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PREFACE

This is Volume 4 of the five-volume series in the Ninth Edition of the Welding Handbook. 1t is Materials and
Applications, Part 1, presented in ten peer-reviewed chapters covering the metallurgical properties of various forms
of ferrous metals and how these properties affect welding. The titles of the chapters in this book, which includes two
applications chapters, indicate the variety of challenges presented to welders, designers, welding engineers, and others
in the welding workplace.

The ability of scientists to examine the microstructures of the metals, identify constituent elements, and determine how
the properties of the metals can be used and controlled during welding is reflected in the updated and expanded
information in this book. Many of the best scientists in the welding industry from university, government or other
research laboratories, metals producing companies, fabricators, consulting firms, and testing facilities have stepped
forward as volunteers to update this volume. These highly regarded experts are recognized on the title pages of their
respective chapters.

Three basic chapters of this volume, Chapter 1, Carbon and Low-Alloy Steels; Chapter 2, High-Alloy Steels; and
Chapter 5, Stainless and Heat-Resistant Steels contain detailed sections on the metallurgy, composition and properties
of steels, and methods of producing high-integrity welds in carbon steels, alloy steels, and stainless steels.

Different sets of welding conditions, challenges, and solutions are presented for the specialized steels represented in
Chapter 3, Coated Steels; Chapter 4, Tool and Die Steels; Chapter 6, Clad and Dissimilar Metals; Chapter 7, Surfacing
Materials; and Chapter 8, Cast Irons. The chapters provide information on the composition, metallurgy, weldability,
and recommended welding procedures for these metals.

Two major applications are included in this volume. Chapter 9, Maintenance and Repair Welding, contains a model
for a systematic approach to the sometimes difficult procedures involved in repair welding. Chapter 10, Underwater
Welding and Cutting, contains critical information on producing strong, durable welds, sometimes under very difficult
welding conditions, for use in the severest of service conditions.

A table of contents of each chapter is outlined on the cover page, along with names and affiliations of contributors of
the updated information. A subject index with cross-references appears at the end of the volume. Appendix A contains
a list of safety standards and publishers. Frequent references are made to the chapters of Ninth Edition Volumes 1, 2,
and 3. To avoid repetition of information published in these volumes, a reference guide is presented in Appendix B.

This book follows three previously published volumes of the Ninth Edition of the Welding Handbook: Volume 1,
Welding Science and Technology, which provides prerequisite information for welding and the welding processes;
Volume 2, Welding Processes, Part 1, which contains the technical details of arc welding and cutting, the gas pro-
cesses, brazing, and soldering; and Volume 3, Welding Processes, Part 2, which is devoted to the resistance, solid
state, and other welding processes, such as laser beam, electron beam, and ultrasonic welding.

The Welding Handbook Committee welcomes your comments and suggestions. Please address them to the Editor, Weld-
ing Handbook, American Welding Society, 550 N.W. LeJeune Road, Miami, FL 33126. www.aws.org.

Wangen Lin, Chair Douglas D. Kautz, Chair
Welding Handbook Committee Welding Handbook Volume 4 Committee

Annette O’Brien, Editor

Carlos Guzman, Associate Editor
Welding Handbook
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CHAPTER 1

CARBON AND LOW-
ALLOY STEELS

INTRODUCTION

Carbon and low-alloy steels represent over 95% of
the construction and fabrication metals used world-
wide. Good mechanical properties over a wide range of
strengths combined with relatively low cost and ease of
fabrication account for the widespread use of these
steels. These attributes make carbon and low-alloy steels
excellent choices for use in appliances, vehicles, bridges,
buildings, machinery, pressure vessels, offshore structures,
railroad equipment, ships, and a wide range of con-
sumer products. The extensive use of these steels means
that welding, brazing, and thermal cutting are essential
processes of continuing importance.

This chapter contains information on steel composi-
tions and properties, weldability considerations, recom-
mended practices and procedures for welding, brazing,
and thermal cutting of carbon and low-alloy steels; and
also provides guidance on how to avoid problems when
welding these steels.! A section on typical applications
illustrates the scope and the importance of high-integrity
welding of carbon steels and low-alloy steels.

WELDING CLASSIFICATIONS

From a weldability standpoint, carbon and low-alloy
steels can be divided into five groups according to com-
position, strength, heat-treatment requirements, or high-

1. At the time of the preparation of this chapter, the referenced codes
and other standards were valid. If a code or other standard is cited
without a date of publication, it is understood that the latest edition
of the document referred to applies. If a code or other standard is
cited with the date of publication, the citation refers to that edition
only, and it is understood that any future revisions or amendments to
the code or standard are not included; however, as codes and stan-
dards undergo frequent revision, the reader is encouraged to consult
the most recent edition.
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temperature properties. Overlap exists among these groups
due to the use of some steels in more than one heat-
treated condition. The groups, each of which is discussed
in a section of this chapter, are identified as follows:

Carbon steels,

High-strength low-alloy (HSLA) steels,
Quenched and tempered (Q&T) low-alloy steels,
Heat-treatable low-alloy (HTLA) steels, and
Chromium-molybdenum (Cr-Mo) steels.

AL

Steels in these five groups are available in a variety of
product forms, including sheet, strip, plate, pipe, tub-
ing, forgings, castings and structural shapes. Regardless
of the product form, in order to establish satisfactory
welding procedures, the composition, mechanical prop-
erties, and condition of heat treatment must be known,
as weldability is primarily a function of these three fac-
tors. Although most steels are used in rolled form, the
same considerations for welding, brazing and thermal
cutting apply also to forgings and castings. However,
with large forgings and castings, consideration should
be given to the effect of size or thickness with respect to
heat input, cooling rate, and restraint. Other factors to
be considered with castings are the effects of residual
elements and localized variations in composition, which
may not occur in wrought steels.

The compositions of carbon steels typically include
weight percentages (wt %) of up to 1.00% carbon, up
to 1.65% manganese, and up to 0.60% silicon. Steels
identified as low-carbon steels contain less than about
0.15% carbon; mild steels contain 0.15% to 0.30%
carbon; medium-carbon steels contain 0.30% to 0.50%
carbon; and high-carbon steels contain 0.50% to

.00% bon. Although h
Ilnost ofi::lz Egled irf ?}?eg asvri?'i% zgﬁwiﬁg'jﬁ
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High-strength low-alloy steels are designed to pro-
vide better mechanical properties than conventional
carbon steels. Generally, they are classified according to
mechanical properties rather than chemical composi-
tions. Their minimum yield strengths commonly fall
within the range of 290 megapascals (MPa) to 550 MPa
(40 000 pounds per square inch [40 kips per square
inch {ksi} to 80 ksi]). These steels usually are welded in
the as-rolled, normalized, or precipitation-hardened
condition.

Quenched and tempered steels are a group of carbon
and low-alloy steels that generally are heat treated by
the producer to provide yield strengths in the range of
340 MPa to 1030 MPa (50 ksi to 150 ksi). In addition,
they are designed to be welded in the heat-treated con-
dition. Normally, the weldments receive no postweld heat
treatment (PWHT), unless it is required to achieve dimen-
sional stability or to conform to a construction code.

Many grades of heat-treatable low-alloy steels
exhibit poor weldability. These steels generally have
higher carbon content than high-strength low-alloy or
quenched and tempered steels. Consequently, although
they are capable of higher strengths, they may lack
toughness in the as-welded condition and may be sus-
ceptible to cracking in the heat-affected zone (HAZ).
Postweld heat treatment may reduce the risk of crack-
ing and enhance the notch toughness of heat-treatable
low-alloy steel weldments.

Chromium-molybdenum steels are used primarily for
service at elevated temperatures up to about 700°C
(1300°F) to resist creep and corrosion for applications
in power plants, chemical plants, or petroleum refiner-
ies. Chromium-molybdenum steels may be welded in
various heat-treated conditions (i.e., annealed, normal-
ized and tempered, or quenched and tempered).
Postweld heat treatment is often required by fabrication
codes to improve ductility, toughness, and corrosion
resistance, and to reduce stresses caused by welding.

FUNDAMENTALS OF WELDING
CARBON AND LOW-ALLOY
STEELS

Carbon steels and low-alloy steels can be welded by
arc, oxyfuel gas, resistance, electron beam, laser beam,
electroslag, and solid-state welding processes. These steels
also can be joined by brazing, soldering, and adhesive
bonding.? Subsequent sections of this chapter provide

2. Standard welding terms and definitions used in this chapter are from
American Welding Society (AWS) Committee on Definitions and Sym-
bols, 2010, Standard Welding Terms and Definitions, AWS A3.0M/A3.0:
2010, Miami: American Welding Society.
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information on the most commonly used joining pro-
cesses for each of the five steel groups previously described.

METALLURGY AND WELDABILITY

The versatility of steel as an engineering material can
be attributed to the wide variety of microstructures that
can be created through changes in composition and
processing. Understanding the basic properties of these
structures and the effects of changes in chemistry are
essential in designing and fabricating welds that are fit
for their intended purpose.

PHASES AND MICROSTRUCTURES

In metals and other material systems, a phase is con-
sidered to be a physically homogeneous and distinct
portion of the system.? It is bound by compositional
limits, which vary with temperature. The term micro-
structure is used because virtually all of the geometric
features of the phases and other structures that deter-
mine the properties of steels are observable only with
the aid of microscopy. The microstructure of a type of
steel is dependent on the amount of the various alloying
elements that it contains, and also on both its present
temperature and thermal history. The following section
outlines the phases of the iron-iron carbide system, of
which steel is composed, and the microstructures com-
monly observed in steel.

Ferrite

Pure iron (Fe) at room temperature has a body-cen-
tered cubic (BCC) crystal structure. Its unit cell (small-
est repeating unit) is a cube with iron atoms at each
corner and one iron atom in the center, as depicted in
Figure 1.1. The atomic packing factor, or volume frac-
tion occupied by atoms, of this structure is 0.68. The
phase of iron exhibiting this structure is called either
alpha (0)-iron or o-ferrite. The shape of its octahedral
interstices gives it very low solubility for carbon, on the
order of 10°% at room temperature, gradually increas-
ing to a maximum of 0.022% at 727°C (1341°F). At
temperatures below 770°C (1418°F), ferrite is ferro-
magnetic and thus can be attracted by a magnet, while
at temperatures between 770°C and 910°C (1418°F and
1675°F), it is paramagnetic. The temperature at which
the change in magnetic properties takes place, changing

3. Sinha, A. K., 1989, Ferrous Physical MetalluB,@@H mletnils

Publishers.
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Source: American Welding Society (AWS), 2008, Welding Inspection Technology, 5th
ed., Miami: American Welding Society.

Figure 1.1—Body-Centered Cubic Unit Cell

from ferromagnetic to paramagnetic (770°C [1418°F]),
is called the Curie temperature.

Austenite

At temperatures between 912°C and 1394°C (1674°F
and 2541°F), the stable crystal structure of pure iron is
face-centered cubic (FCC). This structure is so named
because its unit cell is a cube with iron atoms at each
corner and in the center of each cube face. An FCC unit
cell is shown in Figure 1.2. The atomic packing factor
for this atom arrangement is 0.74, which represents the
closest possible packing for spheres of uniform diame-

Source: American Welding Society (AWS), 2008, Welding Inspection Technology, 5th
ed., Miami: American Welding Society.

Figure 1.2—Face-Centered Cubic Unit Cell
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ter. The phase of iron exhibiting this structure is called
gamma (Y)-iron or austenite, and its lattice parameter is
0.359 nm. The changing packing factor between ferrite
and austenite is responsible for a volumetric contraction
when ferrite changes to austenite on heating above
912°C (1674°F). Austenite is paramagnetic. In spite of
closer packing of austenite, the more open shape of its
octahedral interstices makes carbon much more soluble
in austenite than in ferrite. The sudden change in car-
bon solubility as iron changes from FCC to BCC on
cooling below 912°C (1674°F) is the primary reason
the mechanical properties of steels can be so widely var-
ied, and thus can be “tailored” for specific applications.

Delta Iron

In pure iron, the structure reverts to BCC from
1394°C (2541°F) to its melting temperature at 1538°C
(2800°F). This form of iron is referred to as delta (3)-
iron or d-ferrite. The result is another volume change
when the transformation from austenite to &-iron
occurs, except that in this case it is a volumetric
expansion.

Cementite

Iron and carbon readily form a metastable interme-
tallic compound called cementite. It is represented by
the chemical formula Fe;C. Given enough time, cement-
ite will decompose into iron and graphite. However,
once formed, cementite is stable enough to be treated as
an equilibrium phase. Unlike the ferrite and austenite
phases of iron, cementite is noncubic and has an ortho-
rhombic crystal structure. If tested by itself, it exhibits
essentially zero tensile ductility and a Brinell hardness
(HB) of more than 700 HB.*4

Iron-Iron Carbide Phase Diagram

A phase diagram is a graphic representation of the
temperature and composition limits for the various
phases exhibited by a particular material system. The
most common phase diagrams are binary equilibrium
diagrams. For two-component systems, binary equilib-
rium diagrams represent the phases and also their
respective compositions and mass fractions that are sta-
ble at any temperature under steady-state conditions.
Figure 1.3 shows the iron-cementite (Fe-Fe;C) equilib-
rium phase diagram for steels and cast irons. As noted
in the axis labels, very small changes in the carbon
concentration have a large effect on phase equilibrium.
The effect of carbon on the stability of austenite also is

4. Davis, J. R., ed. 1992, ASM Materials EnngQOblclMﬁmtS

rials Park, Ohio: ASM Internation !
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Source: Linnert, G. E., 1994, Welding Metallurgy, Vol. 1, 4th ed., Miami: American Welding Society.

Figure 1.3—Fe-Fe;C Phase Diagram for Steels and Cast Irons

shown in the diagram. Carbon is an austenite stabilizer, both ferrite and austenite are stable. The line from
and in sufficient concentration, enables austenite to  Point G to the point labeled S on the A; line represents
remain stable to temperatures well below the equilib- 16 1ocys of upper critical temperatures, that is, tempera-
rium temperature of austenite in pure iron. The dia- b hich e b he onlv stable ph
gram illustrates that over certain ranges of composition tures above which austenite becomes the only stable phasc.
The horizontal line at 727°C (1341°F) is commonly

and temperature, it may be possible for two phases to ° i
coexist. For example, the triangular region bounded by referred to as the Ay line or lower critical temperature.

points G, S, and P in the diagram contains a two-phase The microstructural behavior of s@lhexshinerits

region known as the intercritical region, within which intercritical region can be uiiceisi wocbm a actl al wa
ocu ent harlné Hub
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by considering a steel containing 0.20% carbon and
being held at 780°C (1440°F). Both ferrite and austen-
ite would be present, with all of the ferrite containing
~0.02% carbon and all of the austenite containing
~0.42% carbon. These values correspond to the equi-
librium carbon concentrations for ferrite and austenite
at 780°C (1440°F), as indicated by the phase boundary
intersections of a horizontal “tie” line drawn across this
region at 780°C (1440°F). It should be noted that while
the composition of each individual phase varies with
temperature, the overall or “bulk” composition remains
constant at 0.20% carbon.

For a specified composition, the mass fractions of the
two phases present at a given temperature may be cal-
culated using what is referred to as the lever law. The
bulk composition of the steel may be considered as the
fulcrum of a lever, while the horizontal line between the
compositions of the coexisting phases represents the
lever. The amount of each phase present must balance
the lever. In the preceding example, the equilibrium per-
centage of ferrite in a 0.20% carbon steel being held at
780°C (1440°F) can be expressed as follows:

0.42-0.2

leOO/o = 55% ferrite

(1.1)

Phase Morphologies

Phase diagrams such as those shown in Figure 1.3
are made under equilibrium conditions; samples are
heated and cooled at very slow rates, allowing time for
atoms to diffuse and energy barriers to be overcome,
which is required for changing from one phase to
another. While this is useful for determining the trans-
formation temperatures of the equilibrium phases,
welding normally involves dynamic thermal processes.
These rapid thermal processes typically do not allow
enough time for the nucleation and growth of equilib-
rium phases. When cooling is fast enough, a phase may
continue to exist below its equilibrium transformation
temperature in a phenomenon known as supercooling
or undercooling. When transformations occur as a result
of rapid cooling from elevated temperatures, the cooling
rate has a significant effect on the resulting structure.

It should be noted, as pointed out by both Linnert’
and Samuels,® that a variety of terms have been used to
identify the same microstructures over the years. While
there have been efforts to arrive at an internationally
accepted terminology, final agreement has not been
reached. The following sections cover some of the mor-
phologies commonly found in steels, using the nomen-
clature according to Samuels.

5. Linnert, G. E., 1994, Welding Metallurgy, Vol. 1, 4th ed., Miami:
American Welding Society.

6. Samuels, L. E., 1980, Optical Microscopy of Carbon Steels, Mate-
rials Park, Ohio: American Society for Metals.

Full document details: WHB 4.1-2011

AWS WELDING HANDBOOK 9.4

Pearlite

Pearlite was named for its mother-of-pearl appearance
when optically observed without sufficient magnifica-
tion to resolve its microstructural features. It is a lamel-
lar product of austenite decomposition, consisting of
alternating lamellae of ferrite and cementite. Rather
than grains, pearlite forms nodules.” Each nodule is
composed of colonies of parallel lamellae which have
different orientations from those of adjacent colonies,
as shown in Figure 1.4. When resolved under a micro-
scope, pearlite often resembles the stripes on a zebra.
Very fine pearlite is often difficult to resolve and may
appear as very dark or even black grains. This difficulty
led early metallurgists to identify fine pearlite as a sepa-
rate phase. Pearlite may form under isothermal, contin-
uous cooling, or directional growth conditions.

Bainite

There are two classic morphologies of bainite in fer-
rous microstructures: upper bainite and lower bainite.
These two types form over different temperature
ranges; upper bainite forms at higher temperatures than
lower bainite. Upper bainite is often characterized by a

7. See Reference 3.

Figure 1.4—Typical Lamellar Appearance
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feathery structure of low-carbon ferrite laths in cementite.
It forms at temperatures between 350°C and 550°C
(660°F and 1020°F).® Lower bainite generally forms
below 350°C (660°F), although carbon content may
influence the temperature at which lower bainite begins
to form. Lower bainite is characterized by a plate-like
morphology. Plates of ferrite are separated by cementite,
as in upper bainite. However, the ferrite plates that form
in lower bainite have carbide precipitates within them. ®

Martensite

Martensite has a body-centered tetragonal (BCT)
crystal structure in iron. This structure is similar to the
BCC crystal structure, except that four of the faces of
the cube are rectangular rather than square. The mar-
tensite phase is formed by a martensitic transformation,
which has been defined as the coherent formation of
one phase from another, without change in composi-
tion, by a diffusionless, homogeneous lattice shear.!? In
steels, transformation to martensite is achieved by rapid
cooling from an austenitic state. When resolved with
optical microscopy, low- to medium-carbon martensite
appears as a lathy structure, as shown in Figure 1.5.
Martensite can be differentiated from bainite by hard-

8. See Reference 3.

9. Bhadeshia, H. K. D. H., 2001, Bainite in Steels. 2nd ed., London:
Institute of Materials.

10. See Reference 3.

Figure 1.5—Lath-Type Martensite in a Medium-
Carbon Steel, As-Quenched, 2% Nital Etched,
500X Magnification (before Reduction)
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ness, with martensite being harder, and by etching, with
martensite etching lighter.!!

For a given steel composition, the amount of marten-
site formed is determined by the degree of austenite
supercooling, which is determined by the cooling or
“quench” rate imposed upon it. Figure 1.6 illustrates
this principle with a continuous cooling transformation
(CCT) diagram for a steel containing 0.76% carbon
and essentially no other alloy content.!? This steel, hav-
ing a eutectoid carbon content, has perhaps the simplest
transformation behavior of any that might be consid-
ered. It should be noted that for this particular compo-
sition, 140°C (285°F) per second (as measured at
700°C (1290°F) is the slowest cooling rate that will
produce a fully martensitic microstructure. Similarly,
35°C (95°F) per second is the fastest cooling rate that
will produce a fully pearlitic microstructure. Any cool-
ing rate between these two rates will produce a mixture
of martensite and pearlite. Also, the cooling rate
through a range of temperatures from around 800°C to
500°C (1470°F to 930°F) is crucial to determining the
amount of martensite in the resulting microstructure.
This concept is applied more specifically to the behavior
of the HAZ of steels in the section titled Carbon Equiv-
alent in this chapter.

ALLOYS AND ALLOYING ELEMENTS

Alloys of iron containing up to approximately 1%
carbon are classified as carbon and low-alloy steels.
Carbon has a crucial influence on the mechanical prop-
erties of steel: very small changes in carbon contents
can have a significant effect. However, steels are com-
posed not only of iron and carbon, but also contain
residual elements from processing. Steels may also con-
tain other elements intentionally added to produce one
or more desired characteristics.

The addition of even very small amounts of other
elements to a pure metal or to a binary system like Fe-
Fe;C can significantly affect its phase equilibria. In gen-
eral, alloying elements added to steels may be classified
as either austenite stabilizers or ferrite stabilizers. Aus-
tenite stabilizers expand the y-phase field, making aus-
tenite stable over a wider range of carbon contents and
temperatures. Ferrite stabilizers shrink the y-phase field,
promoting the formation of ferrite over a wider range
of compositions and temperatures. Additionally, some
elements significantly impede the kinetics of transfor-
mation from one phase to another, particularly the
decomposition of austenite upon cooling below Aj.
They do so primarily by inhibiting the diffusion of car-
bon, thereby increasing the hardenability of a steel. The

11. See Reference 3 and Reference 9.

12. Callister, W. D., 2007, Materials QciencDﬂeumentrs

Introduction, 7th ed., Hoboken, New Icreey: John Wiley & Sons, Inc.
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Figure 1.6—Continuous Cooling Transformation Diagram
for Eutectoid (0.76% C) Plain Carbon Steel

common elements found in steels and the reasons for
their presence are discussed in this section.!314

Carbon

Carbon has a greater effect on iron than any other
alloying element. It is a potent austenite stabilizer and
forms an interstitial solid solution in austenite. The
solid solubility of carbon in ferrite at room-temperature
is only about 0.008%, so most of the carbon is rejected

13. See Reference 5.

14. For additional information on the effects of deformation and heat
treatment, refer to American Welding Society (AWS) Welding Hand-
book Committee, Jenney, C. L. and A. O’Brien, eds., 2001, Welding
Science and Technology, Volume 1 of the Welding Handbook, 9th
edition, Chapter 3, pp 121-132. Miami: American Welding Society.
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from solution in the form of cementite as the tempera-
ture falls below A temperature (refer to Figure 1.3). The
maximum attainable hardness for any particular micro-
structure in a steel is determined almost entirely by the
amount of carbon it contains.

Manganese

Manganese (Mn) is added to virtually all steels
because it has several helpful attributes and is inexpen-
sive compared to most other alloying elements. Manga-
nese combines with sulfur to form manganese sulfide
(MnS) and combines with oxygen to form manganese
oxide (MnQO). In molten steel, manganese reduces the
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slag. Manganese that is not consumed in the formation
of MnS may form manganese carbide (Mn3C), which is
optically indistinguishable from cementite. It is a pro-
moter of hardenability (the formation of martensite and
other nonequilibrium structures when cooled from
above the A; temperature). Manganese refines pearlite
nodules and ferrite grain sizes, which increases the yield
strength of carbon steel. The combination of these
actions by manganese normally brings about an
increase in fracture toughness.

Sulfur

Although sulfur (S) may be added to steels to pro-
mote chip formation when machining, it generally is
considered a “tramp” element and held to very low lev-
els (below 0.05%). When present in iron alloys, sulfur
can form iron sulfide (FeS), which has a relatively low
melting point (1200°C [2190°F]) compared to the iron
solidus temperature. The effect of this low-melting-
point constituent in the manufacture of steel is known
as hot shortness, a loss of ductility at hot-working tem-
peratures. Traditionally, FeS formation has been con-
trolled by the addition of manganese to the melt. The
affinity of manganese for sulfur is greater than that of
iron, thus it reacts and binds with most of the sulfur in
the form of relatively innocuous manganese sulfides
(MnS). The MnS compound has a higher melting tem-
perature and its internal surface-wetting characteristics
are less detrimental than those of FeS.

However, the deleterious effects of sulfur are of even
greater concern from a weldability standpoint, as FeS
can produce solidification cracking and HAZ liquation
cracking in fusion welds. Moreover, the MnS inclusions
formed in the steelmaking process can lead to lamellar
tearing, which is discussed in the section of this chapter
titled Lamellar Tearing. Current techniques for sulfur
control can reliably achieve residual sulfur contents
below 0.005%.

Steels to which sulfur has been intentionally added to
enhance machinability (i.e., with sulfur content of
0.08% up to about 0.35%) are called free-machining
steels and generally should not be welded.

Phosphorus

Very small additions of phosphorus (P) can increase
the strength, hardness, and corrosion resistance of steel.
However, like sulfur, phosphorus is considered a tramp
element. In the solid state, phosphorus forms Fe;P,
which is extremely brittle. The presence of this com-
pound in steel causes cold shortness, the tendency to
crack during cold working. Phosphorus causes a
decrease in fracture toughness of steels designed to be
strengthened by heat treatment. Another problem
caused by phosphorus is segregation during solidifica-
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tion. Phosphorus tends to become enriched in the metal
that solidifies last, and as a weak ferrite former, pro-
motes the formation of ferrite and its rejection of car-
bon into the surrounding metal. This results in bands in
the microstructure that contain less cementite and more
ferrite. These negative effects are incentives to keep the
phosphorus content to 0.04% or less in most steels.

Silicon

Silicon (Si) is used in the steelmaking process to
remove oxygen from the melt. When silicon is not used
as a killing agent (removing oxygen from molten steel)
it is only a residual element and may be found in trace
amounts (approximately 0.008%). Silicon is a potent
ferrite stabilizer that can prevent the transformation to
austenite altogether if it is present in large enough
quantities. Silicon also promotes the fluidity of molten
steel, which makes it a useful addition in casting and
welding applications.

Copper

Copper (Cu) is a very weak austenite stabilizer, but it
is used in alloying for other purposes. Until the early
1900s, copper was regarded only as a tramp element
responsible for surface checking and hot cracking. This
problem was solved with the addition of nickel. In
modern alloys, the motive for most copper additions is
the significant increase in corrosion resistance imparted by
copper in concentrations above 0.20%. Also, the addition
of about 1.25% copper with an equal amount of nickel
can form precipitates that significantly increase hardness.

Chromium

Chromium (Cr) is a very potent ferrite stabilizer.
Like silicon, sufficient chromium can completely pre-
vent the transformation from ferrite to austenite in
steels. Chromium has a strong effect on the corrosion
resistance of steel, and when present in sufficient quan-
tities, it promotes the formation of a protective oxide
surface film, which is the basis of the stainless steel
alloys. Chromium is also added to maintain the
strength of steel at elevated temperatures and it strongly
increases the hardenability of steel.

Nickel

Nickel (Ni) is a strong austenite stabilizer and is
added to stainless steels to counterbalance the ferrite-
stabilizing effect of chromium. Nickel is completely sol-
uble in FCC iron, and when alloyed with iron in con-
centrations greater than about 25%, it makes austenite
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fracture toughness. Nickel has little affinity for oxygen
and carbon and therefore forms no carbides or oxides
when alloyed with iron. As previously mentioned,
nickel is used in some steels with copper as a precipita-
tion-hardening agent.

Molybdenum

Molybdenum (Mo) is a potent ferrite stabilizer. Addi-
tions to iron of just 3% will cause the retention of fer-
rite at all temperatures. Molybdenum readily forms
carbides and increases hardenability. For this purpose,
it is frequently added in concentrations ranging from
0.25% to 0.5%, along with chromium and nickel. In
steels to be used at elevated service temperatures,
molybdenum may be added in amounts from 0.5% to
4% to improve strength and creep resistance. In steels
with low alloy composition, molybdenum is added in
small amounts (0.05% to 0.25%) along with manga-
nese and some nickel to suppress the formation of
pearlite or to produce fine carbide lamellae that reduces
the size of pearlite areas.

Niobium

Niobium (Nb) has a BCC crystal structure and is a
ferrite stabilizer when added to iron. Prior to the stan-
dardization of element names, niobium was also known
as columbium. Niobium is added to steels in very small
amounts to form niobium carbide and carbonitride pre-
cipitates, which increase strength and inhibit grain
coarsening at temperatures above A3z. Niobium carbides
begin to precipitate in steel at about 1200°C (2190°F);
additions of niobium as small as 0.05% can produce a
significant increase in strength. When properly con-
trolled, niobium additions also promote fine ferrite
grain size, which tends to improve toughness. Niobium
is commonly added with vanadium and nitrogen to
form complex niobium and vanadium carbonitrides.
The optimum size and distribution of niobium-based
precipitates and refinement of ferrite grains is achieved
by carefully designed and controlled hot-rolling
sequences. This technology, called thermomechanically
controlled processing (TMCP), and the steels produced
by it, are discussed in the High-Strength Low-Alloy
Steel section of this chapter.

Vanadium

Vanadium (V), like niobium, is a ferrite stabilizer. It
has traditionally been added to steels, especially tool
steels, to promote hardenability. When a sufficient
amount of manganese is present, small additions of
vanadium (0.05% to 0.10%) provide effective strength-
ening. A benefit of vanadium is the reduced coarsening
of austenite grains when heated above the A3 tempera-
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ture. Vanadium has a strong affinity for nitrogen and a
tendency to form carbides. Strengthening of steels
alloyed with vanadium is achieved by controlled roll-
ing, heat treatment, or a combination of the two.

Aluminum

Aluminum (Al) is a potent ferrite stabilizer; as little
as 1% added to iron will make ferrite stable at all tem-
peratures. It is used primarily in the steelmaking process
to remove oxygen from the melt by forming Al,Oj;.
Aluminum also has the ability to form aluminum
nitride (AIN) particles, which act to restrict austenite
grain coarsening at temperatures above the Az. A bene-
ficial side effect of the AIN reaction is to counteract the
adverse effects of excess nitrogen on the toughness of
ferrite.

CARBON EQUIVALENT

The heat of welding, thermal cutting, and brazing
causes changes in the microstructure and mechanical
properties in a region of the heated steel that is referred
to as the heat-affected zone (HAZ). The width of this
region and the microstructure(s) it contains depend on
the composition and prior microstructure of the steel,
the peak temperature reached, and the rates of heating
and cooling. This heating-cooling thermal cycle may
result in the formation of martensite in the weld metal
or HAZ, or both.!5 The amount of martensite formed
and the resulting hardness of these areas depend on the
carbon and alloy content, the length of time at elevated
temperatures, and the subsequent cooling rate through
a critical temperature range. This range is usually con-
sidered to be 800°C to 500°C (1470°F to 930°F), and
the cooling rate through the HAZ is often stated in
terms of the length of time within the range, designated
Atg_s.16

The overall alloy content of a type of steel deter-
mines its hardenability (the minimum cooling rate nec-
essary to produce martensite). However, carbon content
alone determines the maximum attainable hardness of
any martensite that does form. Figure 1.7 shows this
relationship for steels that are 50% and 100% marten-
site after quenching. High hardness levels increase sus-
ceptibility to hydrogen cracking in the weld or HAZ,
thus the degree of hardening is an important consider-
ation in assessing the weldability of a carbon or low-
alloy steel. The weldability of steels, particularly resis-
tance to hydrogen cracking, generally decreases with
increasing carbon or martensite in the weld metal or
HAZ, or both.

Documents

15. See Reference 3.
16. See Reference 3.
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Although carbon is the most significant alloying ele-
ment affecting weldability of steels, 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
equivalent (CE). An empirical formula that may be used
for judging the risk of underbead cracking in carbon
steels is the following:!”

(1.2)

CE=CsWMn+8i) (Cr+Mo+V) (Ni+Cu)
6 5 15

Figure 1.8 shows the general relationships between
carbon steel composition (the carbon equivalent) and
hardness, underbead cracking sensitivity, or weldability

17. American Welding Society (AWS) Committee on Structural Welding,
2010, Structural Welding Code, Steel, AWS D.1.1/D1.1M:2010, Annex I,
Miami: American Welding Society.

90

80

70

60

50

40

30

20

AVERAGE UNDERBEAD CRACK SENSITIVITY, %

10

550

500

450

400

350

300

MAXIMUM UNDERBEAD HARDNESS, DPH

50

I
AVERAGE BEND ANGLE AT MAXIMUM LOAD, DEGREES

— 250 —{20
RN BEND ANGLE
N
- 200 N —
/ N
/ AN
— 150|— S —10
/ ~<
~.
— — / ~—— CRACK SENSITIVITY .
| / | | | .
0.30 0.40 0.50 0.60 0.70 0.80

CARBON EQUIVALENT, CE = % C + % Mn/4 + % Si/4

Figure 1.8—Relationship Between Composition and Underbead
Hardness, Crack Sensitivity, and Notched-Weld-Bead Bend Angle foDOCl,ImentS
25 mm (1 in.) Thick C-Mn Steel Plate Welded with E6010 Covere = ~ic ‘.trbdes

Full document details: WHB 4.1-2011

ocument Sharing Hub


http://www.avadocuments.com/doc/whb-4-1-2011
http://www.avadocuments.com/doc/whb-4-1-2011

12 CHAPTER 1—CARBON AND LOW-ALLOY STEELS

based on the slow-bend capacity of notched weld-bead
test bars. Generally, steels with low CE values (e.g., 0.2
to 0.3) have excellent weldability; however, the suscep-
tibility to underbead cracking from hydrogen increases
when the CE exceeds 0.40. A steel with only 0.20% C
and 1.60% Mn will have a CE of 0.60, indicating rela-
tively high sensitivity to cracking.

COMMON FORMS OF
WELD-RELATED CRACKING
IN CARBON AND LOW-
ALLOY STEELS

The various types of cracking, including hydrogen
cracking, solidification cracking, liquation cracking,
lamellar tearing, reheat cracking, and fatigue cracking
are discussed in this section. Methods of preventing
cracking also are described.

Surface preparation is standard practice in all weld-
ing applications, and is especially important in prevent-
ing most types of weld cracking. The presence of
impurities has a very significant effect on the various
cracking mechanisms and thus the quality of welds. Oil,
grease, dirt, rust, metal filings, paint or other coatings
must be cleaned from the surface of the steel in the
region where the weld is to be made. For example, cop-
per residue from tools such as cooling blocks and fix-
turing should be removed from the surface of the steel
workpiece because copper can be a source of solidifica-
tion cracking.

HYDROGEN CRACKING

Hydrogen cracking (also known as underbead crack-
ing, cold cracking, or delayed cracking) can occur when
welding carbon and low-alloy steels.!®:1%20 The poten-
tial for hydrogen cracking in the weld metal or heat-
affected zone, or both, depends on the composition,
hydrogen content, and tensile stress level of these areas.
Hydrogen cracking generally occurs at a temperature
below 150°C (300°F), either immediately on cooling or
after an incubation period of up to 48 hours. Increasing
amounts of diffusible hydrogen, more susceptible (har-

18. For additional information, refer to Reference 14.

19. See Reference 3.

20. For a definitive work on hydrogen cracking, refer to Bailey, N.,
and E R. Coe, 1993, Welding Steels Without Hydrogen Cracking,
Edition: 2, illustrated; 1855730146, 9781855730144, Great Abing-
ton, Cambridge, UK: Woodhead Publishing.
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der) microstructures or higher tensile stresses, or all
three, increase the likelihood of cracking and shorten
the incubation period. The following sequence describes
the overall process:

1. Water (H,O) or hydrocarbon (H,C,) molecules
dissociate into atomic hydrogen in the welding
arc;

2. Atomic hydrogen readily dissolves into the weld
pool;

3. As the pool solidifies, hydrogen begins diffusing
outward into the surrounding HAZ;

4. As the welded area cools, hydrogen diffusion
slows, especially below about 200°C (390°F);

5. Over time, hydrogen accumulates at regions of
triaxial tensile stress, such as at the weld toe or
weld root at slag inclusions, or at small solidifi-
cation or liquation cracks; and

6. When (or if) the hydrogen concentration at any
location exceeds a threshold value, as deter-
mined by the present stress and microstructure,
cracking begins.

Cracking sometimes occurs in the weld metal, partic-
ularly when its yield strength is over 620 MPa (90 ksi).
In general, however, alloy steels are more likely to crack
in the HAZ.

To summarize, hydrogen cracking in welded joints is
associated with the combined presence of the following
four conditions:

1. The presence of atomic (diffusible) hydrogen;

2. A susceptible microstructure, typically but not
necessarily martensitic;

3. A sustained tensile stress at the sensitive location;
and

4. A temperature below 150°C (300°F).

Hydrogen Sources

Molten steel has a high solubility for atomic (diffus-
ible) hydrogen, which may be present due to the disso-
ciation of water vapor or hydrocarbons in the welding
arc. The diffusion rate of atomic hydrogen in steel is
high at or near its melting temperature. Therefore, the
molten weld metal can rapidly pick up atomic hydrogen
from arc plasma. Once in the weld metal, hydrogen
atoms can diffuse rapidly into the HAZ of the base
metal.

There are several possible sources of moisture and
other hydrogenous compounds that can dissociate in
the welding arc and introduce diffusible hydrogen into
the weld metal. Sources include the filler metal, mois-

ture in the electrode covering, weld[DaOftTkl mem
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ture, hydrated rust, oil, grease, or paint on the filler
metal or base metal. The welding wire or rod may be
contaminated with lubricants used during the wire-
drawing operation. In shielded metal arc welding
(SMAW), the primary sources of hydrogen are cellulose
or moisture, or both, in the electrode covering. In sub-
merged arc welding (SAW), the primary source is mois-
ture in the flux. In flux-cored arc welding (FCAW) and
gas-metal arc welding (GMAW) with metal-cored wire,
moisture in the core ingredients is the primary source.
Shielding gases contaminated with humid air or mois-
ture are additional sources of hydrogen.

The American Welding Society standard AWS A4.3
describes methods for measuring the diffusible hydro-
gen content of welds deposited by shielded metal arc
welding, gas metal arc welding, flux cored arc welding,
and submerged arc welding processes.”! As a result of
standardized testing provided by this specification, a
diffusible hydrogen designator, H16, H8, H4, or H2,
can be attached to the classification of carbon steel and
low-alloy steel filler metals to identify the maximum
diffusible hydrogen limit the filler metal will meet.

The tendency for hydrogen cracking is approxi-
mately proportional to the logarithm of the diffusible
hydrogen content of the weld deposit. Accordingly, the
diffusible hydrogen designators in AWS filler metal
specifications are based on a geometric progression of
hydrogen content limits, as shown in Table 1.1.

A low-hydrogen electrode classified with one of these
designators is certified to meet the corresponding
hydrogen limit under the standardized test conditions
specified in AWS A4.3.22

21. American Welding Society (AWS), 2006, Standard Methods for
Determination of the Diffusible Hydrogen Content of Martensitic,
Bainitic, and Ferritic Steel Weld Metal Produced by Arc Welding,
AWS A4.3-93 (R2006), Miami: American Welding Society.

22. See Reference 17 and American Welding Society (AWS), 2008, The
Official Book of D1.1 Interpretations, AWS D1.1-BI:2008, Miami:
American Welding Society.

Table 1.1
Diffusible Hydrogen Limits for Weld Metal

Diffusible Hydrogen Content,

Designator mL/100g of Deposited Metal
H16 no more than 16
H8 no more than 8
H4 no more than 4
H2 no more than 2
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Electrodes that resist moisture pickup for extended
time periods under conditions of high atmospheric
humidity are designated with an “R” in the electrode
classification. The AWS standard, Structural Welding
Code—Steel, AWS D1.1/D1.1M:2010%3 permits longer
exposure times for such electrodes, thus a moisture-
resistant E7018 low-hydrogen electrode might be desig-
nated as E7018-H4R. Similar designations also are
available in alloy combinations. This is an area of active
development in shielded metal arc electrodes; therefore,
recommendations from the manufacturers of electrodes,
in addition to the most recent editions of AWS A5.1 and
AS.S, should be consulted for the latest information.2*

Microstructure

Hydrogen is most likely to promote cracking when
the steel has a martensitic microstructure. 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. In general, the
stress required to produce a crack in steel is progres-
sively lower as the hydrogen content increases. The sus-
ceptibility of martensite to hydrogen cracking is believed
to be due partly to high local transformation stresses.

Bainitic microstructures in steel display a distinctly
lower susceptibility to hydrogen cracking compared to
martensitic microstructures. The local stresses are sig-
nificantly lower in bainite, even though it may have a
degree of hardness approaching that of any martensite
in the microstructure. A mixture of ferrite and high-car-
bon martensite or bainite also is quite susceptible to
hydrogen cracking. This microstructure is produced
during cooling from austenite at a rate that is slightly
faster than the critical cooling rate for the steel. There-
fore, in the presence of sufficient hydrogen, any local-
ized area with this sort of mixed microstructure will be
susceptible to cracking in the HAZ.

Susceptibility to cracking can be reduced by minimiz-
ing the formation of martensite in the weld metal and
HAZ. This is accomplished by controlling the cooling
rate of the weld with either higher preheat temperature
or higher heat input. The cooling rate depends on the
thickness of the workpiece, preheat temperature, and
welding heat input. With some steels, however, a change
in welding procedures that reduces the amount of mar-
tensite in the microstructure may result in a detrimental
change in certain mechanical properties of the welded
joint.

23. See Reference 17.
24. Refer to AWS Committee on Filler Metals and Allied Materials,
2004, Specification for Carbon Steel Electrodes for Shielded Metal
Arc Welding, AWS A5.1/A5.1M:2004, and 2006, AWS A5.5/A5.5M:

2006, Specification for Low-Alloy Steel Flectr mem%s
Arc Welding, Miami: American W ldirz ¢
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High-heat-input welds, such as electroslag welds,
also can exhibit hydrogen cracking in the extensive fer-
rite veining common to the weld metal. In these
instances, high moisture content in the welding flux is
usually the cause of the cracking.

Stresses

Possible sources of stress are phase transformation,
thermal contraction, mechanical restraint, applied
loads, or fabrication sequence. These stresses may be
reduced by preheating, adjusting the welding proce-
dure, or redesigning the weldment or fabrication
sequence to reduce restraint on the joint. The Welding
Handbook, Volume 1, Chapter 3, Heat Flow in Weld-
ing; Chapter 5, Design for Welding; and Chapter 7,
Residual Stress and Distortion, can be consulted for
background information on the development of stresses
in weldments and information on weldment design.
Appendix B of this volume provides a reference guide
to the contents of various volumes of the Welding
Handbook.*

25. See Reference 14.

(A)
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Underbead Cracking

The most common occurrence of hydrogen-induced
cracking is in the grain-coarsened HAZ of a steel with a
susceptible microstructure that has not been adequately
preheated. When cracking occurs in this particular loca-
tion it is often called underbead cracking because of its
proximity to the weld interface, as illustrated in Figure
1.9.

Weld Metal Cracking

Weld metal normally presents fewer problems than
base metal with regard to hydrogen cracking. This is
probably a result of the general use of filler metal with
lower carbon content than the base metal. Nevertheless,
in some cases hydrogen can still cause weld metal crack-
ing to a significant extent. For example, consumables
alloyed to produce weld metal with strength levels
matching those of certain high-strength low-alloy (HSLA)
steels, particularly those designed to meet United States
Navy requirements for ships and submarines, have
resulted in weldments that are more susceptible to

(8)

Figure 1.9—(A) Underbead Crack in a Transverse Metallographic SectiBo
of a Weld in SAE 9310 Steel and (B) SEM Fractograph of the S Crack Cuments
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hydrogen cracking in the weld metal than to hydrogen
cracking in the HAZ. Thus, for these steels, preheating
requirements are dictated by the weld metal rather than
the base metal.

Hydrogen cracking in the weld metal may take sev-
eral forms. It usually occurs transverse to the weld bead
length and at right angles to the surface. Hydrogen cracks
can occur longitudinally, or also as 45° chevron cracks.

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

Conditions that lead to the formation of fisheyes in
weld metal can be minimized by using dry, low-hydrogen
electrodes, by increasing the preheat temperature, or by
applying immediate postweld hydrogen release treat-
ment to the weldment for at least 20 minutes at temper-
atures ranging from 95°C to 320°C (200°F to 600°F).
The elevated temperature serves to speed the diffusion
of atomic hydrogen away from the weld region. Longer
times or higher temperatures, or both, should be applied
when there is increased hydrogen contamination and
higher alloy content.

Microcracks may be observed in weld metal deposited
by shielded metal arc welding (SMAW) electrodes con-
taining cellulose in the covering, or by low-hydrogen
electrodes that have excessive moisture in the covering.
These microcracks generally are oriented transverse to
the axis of the weld. They are less likely to occur in weld
metal deposited with dry low-hydrogen electrodes. Even
with this precaution, however, weld metal cracking can
occur at higher levels of strength or carbon equivalence.

Methods of Avoiding Hydrogen Cracking

When the carbon content of steel is increased, the
hardness of any martensite formed within its micro-
structure is also increased. When the alloy content of
steel is increased for greater quench hardenability, the
likelihood and thus the quantity of martensite are con-
sequently increased. Both of these effects tend to reduce
the hydrogen tolerance of steels.

Residual stresses, being limited by yielding, also tend
to increase with yield strength. Susceptibility to hydrogen
cracking increases with increasing residual stress, although
this may also reflect the more susceptible microstruc-
ture. For example, carbon steels with an ultimate tensile
strength (UTS) that does not exceed 410 MPa (60 ksi)
can be welded with E6010 or E6011 covered electrodes,
which are characteristically high in hydrogen because the
coverings contain cellulose and 3% to 7% moisture. Con-
versely, higher-strength quenched and tempered steels
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such as HY-130 must be welded with covered electrodes
that contain no more than 0.1% moisture in the cover-
ing. (Refer to Table 1.18 for the chemical composition
of HY-130.) Moisture or hydrogen limits for covered
electrodes vary between these two levels, depending on
the type of steel being welded.

Hydrogen cracking can be controlled by several
means. A welding process or an electrode that produces
minimal diffusible hydrogen can be selected. A combi-
nation of welding heat input and thermal treatments
can be used to drive off the hydrogen, or produce a
microstructure that is less sensitive to it. Another alter-
native is to use joint designs and welding procedures
that minimize restraint and thus minimize residual
stresses.

Welding Process

The amount of diffusible hydrogen produced during
welding can be limited by using an inherently low-
hydrogen process such as GMAW. For processes that
employ a flux, such as SMAW, low-hydrogen electrodes
are recommended for the welding of crack-susceptible
steels. However, the moisture content of these elec-
trodes must be maintained below the limits stated in the
applicable filler metal specification.

Electrodes are manufactured for use within accept-
able moisture limits consistent with the type of covering
and strength of the weld metal. Low-hydrogen elec-
trodes are packaged in containers that provide the
moisture protection necessary for the type of covering
and the application. These electrodes can be maintained
for many months in these protective containers when
stored at room temperature with the relative humidity
at 50% or less. Unpackaged, they can be stored in elec-
trode-holding ovens for short times. However, if the
containers are removed or damaged and the electrodes
are improperly stored, the coverings may absorb exces-
sive moisture.

Some covered electrodes are designed to resist mois-
ture pickup during exposure to the atmosphere. A stan-
dardized absorbed-moisture test is described in
Specification for Carbon Steel Electrodes for Shielded
Metal Arc Welding, AWS A5.1/A5.1M:2004, and Speci-
fication for Low-Alloy Steel Electrodes for Shielded
Metal Arc Welding, AWS AS5.5/A5.5M:2006.2¢ As a
result of passing this exposure test of 9 hours at 27°C
(80°F) and 80% relative humidity, electrodes may have
an “R” designator attached to the classification; AWS
AS5.1 electrodes may be classified as E7018M to indi-
cate moisture resistance.

The low- hydrogen electrodes (EXX15 and EXX16)
and low-hydrogen iron powder electrodes (EXX18,

—  ___ Documents

26. See Reference 24.
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EXX28, and EXX48) are designed to contain a minimal
amount of moisture in the coverings. The maximum
acceptable moisture level of the filler metal decreases
in proportion to the increase in the strength of the
weld metal. To maintain this low moisture level in the
covering, hermetically sealed containers are mandatory
for electrodes that deposit weld metal with a tensile
strength of 550 MPa (80 ksi) or higher. These con-
tainers are optional for electrodes of lower-strength
classifications.?”

As previously mentioned, electrodes that have been
exposed to a humid atmosphere for an extended time
may absorb excessive moisture. The moisture content
of electrodes that have been exposed to the atmosphere
should not exceed the limits stated in the appropriate
specification. If there is a possibility that the electrodes
have picked up excessive moisture, they may be recon-
ditioned by baking in an oven. The appropriate time
and temperature for baking should be requested from
the electrode manufacturer. The user should be aware
that the applicable welding code may place limits on
reconditioning. For example, Structural Welding Code—
Steel, AWS D1.1 specifies conditions for baking sub-
merged arc welding flux.?8

The hydrogen designators shown in Table 1.1 are
used in AWS specifications to designate the diffusible
hydrogen content of covered carbon steel electrodes
and submerged arc low-alloy steel welding wires and
fluxes. The same hydrogen designators also apply to
other ferritic covered electrodes, submerged arc wires
and fluxes, and flux-cored wires. Although none of the
specifications for austenitic stainless steel and nickel
alloy electrodes contain limits on hydrogen or moisture,
special precautions should be exercised when using
these electrodes to weld high-strength and alloy steels.
Flux-cored electrodes, in particular, should not be used
to weld steels that are sensitive to hydrogen cracking if
the electrodes have been contaminated with moisture or
any other hydrogen-containing substance.

Thermal Treatments

Preheating and postheating at or just above the pre-
heat temperature should be considered when there is a
significant risk of hydrogen cracking in the welded
joint. Preheating involves raising the temperature of the
weldment prior to welding, and maintaining an elevated

27. See Reference 24.

28. Structural Welding Code—Steel, AWS D1.1 (see Reference 17),
requires that flux be baked at 120°C (250°F) for 1 hour if the packag-
ing has been damaged. A 25 mm (1 in.) thick layer of exposed flux in
hoppers and wet flux must be discarded. These procedures should be
followed for all applications.
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interpass temperature during the entire welding opera-
tion. Controlling preheat and interpass temperatures
achieves the following conditions:

1. Reduces cooling rates and thus reduces the hard-
ness of heat-affected zones,

2. Increases the rate at which hydrogen diffuses
away from the weld and heat-affected zone, and

3. Reduces residual stresses in and near the weld.

Preheat may be applied to the entire weldment or to
a band of specified width that includes the weld joint.
The selection of preheat temperature and the degree to
which preheat must be applied involves a number of
considerations. In general, preheat temperatures must
increase with increasing carbon equivalent, plate thick-
ness, restraint, and hydrogen levels. Conversely, the use
of high levels of arc energy and low-hydrogen
consumables may permit the use of a lower preheat
temperature. Recommendations for minimum preheat
temperatures for carbon steels and low-alloy steels are
published in a number of documents, including the
standard, Structural Welding Code—Steel, AWS D1.1,
and Bailey et al, Welding Steels without Hydrogen
Cracking.?®3° These recommendations are discussed for
each type of steel in subsequent sections of this chapter.

Postheating should be performed immediately after
welding, while the weldment is still at the preheat tem-
perature. The postheat temperature may be the same
used for preheating: 95°C to 320°C (200°F to 600°F).
The holding time at postheat temperature depends on
the joint thickness, because the length of the path over
which the hydrogen must diffuse to the surface is a con-
trolling factor.

Weldments of steels that are quenched and tempered
to achieve desired properties require special treatment.
They must be either welded with a low-hydrogen pro-
cess, or heat treated after welding and prior to the hard-
ening treatment.

It is recommended that steels not be welded if the
steel temperature is below 0°C (32°F). If the tempera-
ture of the steel is below 0°C (32°F), it should be heated
to at least 20°C (70°F) prior to welding. Under humid
conditions, the steel should be heated to a higher tem-
perature to drive off any surface moisture.

Limits on Heat-Affected Zone Hardness

The hardness of the heat-affected zone (HAZ) is
often used as an indicator of susceptibility to hydrogen
cracking. A Vickers hardness number of 350 HV is a

29. See Reference 17.

30. Bailey, N. et al, 1993, Welding Steel withomem&ms

Cambridge, England: Abington Publicking
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widely used value, below which it is generally agreed
that hydrogen cracking is not expected to occur. Both
API 1104 and CSA Z662 indicate that procedures pro-
ducing HAZ hardness greater than 350 HV should be
evaluated regarding the risk of hydrogen-cracking. 31-32
They do not indicate that HAZ hardness greater than
350 HV is unacceptable, but neither do they provide
guidance pertaining to how HAZ hardness greater than
350 HV should be evaluated. The Australian standard
AS 2885 prohibits hardness in the HAZ in excess of
350 HV.33 The generally regarded notion that 350 HV
is a hardness level below which hydrogen cracking is
not expected dates back to work in the 1940s for welds
with a diffusible hydrogen content of approximately 16
ml (100 g) of deposited weld metal.3* Nevertheless, the
critical hardness level, or the hardness level below
which hydrogen cracking is not expected, depends on
the hydrogen level typically produced by the welding
process being used, and on the chemical composition
(carbon content or carbon equivalent [CE] level) of the
workpieces. The risk of hydrogen cracking increases as
the hydrogen level increases. Lower limits on hardness
are required when higher hydrogen levels are antici-
pated. Conversely, closer control of hydrogen level
allows higher hardness to be tolerated. Many modern
low-hydrogen electrodes, such as AWS EXX18, particu-
larly the H4R variety, produce hydrogen levels of less
than 4 ml/100 g in the weld. For this reason, a hardness
limit of 350 HV may be highly conservative for some
in-service welding applications.

While HAZ hardness is often used as an indicator of
cracking susceptibility, the true susceptibility depends
on the microstructures present in the HAZ. A better
indicator of cracking susceptibility might be the volume
fraction of martensite in the HAZ. For a material of a
given chemical composition, HAZ hardness is a good
indicator of the relative amount of martensite present in
the HAZ. However, the hardness of martensite depends
on the carbon level of the material being welded. The
measured hardness in the HAZ of a low-carbon mate-
rial that consists mostly of martensite may be lower
than the measured hardness in a higher carbon material
with a much lower volume fraction of martensite, yet
the cracking susceptibility in the lower carbon material
might be higher. In other words, materials with lower

31. Canadian Standards Association (CSA), 2003, Oil and Gas Pipe-
line Systems, 7662, Toronto, Ontario, Canada: CSA International.
32. American Petroleum Institute. 2005. Welding of Pipelines and
Related Facilities. API Standard 1104 (R2010). 20th edition. Wash-
ington, D.C.: American Petroleum Institute.

33. Australian Standards (AS) 2002, Pipelines—Gas and Liquid Petro-
leum, Part 2, AS2885.2-2002, Sidney: Australian Standards.

34. Dearden, J. and H. O’Neill, 1940, A Guide to the Selection and
Welding of Low Alloy Structural Steels, Vol. 3, Institute of Welding
Transactions.
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carbon content tend to crack at lower hardness levels.
Conversely, higher hardness can be tolerated when
welding higher carbon content materials.

A HAZ hardness of 350 HV may be overly conserva-
tive for some in-service welding applications and not
conservative for others. Acceptance criteria that allow
trade-offs to be made between HAZ hardness, hydro-
gen level, and chemical composition for welds made
onto in-service pipelines have been proposed.3®

Interruption of the Heating Cycle

When a welding procedure employs preheating or
postheating, a question sometimes arises as to whether
the weldment should be allowed to cool to room tem-
perature during or after welding but before final heat
treatment. The effects of interrupting the heating cycle
are both metallurgical and mechanical in nature.

Metallurgical effects involve microstructural changes.
The mechanical effects involve thermal contraction in
the weldment that may produce localized distortion or
high residual stresses. Accordingly, the greatest assur-
ance of successful welding requires the use of continuous
heating without interruption, postweld heat treatment
immediately after completion of welding, or maintenance
of preheat until postweld heat treatment can be performed.
However, operational or economical reasons may pre-
vent carrying out a continuous heating procedure.

Interrupted operations are necessary in some cases
and quite common in many applications. It is difficult
to make general rules for when interruptions are per-
missible, because many factors must be considered.
Once welding has started, the heating of steels with
high hardenability should not be interrupted unless
appropriate steps are taken to avoid cracking. Proce-
dures for the various types of hardenable steels are dis-
cussed in the sections on high-carbon steels and high-
strength low-alloy steels.

Interruptions in heating are less desirable if a par-
tially completed weld will be subjected to tensile
stresses when cooled. All welding and postweld heat
treatment should be completed before a weldment is
exposed to any type of loading.

For the heat-affected zone and weld metal, an
increase in workpiece thickness increases both the
restraint on the weld and the rate of cooling from weld-
ing temperatures. Accordingly, the weld area is sub-
jected to increasingly high residual stresses.

Once welding has started, it should not be stopped
until the weld has enough strength and rigidity to with-
stand the residual and applied stresses. For this reason,

35. Bruce, W. A., and M. A. Boring, 2005, Realistic Hardness Limits

for In-Service Welding, Draft Final Report fgg PRCI Contract
GRI-8758, EWI Project No. 46344CAP, Qﬁoe ES

Welding Institute.
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an interruption of welding generally is not permitted on
heavy sections until some minimum number of weld
passes have been completed, or a specified fraction of
the joint thickness has been welded. When interruptions
are permitted, the weldment must be cooled slowly and
uniformly. Welding should not resume until the weld
area has been reheated uniformly to the specified pre-
heat temperature.

SOLIDIFICATION CRACKING

Solidification cracking is a type of hot cracking that
can occur in carbon steel and low-alloy steel welds
when the weld metal just behind the weld pool is unable
to support the tensile strains that develop as it solidifies.
Liquid films are required for this type of cracking to oc-
cur, and as such, solidification cracks normally appear
along grain boundaries (intergranular), although in some
cases may be found along dendrite boundaries within
grains (interdendritic). These liquid films are created by
the segregation of certain elements, especially sulfur or
phosphorus, but also lead, tin, antimony, and arsenic,
which can form low-melting-point compounds. Frac-
ture surfaces of solidification cracks, as shown in Figure
1.10, typically exhibit an “egg-crate” topography when
examined at the high magnification possible in a scan-
ning electron microscope (SEM). These fracture surfaces
are created by the separation of intergranular liquid
films just before completion of solidification.

While solidification cracking can occur in almost any
of the carbon and low-alloy steels, resulfurized free-
machining steels and some heat-treated low-alloy steels
are particularly susceptible. Solidification cracks often
are longitudinal cracks along the centerline of the weld
bead. These are often associated with the teardrop
shape of the weld pool that can occur at higher travel
speeds. Weld beads that are undersized, have a concave
profile, or have a high depth-to-width ratio are also
more susceptible. As in all forms of weld cracking, joint
restraint is an important influence.

Manganese and silicon additions tend to reduce the
susceptibility of steel to solidification cracking. There-
fore, one precaution to reduce solidification cracking
involves the use of filler metals with a higher manga-
nese or silicon content. However, it should be noted
that this approach becomes less effective with increas-
ing carbon content. Medium- to high-carbon steel
weld metal exhibits a greater tendency toward solidifi-
cation cracking in spite of elevated manganese or silicon
levels.
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Figure 1.10—(A) Transverse Metallographic
Section and (B) SEM Fractograph of Solidification
Cracking in an Autogenous Laser Weld
in Carburized SAE 8620 Steel

LIQUATION CRACKING

Cracking along grain boundaries in the heat-affected
zone due to wetting of the boundaries by liquid is called
HAZ liquation cracking. This cracking normally occurs
in the partially melted zone (PMZ) of the HAZ, which
is the region of the HAZ that borders the fusion zone
and in which some localized melting or liquation
occurs. Liquation cracking may be caused by the pene-
tration of the grain boundary by a liquid constituent (a
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Figure 1.11—SEM Fractographs of Liquation Cracking in the HAZ of a Weld in SAE 1080 Rail Steel

gation of impurity elements to the boundary. In both
cases, the liquid wets the boundary and thus reduces its
strain capacity. Figure 1.11 contains SEM images, at two
different levels of magnification, of a cluster of HAZ
liquation cracks that initiated brittle fracture during
proof testing of a welded joint in a high-carbon steel.

Weld metal liquation cracking is a special type of
HAZ liquation cracking that occurs in the previous
passes of multiple-pass welds as subsequent passes are
made. Liquation cracking in the HAZ is likely to hap-
pen in welds that are also susceptible to solidification
cracking.

The risk of liquation cracking in the HAZ can be
reduced by using one or a combination of the following
methods:

1. Welding on base metal with a low impurity content
(e.g., sulfur and phosphorous, but also lead, tin,
antimony, and arsenic) to decrease the likelihood
of impurity segregation to the grain boundaries;

2. Using high-purity filler metals to limit the chances
of low-melting constituents forming in the fusion
zone and penetrating the grain boundaries of the
HAZ;

3. Solution heat treating of the base metal to reduce
the chance of forming liquids around liquating
particles in the HAZ;

surface area over which impurities and liquid
films can be dispersed; and

5. Reducing the residual stress in the HAZ by using
an undermatching filler metal or a solution-
annealed base metal to reduce the chances of lig-
uation cracking.

LAMELLAR TEARING

Shrinkage from groove welds, fillet welds, or combi-
nations of these used in corner joints or T-joints can
result in tensile stresses in the through-thickness direc-
tion of the through member. The resulting through-
thickness strains must be accommodated by the base
metal that lies within the joint. The magnitude of these
stresses and strains depends on the size of the weld, the
welding procedures used, and the degree of restraint
imposed by the base metal thickness and the joint design.

In steel plate and structural shapes that have been
produced by conventional steelmaking processes, man-
ganese sulfide or oxide-silicate inclusions that have
been flattened and elongated by the rolling process
sometimes occur in clusters around mid-thickness. These
can significantly reduce the through-thickness ductility
of the steel, making it susceptible to lamellar tearing.
This internal tearing progresses in a step-like manner

4. Selecting a base metal of finer grain size, as
smaller grains provide greater grain boundary

from one inclusion to another. andDd@CUIME NS
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lamellar tearing is evidenced by a step-like or jagged
crack with many of its steps oriented parallel to the plate
surfaces, as shown in Figure 12(A) and (B). Macroscopically,
the fracture surface will appear fibrous or “woody,” as
shown in Figure 12(C), and microscopic examination will
reveal the planar rupturing of the interfaces that once
surrounded the elongated, flattened inclusions.

Figure 1.13 shows three joint designs, (A), (B), and
(C), that may be prone to lamellar tearing, along with
modified joint designs that should improve their resis-
tance to it. There is some evidence that sensitivity to
lamellar tearing is increased by the presence of hydrogen
in the steel.

Following are some approaches to minimizing the
possibility of lamellar tearing:

1. Change the location and design of the welded
joint to minimize through-thickness strains, in-
cluding selecting fillet welds instead of complete-
penetration groove welds in T-joints;

2. Reduce the available hydrogen;

3. Butter the surface of the plate with at least two
layers of weld metal prior to making the weld;

4. Use preheat and interpass temperatures of at least
95°C (200°F);

5. Peen the weld beads;

6. Use steel plates especially processed to achieve
improved through-thickness properties (very low-
sulfur steels—0.010% maximum) or steels with
rare-earth additions to control the shape of man-
ganese sulfide inclusions);3¢ and

7. Substitute forgings or castings for plate.

The most reliable methods for avoiding lamellar
tearing are to use alternate materials and the buttering
technique, and if plate is used, to minimize stresses in
the through-thickness direction. It is not possible to
detect lamellar tearing prior to welding since it does not
exist. However, by employing straight-beam ultrasonic
examination, it is relatively easy to detect subsurface
laminations that may be susceptible to lamellar tearing.
Also, a through-thickness tension test (e.g., ASTM
A 770) can be used to determine the susceptibility of a
plate to lamellar tearing. A reduction of area in the
through-thickness direction greater than 20% in the
A 770 test indicates a low likelihood of lamellar tearing.

36. American Association of State Highway and Transportation Offi-
cials (AASHTO) and American Welding Society (AWS), 2010, Bridge
Welding Code, AASHTO/AWS D1.5M/D1.5:2010, Miami: American
Welding Society, Subclause 12.4.4.1, Optional Through-Thickness and
Low-Sulfur Requirements.

Full document details: WHB 4.1-2011

AWS WELDING HANDBOOK 9.4

©

Figure 1.12—Lamellar Tearing:
(A) Typical Location, (B) As Shown in a
Longitudinal Metallographic mnts

(C) Macroscopic Appear: nc: of FBacture s%ﬁgﬁﬁgHub
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REHEAT CRACKING
1

Reheat cracking (also called strain-age cracking, strain
relaxation cracking, stress-rupture cracking, or stress-
relief cracking) can occur in some low-alloy steels and
Cr-Mo steels during postweld heat treatment or in high-
temperature service. Reheat cracks are intergranular and
usually appear in the grain-coarsened region of the
HAZ during postweld heat treatment at stress-relieving
temperatures, especially in thick workpieces where the
SUSCEPTIBLE IMPROVED combined effects of restraint and residual stress are sig-
nificant. Dissolution of alloy carbides and nitride parti-
! cles in the grain-coarsened HAZ during welding is

% followed by reprecipitation during postweld stress relief.

This increases the creep resistance of the grains, making
them less able to accommodate the relaxation strains
that result from grain boundary sliding. The magnitude
of these strains is increased by the coarseness of the
grains in this region. Intergranular stresses thus accu-
s mulate, particularly at grain-boundary triple points,
which may result in the nucleation and growth of inter-
granular cracks. There is experimental evidence that the
(A) diffusional segregation of impurity elements such as phos-
phorus (P), copper (Cu), tin (Sn), arsenic (As), and anti-
mony (Sb) increases the susceptibility of grain boundaries
to reheat cracking by reducing their cohesive strength at
stress-relieving temperatures. It has been reported that
this occurs in Cr-Mo-V steels, in ASTM A 508 Class 2
steel, in ASTM A 514 and A 517 steels, shown in Table

MOST IMPROVED LEAST IMPROVED

y- _ 1.2, and in some precipitation-hardened ASTM A 710
= — - —> HSLA steels.3” (Refer to Chapter 3 of Welding Handbook,
= J =— ] Volume 1, for a review of residual stress development.)38

SUSCEPTIBLE IMPROVED The occurrence of reheat cracking can be reduced by
(B) several means, as follows:

1. Reducing joint restraint during welding, which
will reduce the overall level of residual stress prior

'ﬂ T\' to stress relieving;
I I llll 2. Eliminating stress concentrations, such as in fillet
—_—
toes;
M 3. Using multiple-pass welding, which refines the
—( —

grains of previous passes; and
4. Using rapid heating and cooling to minimize
time spent in the carbide precipitation range.

_W_

s FATIGUE CRACKING

SUSCEPTIBLE IMPROVED . ) )
Although fatigue cracking in welded steel structures

(©) is primarily a design issue, its prevalence as a cause of
failure justifies mention in this section.

Source: Adapted from ASM International (ASM), ASM Metals Handbook, Vol. 6, Figure
14, Materials Park, Ohio: ASM International, p 652.

37. Steel classifications are published by ASTM International
(ASTM) (formerly American Society for Testing and Materials), 100

Figure 1.13—Welc_l "Oins Designs Pr_one Barr Harbor Drive, West Conshohocken, Pe lvania, 19428-2959.
to Lamellar Tearing, with Susceptible WWw.astm.org. nﬁocumen S
and Improved Weld Metal Profiles 38. See Referencel4.
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Table 1.2
Susceptibility of Ferritic Alloy Steels to Reheat Cracking
Not Susceptible Borderline Susceptible Very Susceptible
C-Mn A517J A517E A517F
1Cr1/2Mo A 508/1 A 533B 1/2MoB
5Cr1/2Mo A 508/3 HY 80 1/2Cr1/2MoV
9CriMo 2-1/4CriMo HY 130
A517A A517B A 508/2
A 533A
A 508/2

Structural weldments, especially those fabricated
from plate and structural shapes, contain sharp corners
and other abrupt transitions which act as stress concen-
trators. Unfortunately, these transitions typically (and
often necessarily) coincide with the welded joints, which
add inherently detrimental features that must also be
considered. Although these inherent geometric disconti-
nuities are rarely detrimental to the static or even the
impact properties of most welded structures, they are
often markedly damaging to the long-term integrity of
welded structures in service environments that impose
cyclic stresses.

For a given cyclic nominal stress range (AG = Gy, —
Omin), the fatigue life of a sound weld is controlled pri-
marily by the local geometry of the weld toe or weld
root, and secondarily by the joint design. Welding-
induced tensile residual stresses may or may not have a
contributing effect, depending on the applied nominal
stress ratio (R = Gpin/Omax)- Unless R < 0 or R > 1, resid-
ual tensile stresses tend to be of little to no consequence.
Other factors, such as the tensile strength, yield
strength, and microstructure of the weld metal, HAZ
and base metal have negligible influence on high-cycle
condition.

Figure 1.14 provides an example of this by demon-
strating the absence of a yield strength effect for a par-
ticular class of weldments. The effects of geometry
essentially overwhelm all other factors unless steps are
taken to improve the profile of the weld toe by means
such as grinding, peening or remelting, and by ensuring
complete joint penetration to eliminate the crack-like
root geometry of a partial-penetration weld. In many
applications, such measures are cost-prohibitive.

Since weld toe and root geometries are largely
beyond the control of the structural designer, most
design codes for welded steel structures, including AWS
D1.1, specify fatigue design rules based only on joint
design and nominal stress range. To develop such rules,
thousands of fatigue test results obtained from various

Full document details: WHB 4.1-2011

joint geometries are assembled and divided into cate-
gories for statistical analysis. This produces a series of
discrete performance categories based on test-piece
geometry. The lower-bound stress-life (S-N) curve derived
from each category is typically codified as the basis for
fatigue design. Code users then select the category most
closely matching each joint design and apply the desig-
nated S-N curve. This establishes a permissible stress
range for the number of cycles that a joint will be
required to perform in service, thereby guiding design-
ers in the sizing of structural members or welds, or
both. Conversely, a conservative estimate of the life
expectancy of an existing joint can be obtained from
the appropriate S-N curve.

For structures known to contain fatigue cracks, the
fracture toughness of the steel in which the fatigue
cracks are growing determines the most conservative
critical crack size for a given loading condition. The
critical crack size is the size above which a crack or
crack-like flaw becomes unstable, resulting in sudden
brittle failure of the component. By increasing this
value, high-toughness steel can extend the crack growth
portion of the fatigue life of a weldment. However, in
many situations this may produce only a modest
increase, as illustrated in Figure 1.14. In any case, nei-
ther high toughness nor high strength can be expected
to provide a significant, reliable improvement in the
overall fatigue performance of as-welded steel struc-
tures, as illustrated in Figure 1.15.

In situations where fatigue cracking is expected to be
a problem, the following guidelines may be helpful:

1. Wherever possible, the weldment should be de-
signed with butt joints instead of fillet or T-joints;

2. Placing welded joints at the same locations as
changes in section thickness generally should be
avoided;

3. The workpieces should be cafdiglzliments

minimize joint misaligurient;
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Figure 1.14—Absence of Yield Strength Dependence in High-Cycle Fatigue
Performance of Weldments, as Demonstrated by Stress-Life Data
Obtained from Test Geometries with Longitudinal Attachments
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4. Undercut, overlap and excessive weld reinforce-
ment should be avoided; and

5. If grinding, peening, or remelting of the weld-toe
is necessary, it should be performed in accor-
dance with established procedures.3’

CARBON STEELS

Carbon steels are alloys of iron and carbon in which
carbon usually does not exceed 1.0%, manganese does
not exceed 1.65%, and copper and silicon each do not
exceed 0.60%. Other alloying elements normally are
not present in more than residual amounts. Carbon
steels generally are categorized according to their car-
bon content, as listed in Table 1.3. The properties and
weldability of these steels depend mainly on carbon
content; other elements have only a limited effect.

39. See Reference 17.
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Deoxidation practices in the steelmaking process
affect the characteristics and properties of steel. Thus,
carbon steel can be broadly classified according to vari-
ous deoxidation practices: rimmed, capped, semikilled,
or killed (deoxidized) steel. The great majority of mod-
ern steels are continuously cast steels, fully killed and
aluminum-treated for grain size control.

The Society of Automotive Engineers (SAE) carbon
steels are classified in the 10XX, 11XX, 12XX, and
15XX groups.*® The 10XX group has a maximum of
1.0% manganese; manganese in the 15XX group ranges
from 1.00% to 1.65%. The 11XX resulfurized steels
and the 12XX resulfurized and rephosphorized steels
are designed for improved machinability. Fusion weld-
ing is difficult with these materials, however, as they are
notably prone to solidification cracking.

Standards published by ASTM designate carbon steels
on the basis of chemical or mechanical properties, or

40. Society of Automotive Engineers (SAF InterDGﬂ)umelms

wealth Drive, Warrendale, Pennsy!vani(. 15096-0001. www.sae.org.
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both, in conjunction with product form and the in-
A tended application.*! The ASTM standard A 830 covers
SAE carbon steel plates; ASTM A 576 covers SAE car-
bon steel bars. Typical ASTM carbon steels used in con-

struction, pressure vessels, and piping are listed in Table
1.4.42,43

WELDABILITY OF CARBON STEELS

The weldability of a specific type of carbon steel is
determined primarily by the sensitivity of the steel to
hydrogen cracking; although susceptibility to solidifica-
tion cracking and deoxidization practice also can affect
the weldability of some grades, as previously explained.

A (CRACK SIZE)

N (CYCLES) [\

2 | Carbon Content
Key: . . . .
Nﬁy: Stress cycles to failure for fatigue crack growth in a Several points stated in the section titled Funda-
steel with lower fracture toughness mentals of Welding Carbon and Low-Alloy Steels bear
N = Stress cycles to failure for fatigue crack growth in a repeating in this section, as follows:
steel with higher fracture toughness
Ay = Critical size of fatigue crack in a steel with lower fracture Ce . . . .
toughness 1. Sensitivity to hydrogen cracking increases in
Ag, = Critical size of fatigue crack in a steel with higher fracture proportion to increases in carbon equlvalent,
toughness

41. See Reference 36.
Source: Bannantine, J. A., J. L. Comer, and J. J. Handrock, 1990, Fundamentals of Metal ~ 42. ASTM International (formerly American Society of Testing and

Fatigue Analysis, Upper Saddle River, New Jersey: Prentice-Hall. Materials), 2006, Standard Specification for Steel Bars, Carbon, Hot-
Wrought, Special Quality, A 576-90b (2006), West Conshohocken,
Figure 1.15—General Behavior of a Growing Pennsylvania: ASTM International.

43. ASTM International (formerly American Society of Testing and

Fatigue Crack, Comparing Critical Crack Materials), 2006, Standard Specification for Plates, Carbon Steel,

Sizes for Two Steels with Different Structural Quality, Furnished to Chemical Composition Requirements
Values of Fracture Toughness A 830-06, West Conshohocken, Pennsylvania: ASTM International.
Table 1.3
Classification and Weldability of Carbon Steels
Typical
Common Name Carbon, % Hardness Typical Use Weldability
Low-carbon steel 0.15 max. 60 HRB Special plate and shapes, Excellent
sheet, strip, welding
electrodes
Mild steel 0.15-0.30 90 HRB Structural shapes, plate, and Good
bar
Medium-carbon steel 0.30-0.50 25 HRC Machine parts and tools Fair (preheat and postheat
normally required; low-
hydrogen welding process
recommended)
High-carbon steel 0.50-1.00 40 HRC Springs, dies, railroad rail Poor (low-hydrogen welding
proce Py RSEE1 R TS
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Table 1.4
Composition and Strength Requirements of Typical ASTM Carbon Steels
Typical Composition Limits, %? Tensile Strength Min. Yield Strength
ASTM Type or
Application Standard Grade c Mn Si MPa ksi MPa ksi

Structural Steels

Welded buildings, bridges, and A 36 — 029 0.80-1.20 0.15-0.40  440-550 58-80 250 36

general structural purposes

Welded buildings and general A 529 50 0.27 1.35 0.40 485-690 70-100 345 50

purposes 55 0.27 1.35 0.40 485-690 70-100 380 55

General purpose plate A573 58 023 0.60-0.90 0.10-0.35  400-490 58-71 220 32

(improved toughness) 65 026  0.85-1.20 0.15-0.40  450-530 65-77 240 35
70 028 0.85-1.20 0.15-0.40  485-620 70-90 290 42

Pressure Vessel Steels

Plate, low and intermediate A 285 A 017 0.90 — 310-450 45-65 165 24
tensile strength B 0.22 0.90 — 345-485 50-70 185 27
C 0.28 0.90 — 380-515 55-75 205 30

Plate, manganese-silicon A 299 — 0.30 0.90-1.40 0.15-0.40 515-655 75-95 275 40
Plate, intermediate and high- A515 60 0.31 0.90 0.15-0.40 415-550 60-80 220 32
temperature service 65 0.33 0.90 0.15-0.40 450-585 65-85 240 35
70 0.35 1.20 0.15-0.40 485-620 70-90 260 38

Plate, moderate and low- A516 55 0.26 0.60-1.20  0.15-0.40 380-515 55-75 205 30
temperature service 60 0.27 0.85-1.20  0.15-0.40 415-550 60-80 220 32
65 0.29 0.85-1.20 0.15-0.40 450-585 65-85 240 35

70 0.31 0.85-1.20  0.15-0.40 485-620 70-90 260 38

Plate, carbon-manganese-silicon A 537 1b 0.24 0.70-1.60  0.15-0.50 450-585 65-85 310 45
heat-treated 2¢ 0.24 0.70-1.60  0.15-0.50 515-655 75-95 380 55
3¢ 0.24 0.70-1.60  0.15-0.50 515-655 75-95 345 50

Piping and Tubing

Welded and seamless pipe, A53 A 0.25 0.95-1.20 — 330 48 min. 205 30
black and galvanized B 0.30  0.95-1.20 — 415 60 min. 240 35
Seamless pipe for high- A 106 A 0.25 0.27-0.93 0.10 min. 330 48 min. 205 30
temperature service B 0.30 0.29-1.06  0.10 min. 415 60 min. 240 35
C 0.35 0.29-1.06  0.10 min. 485 70 min. 275 40

Structural tubing A 501 — 0.26 — — 400 58 min. 250 36

Cast Steels

General use A27 60-30 0.30 0.60 0.80 415 60 min. 205 30
Valves and fittings for high- A216 WCA 0.25 0.70 0.60 415-585 60-85 205 30
temperature service WCB 0.30 1.00 0.60 485-655 70-95 250 36
WCC 0.25 1.20 0.60 485-655 70-95 275 40

Valves and fittings for low- A 352 LCAc 0.25 0.70 0.60 415-585 60-85 205 30
temperature service LCBe 0.30 1.00 0.60 450-620 65-90 240 35
LCCe 0.25 1.20 0.60 485-655 70-95 275 40

a. Single values are maximum unless otherwise noted.

b. Normalized condition.
c. Quenched and tempered (Q&T) condition. Docu ments

Document Sharing Hub

Full document details: WHB 4.1-2011


http://www.avadocuments.com/doc/whb-4-1-2011
http://www.avadocuments.com/doc/whb-4-1-2011

26 CHAPTER 1—CARBON AND LOW-ALLOY STEELS

hydrogen content of the weld metal, and work-
piece thickness;

2. Carbon is the alloying element that has the great-
est effect on sensitivity to hydrogen cracking;

3. The effects of carbon and other elements on sus-
ceptibility to hydrogen cracking can be estimated
using the carbon equivalent formula; and

4. Carbon steels exhibit increasing susceptibility
to hydrogen cracking when the carbon content
exceeds about 0.15%, although steels with less
than 0.15% carbon are not immune to hydrogen
cracking, especially when thick sections are welded
or high residual stresses are present, or both.

Weld Cooling Rates

When welding thick workpieces with an arc welding
process, the weld metal and heat-affected zone can be
hardened significantly because they are quenched by the
large mass of base metal. The cooling rate and the car-
bon equivalent of the steel are the controlling factors in
determining the degree of hardening. The cooling rate
depends primarily on the following factors: the thick-
ness and joint geometry of the workpiece, the base-metal
temperature before welding commences, and heat input.
Consequently, the use of higher welding current, slower
welding speed (resulting in high heat input), or preheat-
ing of the base metal will reduce the cooling rate of the
weld zone. Preheat should be maintained while succes-
sive beads are deposited.

With higher carbon content or increased workpiece
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 likeli-
hood of cracking.4

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 weld-
ing schedule to control the cooling rate and hardness of
the nugget.

Free-Machining Steels

Normal sulfur and phosphorus contents in carbon
steels do not promote weld solidification cracking.
However, when large amounts of these elements are
added, as is the case in some free-machining steels, the
steel will have relatively poor weldability because of
solidification cracking in the weld metal. Solidification

44. For a comprehensive preheating guide for steels, refer to Ott, C.
W. and D. J. Snyder, 1987, Suggested Arc-Welding Procedures for
Steels Meeting Standard Specifications, WRC Bulletin 326 (Revised
Bulletin 191), New York: Welding Research Council.
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cracking results from the low-melting constituents
enriched in phosphorus and sulfur at the grain bound-
aries. The grains may be torn apart by thermal stresses
during solidification. High sulfur content also promotes
porosity in the weld metal.

Lead (Pb) is another element added to some steels to
improve machinability. It is nearly insoluble in steel and
exists as distinct globules. The lead can melt during
welding and volatilize into the weld fumes. Occasion-
ally, lead may cause porosity and embrittlement of steel.
Another concern with lead is its toxic presence in the
welding fumes. This requires special precautions to ensure
good ventilation during welding. (Refer to Appendix A.)

Normally, free-machining steels should not be
welded. If a steel of this type must be welded, low-
hydrogen electrodes and low welding current should be
used to limit dilution, porosity, and cracking.

LOW-CARBON STEEL

Steels with less than 0.15% carbon are known as
low-carbon steels. In general, these steels have very low
hardenability and are easily joined by welding. As pre-
viously noted, a carbon steel containing 0.15% carbon
is capable of being hardened to 30 Rockwell Hardness
C Scale (HRC) to 40 HRC when cooled at a very high
rate. (Refer to Figure 1.7.) However, this would require
a welding process with high energy density (e.g., EBW,
LBW). For most welding processes, the cooling rate is
too low to allow the heat-affected zone of a weld to
reach this level of hardness.

Rapidly cooled welded joints in steel containing car-
bon of about 0.10% and higher can develop cracks dur-
ing severe cold-forming operations because the weld
area is harder than the unaffected base metal. When the
welded joint will be subjected to severe cold-forming
(for example, when using the resistance spot welding
process), the carbon content of the steel should be low;
0.08% carbon is sufficient to develop substantial hard-
ness for resistance spot welds in thin steel sheet. Hard-
ness in spot welds is not a serious problem with these
low-carbon steels, except for some critical applications.

The deoxidation practice used in steelmaking is
another factor that can influence weld metal soundness
in low-carbon steels, particularly with autogenous
welding. Rimmed and capped low-carbon steels are not
deoxidized. When these steels are remelted during weld-
ing without the addition 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 at high welding speeds, because the
gas has less time to escape from the weld pool. Weld-

metal porosity in these steels can be Pggitstients

ing a filler metal containing su/fi ienbdeoxidizte s (e.
ocumen
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aluminum, manganese, or silicon) to scavenge oxygen
from the 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 con-
tains sufficient deoxidizers for welding rimmed or
capped steels. Special aluminum-containing paints are
available that can be applied to the joint faces to deoxi-
dize the weld metal during autogenous welding. Sub-
merged arc welding of rimmed or capped steel requires
the selection of an electrode and flux combination con-
taining sufficient deoxidizers (e.g., silicon or manga-
nese) to produce a sound weld, especially when high
welding speeds are used.*® Weld metal soundness nor-
mally is not a problem with killed, low-carbon steels
when good welding practices are used.

MILD STEEL

Carbon steels containing from about 0.15% to
0.30% carbon are commonly called mild steels. Under-
bead cracking or lack of toughness in the heat-affected
zone (HAZ) usually is not encountered when welding
mild steels containing no more than 0.20% carbon and
1.0% manganese. These steels can be welded without
preheat, postheat, or special welding procedures when
the joint thickness is less than 25 mm (1 in.) and when
joint restraint is not severe.

As the carbon content increases to about 0.30% and
manganese content increases to about 1.40%, weldabil-
ity remains good; however, these weldments become
more susceptible to hydrogen cracking due to the
increased hardenability and yield strength. Welding
with a low-hydrogen procedure is recommended. Pre-
heating and control of the interpass temperature also
may be required, particularly when the joint thickness
is greater than 25 mm (1 in.) or when extrinsic joint
restraint is high. If hydrogen cracking still is a problem
with these procedures, hydrogen may be diffused from
the joint either by maintaining the preheat temperature
or by postheating after welding is complete. A tempera-
ture of at least 150°C (300°F) usually is effective for
dissipating hydrogen in mild steel weldments. Hold
time will increase in proportion to the thickness of the
weld, typically 2 to 3 hours per 25 mm (1 in.).

Some mild steels are supplied in the normalized or
quenched and tempered condition to provide good
toughness or high-strength properties. Tensile strengths

45. Refer to American Welding Society (AWS), 2005, Specification
for Carbon Steel Electrodes and Rods for Gas Shielded Arc Welding,
AWS AS5.18/A5.18M:2005, Miami: American Welding Society.

46. Refer to American Welding Society (AWS), 2007, Specification
for Carbon Steel Electrodes and Fluxes for Submerged Arc Welding,
AWS A5.17/A5.17M-97 (R2007), Miami: American Welding Society.
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may range from 450 MPa to 690 MPa (65 ksi to 100 ksi),
depending on the carbon and manganese content and the
heat treatment.

Welding procedures for heat-treated mild steels are
guided to a large extent by a need to have some minimum
toughness in the weld metal, the HAZ, and the unaf-
fected base metal. Precautions should be taken to ensure
that welding is done using low-hydrogen conditions.

Standard procedures are used with shielded metal
arc, submerged arc, and gas metal arc welding because
the cooling rates in the HAZ are sufficiently rapid to
reproduce a microstructure similar to that of the nor-
malized or quenched steel. When the carbon content is
limited to about 0.20%, underbead cracking or lack of
toughness in the HAZ normally is not a problem. This
is true even when very rapid cooling occurs due to the
low input of welding heat. In fact, allowing the HAZ to
cool rapidly may be preferable. Higher welding heat
input or higher preheat and interpass temperatures than
normal, which result in a slower rate of cooling, tend to
increase the grain size and produce coarser pearlite in
the HAZ. These microstructural conditions lead to low
strength and poor toughness.

If the welding process or procedure subjects the
HAZ to prolonged heating, high temperature and slow
cooling (e.g., in electroslag welding), the weldment may
require heat treatment (e.g., normalizing and temper-
ing) to restore good strength and toughness to the
HAZ. When heat treatment of the weldment is not eco-
nomical or practical, the rate of cooling in the weld
zone must be sufficiently rapid to produce a microstruc-
ture of adequate strength and toughness.

In general, heat-treated mild steels can be arc welded
without preheat. However, a preheat should be used
when the metal temperature is below about 10°C (50°F),
and a preheat of about 40°C (100°F) or higher should
be used if the plate thickness is over 25 mm (1 in.) or if
the joint is highly restrained.

Dilution must be considered when selecting a filler
metal to provide specified mechanical properties in the
joint in the selected steel. The mechanical properties of
weld-metal specified in AWS A5 standards apply to
undiluted weld metal.*” The properties of the weld metal
in an actual fabrication may differ from the reported
values because of dilution effects.

Low-alloy steel filler metal may be required to meet
mechanical property requirements for heat-treated mild
steels. However, the weld-metal strength should not
greatly exceed the strength of the base metal. High-
strength weld metal may force a softer HAZ to undergo
excessive localized strain when the joint is subjected to
deformation near room temperature. Under such condi-
tions, fracture may occur prematurely in the HAZ.

— ___ Documents

47. See Reference 24.
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For a butt joint, a filler metal should be selected that
will provide weld metal with essentially the same
strength as the base metal. For fillet welds, filler metal
of lower strength is sometimes used to provide suffi-
cient ductility to accommodate stress concentrations,
although the weld size may need to be increased. How-
ever, a low-strength filler metal should not be used
indiscriminately as a remedy for cracking difficulties.

MEDIUM-CARBON STEEL

A pronounced change in the weldability of carbon
steels takes place over the range of carbon content from
0.30% to 0.50%, which identifies medium-carbon
steel. Steels containing about 0.30% carbon and less
than roughly 1.5% manganese have relatively good
weldability. However, as the carbon content is
increased, welding procedures must be designed to
avoid the formation of large amounts of hard marten-
site in the heat-affected zone (HAZ). If a steel contain-
ing about 0.50% carbon is welded with procedures
commonly used for mild steel, the HAZ is likely to be
quite hard, low in toughness, and susceptible to hydro-
gen cracking, as shown in Figure 1.16.

Figure 1.16—Severe Hydrogen Cracking through
the HAZ of SAE 1045 Plate 13 mm (1/2 in.) Thick,
Preheated at 24°C (75°F) and Welded with GMAW
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For most applications, medium-carbon steel should
be preheated before welding to control the cooling rate
in the weld metal and HAZ, thereby controlling the for-
mation of martensite. The appropriate preheat tempera-
ture depends on the carbon equivalent of the steel, the
joint thicknesses, and the welding procedure. In gen-
eral, preheat temperature requirements increase with
higher carbon equivalent, 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
range of 95°C to 200°C (200°F to 400°F) is recom-
mended, depending on the welding process and the
joint thickness. Figure 1.17 shows how increasing pre-
heat temperature reduces the amount of martensite
(light-etching phase) formed in the grain-coarsened
HAZ of gas-metal-arc welded SAE 1045 steel plate
13 mm (1/2 in.) thick.

A subcritical stress-relief heat treatment (e.g., 600°C
for 1 h/25 mm [1100°F for 1 h/in.]) is recommended
immediately after welding—especially with thick work-
pieces, high joint restraint, or service conditions involv-
ing impact or dynamic loading.*® When immediate
stress relief is impractical, the welded joint should be
maintained at or slightly above the specified preheat
temperature for 5 min/mm to 7 min/mm (2 h/in. to 3 h/
in.) of joint thickness. This procedure promotes the dif-
fusion of hydrogen from the weld zone and reduces the
possibility of cracking during intermediate handling.
However, it should not be considered a substitute for an
appropriate stress-relief heat treatment. Slow cooling to
room temperature following stress-relief is recom-
mended to avoid introducing new thermal stresses.

Low-hydrogen welding procedures are mandatory
for these steels. The selection of filler metal for arc
welding becomes more critical as the carbon content
increases. Pickup of carbon by dilution from a steel
containing 0.5% carbon usually will result in high
hardness in the weld metal, susceptibility to cracking,
and a tendency for brittle failure. Dilution can be mini-
mized by depositing small weld beads, or by using a
welding procedure that provides shallow penetration,
or by buttering the groove faces prior to fitting.

To limit dilution in a multiple-pass weld, low heat
input generally is recommended for the first few layers.
Higher heat input can be used to complete the joint. It
is good practice to deposit the final weld bead, or
beads, entirely on previously deposited weld metal
without melting any base metal. This practice has the
effect of tempering the heat-affected zones of previously
deposited weld beads, especially those in the base metal.
Optimum tempering is achieved when the heat input of
the second layer is approximately 50% greater than
that used for the first layer against the base metal. How-

48. See Reference 14 for recommended prehemmm&ts

treatment temperatures for specific stocls
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Figure 1.17—Effect of Preheat Temperature on Grain-Coarsened Microstructure in the
HAZ of Gas Metal Arc Welds in SAE 1045 Steel, 13 mm (1/2 in.) Plate Thickness

ever, postweld heat treatment still is a requirement with
this technique.

Medium-carbon steels are used extensively in the
fabrication of machinery and tools. Often these steels
are selected for their wear resistance rather than high
strength, and workpieces frequently must be heat
treated to meet in-service strength requirements. Weld-
ing may be performed before or after final heat treat-
ment; however, the selection of filler metal and welding
procedures must be considered in this context. If weld-
ing is performed prior to heat treatment, special care
must be exercised when choosing the filler metal in
order to achieve a good match between weld-metal and
base-metal properties after heat treatment. A low-alloy
filler metal may be required for this purpose. If welding
is to be performed on a previously heat-treated compo-
nent, extra precautions may be necessary. A hardened
component can impose additional restraint that increases
the likelihood of cracking if a suitable preheat proce-
dure is not used. Also, because the heat of welding will
most likely soften the outlying portions of the HAZ,

Full document details: WHB 4.1-2011

(grain-refined or tempered, or both) a reheating treat-
ment of the weldment may be required to restore the
desired properties.

HIGH-CARBON STEEL

The weldability of high-carbon steels is poor because
of the high hardenability and sensitivity to cracking in
the weld metal and heat-affected zones in weldments of
these steels. Low-hydrogen welding procedures must be
used for arc welding. Preheat and interpass temperatures
of 204°C (400°F) and higher are required to retard the
formation of brittle high-carbon martensite in the weld
metal and HAZ. Postweld stress relief is recommended,
particularly for welded joints in thick workpieces. The
stress relieving procedure described previously for medium-
carbon steels should be used.

The selection of an appropriate filler metal depends
on the carbon content of the steel, the weldment design,
and service requirements. NormallyDeptiliments
are not produced with high carbon C(E)ntent. Hoxgﬁve a
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low-alloy steel filler metal may be suitable for many
applications. Austenitic stainless steel or nickel-base
filler metals such as E309, E312, or ENiCrFe-3 also
may be used. The effects of dilution of the weld metal
on the response to postweld heat treatment must be
evaluated. Pickup of carbon in an alloy-steel filler metal
may significantly increase the hardenability of the weld
metal. Consequently, the welding procedures should be
designed to minimize dilution.

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

WELDING CARBON STEELS

The processes and filler metals used to weld carbon
steels are discussed in this section. Processes include
shielded metal arc welding (SMAW) and the gas-
shielded arc welding processes: gas metal arc welding
(GMAW), gas tungsten arc welding (GTAW), and
plasma arc welding (PAW). Flux cored arc welding
(FCAW), submerged arc welding (SAW), electroslag
welding (ESW), electrogas welding (EGW), oxyfuel gas
welding (OFW), resistance welding (RW), Electron
beam welding (EBW), laser beam welding (LBW), and
friction welding (FW) are also discussed.

Filler metals used with these processes are classified
by the American Welding Society (AWS) Committee on
Filler Metals and Allied Materials, and specifications
are published by AWS. Carbon steels also may be joined
by several resistance welding and solid state welding
processes. All of these processes are discussed in detail
in Volumes 2 and 3 of the Welding Handbook, Welding
Processes, 9th edition. For additional information on
welding processes, refer to Appendix B, which provides
a resource guide to the various chapters of current
Welding Handbook volumes.*’

Shielded Metal Arc Welding

Most carbon steels can be welded with the SMAW
process and covered electrodes, provided that appropri-
ate welding procedures (including preheat, when
required) are used. Covered electrodes are classified

49. American Welding Society (AWS) Welding Handbook Committee,
A. O’Brien, ed., 2004, Welding Processes, Part 1, Volume 2 of Welding
Handbook, 9th ed.; and, 2007, Welding Processes, Part 2, Volume 3
of Welding Handbook, 9th ed., Miami: American Welding Society.
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according to the type of covering and also the chemical
composition and mechanical properties of undiluted
weld metal. Carbon steel covered electrodes that pro-
duce weld metal with 410 MPa (60 ksi) minimum ten-
sile strength are classified as E60XX; those that
produce 480 MPa (70 ksi) are classified as E70XX.50

A general rule when using SMAW to weld carbon
steel is that the weld metal should slightly overmatch
the strength of the base material. On this basis, the
E60XX classifications are suitable for welding low-
carbon and mild steels, provided the weld metal
strength is adequate. E60XX covered electrodes are not
generally produced with low-hydrogen coverings, and
they should not be used for welding steels that are sensi-
tive to hydrogen cracking.

Type E70XX covered electrodes are produced with
cellulose, titania, and low-hydrogen coverings. Low-
hydrogen electrodes should be used when 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-X through
E130XX-X, which are produced with low-hydrogen and
other coatings, are designed to produce weld metal with
minimum tensile strengths of 480 MPa to 830 MPa
(70 ksi to 120 ksi).’! The carbon content of the deposited
weld metal will be 0.15% or less, depending on the
electrode type. Low-hydrogen electrodes can be selected
from this group to match the tensile strength of a
medium-carbon or high-carbon steel. Again, service
conditions and the design of the structure will deter-
mine whether the weld should match the strength or
hardness of the steel. The electrodes must be stored and
used under conditions that prevent moisture pickup by
the coating, as discussed previously.

Gas-Shielded Arc Welding

The gas-shielded arc welding processes include gas
metal arc welding, gas tungsten arc welding, and
plasma arc welding. Carbon and low-alloy steel bare
electrodes and welding rods are available for use with
these processes.’? The electrodes are classified on the
basis of chemical composition and the mechanical
properties of the undiluted weld metal. Minimum ten-
sile strength ranges from 480 MPa to 830 MPa (70 ksi
to 120 ksi). The same considerations apply to the selec-
tion of a bare electrode as those for a covered electrode.

50. See Reference 24.

51. See Reference 24 (AS5.5/A5.5M:2006).

52. Refer to AWS A5.18/A5.18M:2005 (Reference 46), or American
Welding Society (AWS), 2005, Specification fogLow Allo Steel El
trodes and Rods for Gas Shzelded Arc V’ﬂld:nﬁmw
2005, Miami: American Welding Society.
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Shielding gases commonly used for the gas metal arc
welding of carbon steels are carbon dioxide (CO,),
argon with carbon dioxide, and argon with oxygen.’3
The selection of a gas mixture depends primarily on the
electrode composition and the type of metal transfer
desired (i.e., spray, globular, or short-circuiting). Gener-
ally, CO, shielding is suitable for low-carbon and mild
steels. A mixture of argon-oxygen or argon-carbon
dioxide is suitable for all carbon steels and is recom-
mended for use with low-alloy steel electrodes. Weld
metal toughness is improved often, but not always, when
one of these gas mixtures is used.

Argon is the shielding gas typically used with GTAW
and PAW. However, helium-argon mixtures may be
used to provide deeper joint penetration or to permit
faster travel speeds with automated welding.

The low-hydrogen characteristics of gas-shielded arc
welding processes will be compromised if the filler
metal or shielding gas is contaminated. The filler metal
may be contaminated with rust, moisture, oil, grease,
drawing compounds, or other hydrogen-bearing mate-
rials. Therefore, proper cleaning, packaging, rust pre-
vention, and storage are important to avoid hydrogen-
induced cracking.

The gas delivery system must be leak-tight to prevent
contamination of the shielding gases by moisture or
hydrocarbons, and to prevent aspiration of moist air
into the system. Only welding-grade (i.e., low dew
point) shielding gases should be used.

All GMAW electrodes that meet the same diffusible
hydrogen limits indicated for SMAW electrodes are
identified by the same designators, whether they are
solid or tubular metal-cored. The designator applied to
these electrodes is based on testing in the shielding gas
with which the electrode is classified.

Flux Cored Arc Welding

Flux cored arc welding (FCAW) electrodes consist of
a steel tube surrounding a core of fluxing ingredients
and sometimes alloying elements. They are designed to
deposit either carbon steel or low-alloy steel weld metal.>*
Some electrode classifications are self-shielding; other
classifications use carbon dioxide or mixtures of argon
and carbon dioxide for shielding.

53. Refer to American Welding Society (AWS), 2003, Recommended
Practices for Shielding Gases for Welding and Cutting, AWS C5.10/
C5.10M:2003, Miami: American Welding Society.

54. For electrode specifications, refer to American Welding Society
(AWS) Committee on Filler Metals and Allied Materials, 2005, Speci-
fication for Carbon Steel Electrodes for Flux Cored Arc Welding,
AWS A5.20/A5.20M:2005; and, 2010, Specification for Low-Alloy
Steel Electrodes for Flux Cored Arc Welding, AWS AS5.29/A5.29M:
2010, Miami: American Welding Society.
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Flux cored electrodes that meet the same diffusible
hydrogen limits indicated previously for SMAW elec-
trodes are identified by the same hydrogen designators.
Electrodes that meet the lowest hydrogen limits are not
available for all classifications. Users should contact
electrode manufacturers to determine specific availabil-
ity. It should be noted that flux cored electrodes can
absorb moisture when exposed to high humidity for pro-
longed time periods. The absorbed moisture can increase
the hydrogen entering the weld metal, resulting in higher
diffusible hydrogen or porosity in some instances. It is
especially important to avoid absorbed moisture when
welding medium-carbon and high-carbon steels. Elec-
trode wire that will remain unused overnight or longer
should be returned to its protective packaging. If wire is
exposed for longer periods of time, the manufacturer
should be consulted regarding probable damage to the
low-hydrogen characteristics and possible recondition-
ing procedures.’’

The operating characteristics of FCAW electrodes
vary with the ingredients in the core and the shielding
gas, if used. In general, the gas-shielded electrodes pro-
vide better notch toughness, particularly with argon-
rich shielding mixtures and a basic slag (i.e., class
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 FCAW electrodes are designed to pro-
duce undiluted weld metal with a minimum tensile
strength of 410 MPa or 480 MPa (60 ksi or 70 ksi).
These are suitable for welding low-carbon and mild
steels. Medium-carbon 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 480 MPa (70 ksi), a suitable low-
alloy steel FCAW electrode should be used. Electrodes
are available that can deposit undiluted weld metal with
tensile strengths ranging from 410 MPa to 830 MPa
(60 ksi to 120 ksi).

Submerged Arc Welding

Submerged arc welding (SAW) is performed with an
electrode, either solid or metal-cored, and a granular
flux. The flux shields the arc and weld pool from the
atmosphere and modifies the composition and mechan-
ical properties of the weld. Solid-wire electrodes made
of carbon steel and low-alloy steel are classified accord-
ing to chemical composition. The classification of
metal-cored electrodes made of low-alloy steel is based
on the chemical composition of deposited weld metal
using an appropriate flux.>® Likewise, fluxes are classi-

— ___ Documents

55. See Reference 54.
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fied on the basis of the chemical composition and
mechanical properties of weld metal deposited with a
particular type of electrode.

The welding and heat treatment schedules required
for certain applications may produce weld metal with
mechanical properties that differ from those required
by the filler metal specification. In such cases, the
mechanical properties of the weld metal should be
determined by appropriate testing. Weld-metal proper-
ties may be determined either in the as-welded condi-
tion or after a specified postweld heat treatment.

Carbon steel electrode and flux combinations are
designed to achieve minimum weld-metal tensile
strengths of 410 MPa or 480 MPa (60 ksi or 70 ksi).
These combinations are recommended for welding low-
carbon and mild steels and also for medium-carbon,
high-carbon, and low-alloy steels when high strength is
not required in the weld joint. Combinations of low-
alloy steel electrodes and fluxes are recommended for
welding alloy steels of similar composition, or for weld-
ing medium- and high-carbon steels when high-strength
joints are needed to meet service requirements.

Response to postweld heat treatment must be consid-
ered. As described, flux must be kept clean and dry to
maintain low-hydrogen welding conditions, and it must
be applied at a sufficient depth to provide adequate
shielding. Also, the electrode must be clean and free of
contaminants, as discussed for the gas-shielded arc weld-
ing processes.

Submerged arc welding flux and wire combinations
that meet the same diffusible hydrogen limits indicated
for SMAW electrodes are identified by the same hydro-
gen designators. The welding wire and flux must be
considered together.

Electroslag and Electrogas Welding

Electroslag welding (ESW) and electrogas welding
(EGW) are used primarily for producing single-pass
groove welds in the vertical position. Electroslag weld-
ing uses a resistance-heated, slag pool to melt the elec-
trode. This process generally is used for welding steel
plates 32 mm to 305 mm (1.25 in. to 12 in.) in thick-
ness. Electrogas welding is similar to gas metal arc
welding or flux cored arc welding, depending on the
type of electrode. This process is best suited for welding
thick plates over 13 mm (1/2 in.).

These processes are used mostly to weld low-carbon
and mild steels, but medium-carbon steels also may be
welded. Generally, when the weldment requires
postweld heat treatment, an electrode composition

56. See Reference 47, and American Welding Society (AWS) Commit-
tee on Filler Metals and Allied Materials, 2007, Specification for
Low-Alloy Steel Electrodes and Fluxes for Submerged Arc Welding,
AWS A5.23/A5.23M:2007, Miami: American Welding Society.
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should be selected that will produce weld metal that
responds satisfactorily to the heat treatment. Dilution
by the base metal must be considered during selection.

Electrodes and fluxes for ESW are classified in a
manner similar to that for submerged arc welding.’”
Both solid and metal-cored ESW electrodes can produce
weld metal with a minimum tensile strength of 410 MPa
(60 ksi) or higher, depending on the specific electrode-
and-flux combination and the welding conditions. Most
solid electrodes consist of carbon-manganese steels.
Metal-cored electrodes generally deposit low-alloy steel
weld metal.

Solid carbon steel electrodes for electrogas welding
are essentially the same as those used for GMAW. Flux-
cored electrodes are designed specifically for use with
this process to deposit low-carbon or low-alloy steel
weld metal.’® Welding may be accomplished using car-
bon dioxide, argon mixed with carbon dioxide, or
argon mixed with oxygen. One of the carbon steel flux-
cored electrode classifications, EGXXT-1, can be used
without shielding gas. Minimum tensile strength require-
ments for deposited weld metal are the same as for electro-
slag welding.

Oxyacetylene Welding

Most low-carbon and mild steels can be joined by oxy-
acetylene welding (OAW), but the process is much slower
than arc welding. The slow heating characteristics of
the process result in rather extensive heating of the
steel. As a result, mechanical properties developed in
the base metal by prior heat treatment or cold working
may be impaired. Conversely, the cooling rate in the
weld zone will be comparatively slow.

Oxyacetylene welding of steel is performed without
flux, and obviously without a shielding gas. Therefore,
the weld metal is not protected from the atmosphere by
a slag or shielding-gas cover, but is protected only by
gases derived from the combustion of the correctly
selected mixture of oxygen and acetylene. Welded joints
are likely to contain discontinuities that are unaccept-
able for many applications, and the mechanical proper-
ties of the weld metal may be inadequate for the
intended service.

Carbon steels containing more than 0.35% carbon
require special precautions when welded with oxyacety-
lene welding. Preheating with a torch or another heat
source is recommended to retard the cooling rate of the

57. Refer to American Welding Society (AWS) Committee on Filler
Metals and Allied Materials, 2009, Specification for Carbon and
Low-Alloy Steel Electrodes and Fluxes for Electroslag Welding, AWS
AS5.25/A5.25M-97 (R2009), Miami: American Welding Society.

58. Refer to American Welding Society (AWS) Committee on Flller
Metals and Related Materials, 2009, Specification for Carbon
Low-Alloy Steel Electrodes for E’ectmgas ﬁ é

AS.26M-97 (R2009), Miami: Ame ic:r. Velding Society.
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weld and heat-affected zone. In some cases, postweld
heat treatment may be needed to refine the grain size of
the weld zone and improve toughness.

Steel welding rods are available for oxyacetylene
welding of carbon steel and low-alloy steels.’® They are
classified on the basis of the minimum tensile strength
of as-deposited weld metal. Type R45 welding rods are
recommended for depositing low-carbon steel weld
metal for general applications. Type R60 welding rods
should be used for steels with tensile strengths in the
range of 340 MPa to 450 MPa (50 ksi to 65 ksi). Type
R65 rods are best for welding either carbon steels or low-
alloy steels with tensile strength in the range of 450 MPa
to 520 MPa (65 ksi to 75 ksi). Carbon steel and low-
alloy steel welding rods designed for GTAW also can be
used for oxyacetylene welding. If a suitable welding rod
is not available for welding a specific steel, strips
sheared from the base metal may be used as filler metal.

Resistance Welding

Carbon steels can be joined by all of the resistance
welding processes, i.e., resistance spot welding (RSW),
resistance seam welding (RSEW), projection welding
(PW), flash welding (FW) upset welding (UW), high-fre-
quency upset welding (UW-HF), and high-frequency
resistance welding (RSEW-HF). The heating and cool-
ing rates for these processes are very high compared to
those for arc welding. Consequently, the hardenability
and critical cooling rate of the specific steel must be con-
sidered when selecting the process and welding procedures.

The weld zone and heat-affected zone are quenched
by a water-cooled copper-alloy electrode bearing onto
the workpieces. The severity of the quench depends on
the length of the heat conduction path, the size of the
electrode contact area, and the duration of quenching.
Quenching is more severe when welding thin sheet with
the resistance spot, seam, or projection processes, and
when flash welding or upset welding with a welding rod
or wire that has a small cross-section. Retracting the
electrodes from the weldment as soon as practical will
reduce the quenching rate. With some processes, such
as resistance seam welding and high-frequency welding,
the weld may be quenched as the electrode is cooled by
water spraying or flooding. If the hardness of the weld
and HAZ is excessive, postheating or tempering while
in the welding machine may reduce the hardness to an
acceptable level. In some cases, it may be appropriate to
heat treat the weldment in auxiliary equipment.

59. Refer to American Welding Society (AWS) Committee on Filler
Metals and Allied Materials, 2007, Specification for Carbon and
Low-Alloy Steel Rods for Oxyfuel Gas Welding, AWS AS5.2/AS5.2M:
2007, Miami: American Welding Society.
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Low-Carbon Steel. Low-carbon steel is readily joined
by all resistance welding processes because these steels
have low hardenability. Resistance welds normally have
adequate ductility for the application. Spot welds and
seam welds in thin sheet steel can have relatively high
hardness when the carbon content exceeds about
0.08%. If this is objectionable, sheet with a nominal
carbon content of 0.08% or less should be specified.

Suggested schedules for resistance welding of low-
carbon steel sheet are provided in the following charts:
Table 1.5 for resistance spot welding, Table 1.6 for
multiple-impulse resistance spot welding, Table 1.7 for
resistance seam welding, and Table 1.8(A) and 1.8(B) for
resistance projection welding.®® Variation from these
conditions will be necessary to adjust for the weldment
design and the configuration of the welding machine.
Suitable welding conditions for a specific application
should be determined by appropriate testing.

Data for the flash welding of carbon steel shapes
are provided in Chapter 3 of the Welding Handbook,
Volume 3, which covers this process (refer to Appendix
B).6! Recommended procedures for high-frequency resis-
tance welding and upset welding should be obtained from
the equipment manufacturer.

Resistance Seam Weldability Lobes. The resis-
tance seam weldability of steel can be quantified by a
weldability lobe. The weldability lobe defines the weld-
ing conditions over which a continuous seam weld can
be produced without either damaging the weld integrity
or interrupting the process. The weldability lobe gener-
ally is depicted in two dimensions representing effective
combinations of welding speed and welding current. In
three dimensions, this is expanded to include all combi-
nations of welding current, welding speed, and elec-
trode force. The upper limit of the lobe (i.e., excessive
heating of the weld) typically is characterized by surface
eruption, copper-contamination cracking of the steel, or
sticking of the electrodes to the steel. The lower limit of
the lobe (i.e., insufficient weld growth) is defined as the
point where a continuous seam is no longer found.

Weldability lobes are powerful tools for determining
both the process performance of a given application
and the weldability of a specific steel. A wide lobe gen-
erally is very tolerant of changes in process conditions,
while a narrow lobe suggests that even small changes in
process conditions will have a significant effect on weld
quality.

To illustrate this approach, the weldability lobes of
typical 0.80 mm (0.032 in.) thick low-carbon steels and
hot-dipped galvanized steels for the most common

60. Appropriate projection designs for steel are discussed in Volume
3 of Welding Handbook, 9th ed., Chapter 2 (see Reference 50). Refer
also to Appendix B of this volume for a list ofthe contents of current

volumes of the Welding Handbook. ﬁocu menfs
61. See Reference 50.
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Table 1.5
Suggested Schedules for Resistance Spot Welding of Low-Carbon Steel Sheet

Minimum Shear Strength When
Base Metal Tensile Strength is:

Static Approx.  Approximate

Electrode Electrode Welding Nugget Minimum Below 70 ksi Above 70 ksi

Thickness? Face Diam." Force 1‘!}’8'0 Current  Diameter Pitche (480 MPa) (480 MPa)

ime,

mm in. mm in. N Ib  Cyclesc kA mm in. mm in. N Ib N Ib
025 0010 330 0.13 890 200 4 4.0 254 010 6.4 0.25 578 130 801 180
053 0.021 4.82 019 1334 300 6 6.5 330 013 94 037 1423 320 1957 440
079 0031 482 019 1779 400 8 8.0 406 0.16 12.7 0.0 2535 570 3559 800
1.02 0.040 6.35 025 2224 500 10 95 482 019 19.1 0.75 4092 920 5338 1200

127 0050 635 025 2891 650 12 10.5
157 0062 635 025 3559 800 14 12.0
198 0078 7.87 031 4893 1100 17 14.0
239 0094 787 031 5783 1300 20 15.5
277 0109 965 038 7117 1600 23 17.5
318 0125 965 038 8007 1800 26 19.0

558 022 221 0.87 6005 1350 = =
6.35 025 254 1.00 8229 1850 — —
736 029 318 125 12010 2700 = =
787 031 380 150 15346 3450 — —
812 032 412 162 18460 4150 = =
838 033 445 175 22241 5000 — —

a. Thickness of thinnest outside sheet. Data applicable to a total metal thickness of four times the given thickness. Maximum ratio of two adjacent

thicknesses is 310 1.

Flat-faced electrode of RWMA Group A, Class 2 copper alloy.
Single-impulse, frequency of 60 Hz.

Single-phase ac machine.

® o0 o

Minimum spacing between adjacent spot welds between two sheets without adjustment of the welding schedule for shunting.

Table 1.6
Suggested Schedules for Multiple-impulse Resistance Spot Welding of Low-Carbon Steel Sheet
No. of Impulses® Approx.
Electrode Face  Static Electrode Nugget Min. Shear
Thickness? Diameter® Force Multiple Spot Spacing G,DI:(TI?X- Diameter Strength
elding
Single 51-102 mm 25-51 mm Current,
mm in. mm in. N Ib Spot (2-4in.) (1-2in.) kAd mm in. N Ib
318 0125 1118 0.44 8007 1800 3 4 5 18.0 94 037 22241 5000
476 0.188 1270  0.50 8674 1950 6 14 20 19.5 142 056 44482 10000
6.35 025 1422 056 9564 2150 12 18 24 215 191 075 66723 15000
787 031 1574 062 10675 2400 15 23 30 24.0 221 0.87 88964 20000

Thinnest of two sheets. Maximum ratio of sheet thickness is 2 to 1.
Flat-faced electrode of RWMA Group A, Class 2 copper alloy.

Heat time is 20 cycles; cool time is 5 cycles (60 Hz).

Single-phase ac machine.

oo o

current pulsing condition (3-on/1-off) are shown in Fig-
ure 1.18 and Figure 1.19. These lobes were developed
using RWMA Class II electrodes. The width of the cir-
cular electrode (wheel) was 11 mm (0.44 in.); the radius
of the electrode face was 13 mm (0.5 in.). The welding
conditions (welding current, electrode force, and weld-
ing speed) can be selected for each application using

Full document details: WHB 4.1-2011

the weldability lobe approach, which clearly indicates
the robustness of the process at the various welding
conditions.

Mild Steels and Medium-Carbon Steels. When
using resistance welding processes )@ Ul ewts

and medium-carbon steels i: is usB%ll g rﬁeecnets%%rgriﬁ% Hub
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Table 1.7
Suggested Schedules for Resistance Seam Welding of Low-Carbon Steel Sheet

Approx.

Electrode Static Welds Per Welding

Thickness? Face Width® Electrode Force Heat Cool Travel Speed Unit Length Current,

Time, Time,

mm in. mm in. N lb Cycles¢  Cycles® mm/s in./min mm in. kAd
0.25 0.010 4.82 0.19 1779 400 2 1 33.8 80 381 15 8.0
0.53 0.021 4.82 0.19 2447 550 2 2 31.7 75 305 12 11.0
0.79 0.031 6.35 0.25 3114 700 3 2 30.0 72 254 10 13.0
1.02 0.040 6.35 0.25 4003 900 3 3 28.6 67 228 9 15.0
1.27 0.050 7.87 0.31 4671 1050 4 3 27.5 65 203 8 16.5
1.57 0.062 7.87 0.31 5338 1200 4 4 26.7 63 177 7 17.5
1.98 0.078 9.65 0.38 6672 1500 6 5 23.3 55 152 6 19.0
2.39 0.094 11.18 0.44 7562 1700 7 6 21.2 50 139.7 5.5 20.0
2.77 0.109 12.7 0.50 8674 1950 9 6 20.3 48 127 5 21.0
3.18 0.125 12.7 0.50 9786 2200 11 7 19.1 45 114.3 24.5 22.0

a. Thickness of thinnest outside piece. Data applicable to a total metal thickness of 4 times the given thickness. Maximum ratio of two adjacent thicknesses

is3to1.
b. Flat-faced wheel electrode of RWMA Group A, Class 2 copper alloy.
¢. Frequency of 60 Hz
d. Single-phase ac machine.

control the cooling rate from welding temperature or
from a subsequent tempering cycle to prevent excessive
hardness and associated cracking in the weld zone.
With mild steels, postheating with a lower current for
several cycles (60 Hz) may be sufficient to avoid the for-
mation of hard martensite in the weld. Spot welds in
medium-carbon steels can be quenched to martensite
and then tempered by resistance heating to soften the
martensite and improve ductility. Suitable postheat or
quench-and-temper cycles must be established by weld-
ing tests. Table 1.9 lists examples of quench-and-temper
cycles for the spot welding of SAE 1020, 1035, and
1045 carbon steel sheet. As expected, the shear strength
of the spot weld increases in proportion to the increase
in the carbon content of the steel.

Normally, low-carbon and medium-carbon steels can
be flash welded without the risk of cracking. Preheat or
postheat is not required, but the application of one or
both can improve ductility in the weld joint. When
using flash welding for small or thin cross sections,
postheating in the welding machine can be used to con-
trol weld hardness. The welding machine should be
equipped with appropriate current and time controls to
program a postheat cycle. An alternative is to heat treat

Full document details: WHB 4.1-2011

the weldment in a furnace to homogenize the micro-
structure of the weld zone and provide the required
mechanical properties.

High-Carbon Steel. High-carbon steels are seldom
joined by resistance welding processes because of the
high hardenability of these steels, and because applica-
tions and products for these processes are limited. How-
ever, the procedures provided for welding low-carbon
and medium-carbon steels are applicable also to high-
carbon steels, with appropriate adjustments to accom-
modate the higher hardenability.

Electron Beam and Laser Beam Welding

Low-carbon steels are readily welded by electron
beam welding (EBW) and laser beam welding (LBW).
The rapid heating and cooling rates associated with
these processes result in weld metal and heat-affected
zones with relatively small grain sizes compared to
those found in arc welds. Also, the heat-affected zone is

much narrower. Fully killed steel is [}@yeed frienis

cations involving these weldina processes.
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Table 1.8(A)
Suggested Schedules for Resistance Projection Welding of Low-Carbon Steel Sheet
(Metric Units)

Welding Schedule A for

Welding Schedule B for

Welding Schedule C for

Projection Mi Single Projection? 1-3 Projections, per Projection® 3 or More Projections, per Projection®
Min. Conltg-ct Weld Electrode Welding  Shear Weld Electrode Welding  Shear Weld Electrode Welding  Shear
Thickness,t Diam., Height, Pitch, Overlap, Time, Force, Current, Strength, Time, Force, Current, Strength, Time, Force, Current, Strength,
mm¢ mm mm mm mm Cycles N A N Cycles® N A N Cycles® N A N
0.56 2.29 0.64 9.7 6.4 3 667 4400 1646 6 667 3850 1446 6 356 2900 1290
0.71 2.29 0.64 9.7 6.4 3 867 5500 2224 6 667 4450 1890 8 445 3300 1513
0.94 2.79 0.89 12.7 9.7 3 1068 6600 3114 6 667 5100 2335 11 556 3800 1890
1.09 2.79 0.89 12.7 9.7 5 1468 8000 4715 10 934 6000 3892 15 712 4300 3203
1.25 3.56 0.97 19.1 2.7 8 1779 8800 5783 16 1201 6500 4893 19 979 4600 3892
1.55 3.81 1.07 19.1 12.7 10 2447 10 300 8007 20 1624 7650 7006 25 1468 5400 5449
1.96 4.57 1.22 224 12.7 14 3559 11850 10787 28 2358 8850 9564 34 2091 6400 7784
2.34 5.33 1.27 26.9 15.8 16 4537 13150 14457 32 3025 9750 12455 42 2713 7200 10 342
2.72 6.10 1.40 31.8 19.1 19 5560 14100 17126 38 3692 10600 15346 50 3292 8300 12 900
3.12 6.86 1.47 38.1 20.6 22 6672 14850 21351 45 4448 11300 18683 60 4003 9200 16 014
3.43 7.62 1.58 414 224 24 7340 15300 24 465 48 4893 11850 21574 66 4448 9900 18 905

o bho®
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Schedule A is usable for welding more than one projection if current is decreased but excessive weld expulsion may result and power demand will be greater than with Schedules B or C.
Schedule B is usable for welding more than three projections, but some weld expulsion may result and power demand will be greater than with Schedule C.
Schedule C is usable for welding less than three projections with welding current increased approximately 15% and possible objectionable final sheet separation.

For unequal sheet thickness ratios, T/t, up to 3 to 1:

1. The weld time, cycles, should be increased by a factor f t determined by the formula f; = 1.5 (T/t) - 0.5.
2. The welding current per projection should be increased by a factor f, determined by the formula f, = 0.1 (T/t) + 0.9.

Frequency of 60 Hz.
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Table 1.8(B)
Suggested Schedules for Resistance Projection Welding of Low-Carbon Steel Sheet
(U.S. Customary Units)

Welding Schedule A for

Welding Schedule B for

Welding Schedule C for

Projection Wi Single Projection? 1-3 Projections, per Projection” 3 or More Projections, per Projection®
Min. Conltr;ct Weld Electrode Welding  Shear Weld Electrode Welding  Shear Weld Electrode Weld Shear
Thickness, t Diam., Height, Pitch, Overlap, Time, Force, Current, Strength, Time, Force, Current, Strength, Time, Force, Current, Strength,
in.d in. in. in. in. Cycles lb A Ib Cycles® Ib A lb Cycles® lb A Ib

0.022 0.090 0.025 0.38 0.25 3 150 4400 370 6 150 3850 325 6 80 2900 290
0.028 0.090 0.025 0.38 0.25 3 195 5500 500 6 150 4450 425 8 100 3300 340
0.037 0.110  0.035 0.50 0.38 3 240 6600 700 6 150 5100 525 11 125 3800 425
0.043 0.110  0.035 0.50 0.38 5 330 8000 1060 10 210 6000 875 15 160 4300 720
0.049 0.140  0.038 0.75 0.50 8 400 8300 1300 16 270 6500 1100 19 220 4600 875
0.061 0.150  0.042 0.75 0.50 10 550 10 300 1800 20 365 7650 1575 25 330 5400 1225
0.077 0.180  0.048 0.88 0.50 14 800 11 850 2425 28 530 8850 2150 34 470 6400 1750
0.092 0.210  0.050 1.06 0.62 16 1020 13150 3250 32 680 9750 2800 42 610 7200 2325
0.107 0.240  0.055 1.25 0.75 19 1250 14100 3850 38 830 10 600 3450 50 740 8300 2900
0.123 0.270  0.058 1.50 0.81 22 1500 14 850 4800 45 1000 11 300 4200 60 900 9200 3600
0.135 0.300  0.062 1.63 0.88 24 1650 15 300 5500 48 1100 11 850 4850 66 1000 9900 4250

Lo o
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Schedule A is usable for welding more than one projection if current is decreased, but excessive weld expulsion may result and power demand will be greater than with Schedules B or C.
Schedule B is usable for welding more than three projections, but some weld expulsion may result and power demand will be greater than with Schedule C.
Schedule C is usable for welding less than three projections with welding current increased approximately 15%; objectionable final sheet separation is possible.
For unequal sheet thickness ratios, T/t, up to 3 to 1:
I. The weld time, cycles, should be increased by a factor f; determined by the formula f; = 1.5 (T/t) - 0.5.
2. The welding current per projection should be increased by a factor f, determined by the formula f, = 0.1 (T/t) + 0.9.

rrequency of 60 Hz.

Sjuawinoo g

¥'6 YOOGANVYH ONIQTIM SMV

L€ S1331S AOTTV-MOT ANV NOgHVO—I H31dVHO


http://www.avadocuments.com/doc/whb-4-1-2011
http://www.avadocuments.com/doc/whb-4-1-2011

38 CHAPTER 1—CARBON AND LOW-ALLOY STEELS AWS WELDING HANDBOOK 9.4

\

CURRENT, kA

Figure 1.18—The 3-Dimensional Averaged
Weldability Lobe for Uncoated Steel
Using a 3-On/1-Off Pulsing Schedule

CURRENT, kA

Figure 1.19—The 3-Dimensional Averaged
Weldability Lobe for Hot-Dipped Galvanized Steel Documents

Using a 3-On/1-Off Pulsing Schedule
Document Sharing Hub
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Table 1.9
Typical Resistance Spot Welding Schedules for Medium-Carbon and Low-Alloy Steel Sheet
Electrode Approx. Minimum
Face Electrode Approx. Nugget Min. Shear
Thickness  Diameter® Force Weld Quench Temper Welding Temper  Diameter Pitchf Strength
AISI Time, Time, Time, Current, Current,®
No. mm in. mm in. N Ib  Cycles® Cycles¢ Cyclesc kAd % mm in. mm in. N Ib
1020 1.02 0.040 6.35 025 6561 1475 6 17 6 16.0 90 5.84 023 254 1 6050 1360
1035 1.02 0.040 6.35 025 6561 1475 6 20 6 14.2 91 558 022 254 1 6939 1560
1045 1.02 0.040 6.35 0.25 6561 1475 6 24 6 13.8 88 533 021 254 1 8896 2000
4130 1.02 0.040 6.35 0.25 6561 1475 6 18 6 13.0 90 558 022 254 1 9430 2120
4340 0.79 0.031 482 0.19 4003 900 4 12 4 8.3 84 406 0.16 19.0 0.75 4804 1080
— 157 0062 7.87 0.31 8896 2000 10 45 10 13.9 77 6.85 0.27 381 150 17081 3840
— 318 0.125 16.00 0.63 24465 5500 45 240 90 21.8 88 13.97 055 635 250 60940 13700
8630 0.79 0.031 482 0.19 3559 800 4 12 4 8.7 88 406 0.16 19.0 0.75 5427 1220
— 157 0062 7.87 0.31 8007 1800 10 36 10 12.8 83 6.85 0.27 381 150 18860 4240
— 318 0.125 16.00 0.63 20017 4500 45 210 90 21.8 84 1397 055 635 250 58717 13200

Two equal thicknesses.

Flat-faced electrode of RWMA Group A, Class 2 copper alloy.
Cycle of 60 Hz.

Single-phase ac machine.

Percentage of welding current with phase-shift heat control.

ShD o0 T

Friction Welding

Low-carbon steels are readily joined by friction weld-
ing (FW). Welding conditions are not critical from a
metallurgical standpoint. Medium- and high-carbon
steels can be friction welded, but the welding conditions
must be controlled within narrow ranges. The heating
time for these steels should be relatively long to slow
the cooling rate of the weld.

BRAZING CARBON STEELS

Carbon steels can be joined by virtually all of the
brazing processes. Torch brazing (TB), furnace brazing
(FB), and induction brazing (IB) are commonly used.
Filler metals in the form of continuous wire or strip can
be applied automatically using electro-mechanical wire
feeders. Filler metal in powder form can be blended
with flux and paste-forming ingredients, and automati-
cally applied with pressurized dispensing equipment.
For torch brazing, the heating equipment includes a
standard oxyfuel gas torch. Brazing furnaces can be

Minimum pitch between adjacent spot welds without adjustment of the welding schedule for shunting.

Filler Metals

Carbon steels can be brazed with copper, gold,
nickel, and silver filler metals.®?> All silver (BAg) brazing
filler metals are suitable for use with carbon steel. Filler
metals containing nickel usually have better wettability
and are preferred for good joint strength.

The copper (BCu) filler metals are used mainly for
furnace brazing, where preplacement of the workpieces
is needed. The RBCuZn filler metals in rod form gener-
ally are used with torch brazing, but they also can be
used with furnace brazing or induction brazing. The
high brazing temperatures tolerated by these filler met-
als often permit simultaneous brazing and heat-treating
operations.

The nickel (BNi) filler metals are used when their
unique properties are needed for special applications.
Brazing with nickel filler metals normally is done in a
controlled atmosphere.

62. Refer to American Welding Society (AWS) Committee on Filler
Metals and Allied Materials, 2004, Specification for Filler Metals for

either a batch type or a conveyor type, with or without

Specification for Fluxes for Brazing and Braz S
control of the atmosphere.

92R, Miami: American Welding Sccict . i
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Brazing and Braze Welding, AWS AS5.8/A5 :2004; and, 2003,
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