with minimum tensile strengths

of 70 to 120 ksi.” These electrodes are also pro-
duced with both regular and low hydrogen coat-
ings. The carbon content of the deposited weld
metal will be 0.15 percent or less, depending

11. Refer to AWS AS.1-81, Specification for Carbon Steel -
Covered Arc Welding Electrodes.

12, Refer to AWS A5.5-8l, Specification for Low Alloy
Steel Covered Arc Welding Electrodes.
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upon the electrode type. Low hydrogen elec-
trodes can be selected from this group to match
the tensile strength of a medium or high carbon
steel. The electrodes must be stored and used
under conditions that prevent moisture pickup by
the coating, as discussed previously. .

Gas Shielded Arc Welding

Carbon and low alloy steel bare electrodes
and welding rods are available for use with the
gas metal arc, gas tungsten arc, and plasma arc
welding processes,? The electrodes are classified
on the basis of chemical composition and me-
chanical properties of undiluted weld metal,
Minimum tensile strengths range from 70 to 120
ksi. Selection of a bare electrode is made using
the same considerations as for a covered electrode.

Shielding gases commonly used for gas
metal arc welding of carbon steels are carbon
dioxide (CO;) and mixtures of argon with carbon
dioxide and argon with oxygen. Selection of the
gas depends primarily upon the electrode com-
position and the type of metal transfer: spray,
globular, or short-circuiting. Generally, carbon
dioxide shielding is suitable for low carbon and

- mild steels. A mixture of argon-oxygen or argon-

CO; is suitable for all carbon steels, and is rec-
ommended with low alloy steel electrodes. Weld
metal toughness is improved when one of these
gas mixtures is used, '

Argon is generally used for shielding with

gas tungsten arc and plasma arc welding. How-

ever, helium-argon mixtures may be used to pro-
vide deeper joint penetration or permit faster
travel speed with automatic welding.

Gas metal arc welds in rimmed or capped
steels may be quite porous unless the electrode
contains sufficient deoxidizers. An ER70S-2
electrode is a good selection. Other electrodes
high in manganese and silicon, such as ER70S-
6 or -7, may be satisfactory in many cases,

The low hydrogen characteristics of the
three processes will be lacking if the filler metal,
shielding gas, or both are contaminated. The
filler metal may be contaminated with rust, mois-
ture, oil, grease, drawing compounds, or other
hydrogen-bearing materials, Therefore, proper

13, Refer to AWS AS5.18-79, Specification for Carbon
Steel Filler Metals for Gas Shielded Arc Welding, or AWS
AS.2879, Specification for Low Alloy Steel Filler Metals
Jor Gas Shielded Arc Welding.
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cleaning, packaging, rust prevention, and storage

- are important fo avoid hydrogen-induced cracking,

Shiclding gases may be contaminated by’
moisture or hydrocarbons in the gas system or by

- aspiration of moist air into the system through

leaks. Only welding grade shielding gases should
be used, and the delivery system must be leak- -
tight.

Flux Cored Arc Welding

Flux: cored arc welding electrodes consist
of a steel tube surrounding a.core of fluxing
ingredients and, sometimes, alloying additions.
They are designed to deposit either carbon or a
low alloy steel weld metal, # Some electrode clas-
sifications are self-shielding, as are covered elec-
trodes, while other classifications use CO, or
argon-CO, mixtures for shiclding, .

The operating characteristics of the elec-
trodes vary with the core ingredients and the
shielding gas, if used. In general, the gas-
shielded electrodes give better notch toughness,
particularly with argon-rich shielding mixtures
and a basic slag (EXXT-5). However, some self-
shielded electrodes can provide weld metal with

- adequate notch toughness for many low carbon

or mild steel applications, )
- Carbon steel flux-cored electrodes are de-
signed to produce undiluted weld metal with a
minimum tensile strength of 60 or 70 ksi. These
are suitable for welding low carbon and mild
steels, Medium and high carbon steels can be
welded with these electrodes if the weld metal
will have adequate strength for the application.
For weld strength requirements above 70 ksi, a
suitable low alloy steel flux-cored electrode
should be used. Low alloy steel flux-cored elec-
trodes are available that.deposit undiluted weld
metals having tensile strengths ranging from 60
to 120 ksi. : :

As stated previously, flux-cored electrodes
are generally considered to be low in hydrogen.
However, contamination of the electrode or the
shielding gas with moisture or hydrocarbon prod-
ucts can destroy this feature. Some electrodes
may require baking to drive off absorbed moisture.

14. The electrodes are covered by AWS AS5.20-79,
Specification for Carbon Steel Electrodes for Flux
Cored Arc Welding, and AWS AS5.29-80, Specification
Jor Low Alloy Steel Elecitrodes for Flux Cored Arc
Welding.
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Submerged Arc Welding

Submerged arc welding is done with an
electrode,. either solid or metal-cored, and a
granular flux, The flux performs the same func-
tions as the flux covering on shielded metal arc

" welding electrodes, Solid wire electrodes, both

carbon and low alloy steél, are classified accord-
ing to chemical composition. Metal cored, low

‘alloy steel electrodes together with an appropri-

ate flux are classified on the basis of the chemical
composition of the deposited metal. s Fluxes are
classified on the basis of the chemical compo-
sition and mechanical properties of the weld
metal that is deposited with a particular type of
electrode. As with other electrodes, the various
weld metals are classified using specific preheat
and interpass temperatures and postweld heat
treatments.

Weld metal properties are determined either
in the as-welded condition or after a specified
postweld heat treatment. Some weld metals may
be used in either condition. Specific applications
may require the use of welding and heat treating

conditions that produce weld metal having me-.

chanical properties different from those required
by the filler metal specification, In such cases,
expected weld metal mechanical properties should

- be established by appropriate tests,

Carbon steel electrode-flux combinations
are designed to produce weld metal having 60 or
70 ksi minimum tensile strength, These combi-
nations are recommended for welding low car-
bon and mild steels as well as medium carbon,
high carbon, and low alloy steels when high weld
joint strength is not required. Low alloy steel

electrode-flux combinations are recommended -

for welding alloy steels of similar composition,
as well as medium and high carbon steels when
high strength joints are needed to meet service

-requirements. Response to postweld heat. treat-

ment must be considered.

- As described previously, flux must be kept
clean and dry to maintain low hydrogen welding
conditions. Also the electrode must be clean and

_ free of contaminants as discussed previously for

the gas shielded arc welding processes.

15, Refer to AWS AS.17, Specification for Carbon

Steel Electrodes and Fluxes for Submerged Arc Weld-

g, and AWS A5.23-80, Specification for Low Alloy -

Steel Elécirodes an