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PREFACE TO FIRST EDITION

The authors prepared this volume to fill a need for those who are
curious as to what happens when working with metals. Metals have
become a most important part of our everyday life, yet few people
know much about them. It is the feeling of the authors that a basic
knowledge of metals will enable those working with metals to do a
better job while using the materials to a better advantage.

No matter what type of work is being done on metals eventually
there arises the problem of joining them. Since the only logical way to
join metals for permanence is to weld them, the subjects of “Metals
and How to Weld Them" seem to make a perfect combination for the
better use of modern materials and methods.

“Metals and How to Weld Them” has been written for all who are
interested in welding who want a better understanding of what takes
place when welds are made. This volume has been designed as a text
for classroom or home study use. It is equally well suited to serve as a
reference book for the student, the craftsman or the engineer who must
deal with welding, metals and their related problems.

All of the welding processes and their uses are discussed but the
greatest emphasis has been placed on the basic fundamentals of metal-
lurgy and the various metals that might be welded. Though metallurgy
is generally considered a highly technical subject, the authors simpli-
fied the discussion of this subject to make it readily understandable,
even though the reader may not have had prior knowledge of metal-
lurgy. It has been the authors’ desire to present this material in such
a manner as to be understood by high school students should this book
be used to supplement their study. By the same token, however, even
a graduate engineer may obtain a better understanding of metals and
metallurgy from this presentation.

The welding of various metals is discussed in separate chapters. The
problems that may be encountered in welding any commercial metal,
from aluminum to tool and die steels, are covered completely. There
is a special chapter devoted to hardsurfacing and an extremely impor-
tant chapter on how to make good welds. The Appendix, in addition to
a weldor’s dictionary, include a number of tables of useful information
pertaining to welding.

No special credit has been given for the illustrations appearing in
“Metals and How to Weld Them” because many of the photos used
came from the unidentified photo files of THE WELDING ENGINEER. It
is known however, that many of these were contributed by companies
serving the welding industry. To these companies and other organiza-
tions serving the welding field the authors are deeply indebted for
pictures and other data presented in this book.

Cuicaco, ILLINOIS T. B. JEFFERSON
CLEVELAND, OHIO Gorunam Woobs

JANUARY, 1954
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PREFACE TO SECOND EDITION

The rapid advance of welding since the first edition of MeTALS AND
How To Werp THEM has produced new knowledge and understanding
of welding techniques and procedures as they relate to specific metals.
These developments dictated a complete review of the entire text to
determine the need for and requirements of a second edition.

The first edition of MerarLs Anp How To Werp TaEM sold 30,000
copies. Its unqualified acceptance readily justified the decision to print
a completely revised second edition and make the changes and im-
provements necessary to maintain the text’s reputation of being one
of the foremost in its field.

Many sections have been completely rewritten. Editorial clarifica-
tions in language and sentence structure have been made on every
page. Where appropriate, the text has been modified to reflect indus-
try’s trend toward welding mechanization. Almost all illustrations and
data have been replaced or improved. An entirely new chapter on the
exotic metals has been added. The book has been completely reset in
a new, easier-to-read type face, and the headings have been restyled
and rearranged to aid the reader by supplying an outline of subject
matter coverage to quickly acquaint him with the chapter and serve
as a guide for future reference. All of these changes have been made
in the interest of easier reading and better understanding.

This major revision has not altered the book’s basic purpose. Its
objective remains unchanged: namely, to equip the average reader
with a practical knowledge of the structure and properties of metals
and how these metals adapt to welding. It is intended as a reference
book for students, weldors, plant managers and engineers. To acecom-
plish this, technical explanations and descriptions have been simplified
for easier understanding.

The officers and trustees of The James F. Lincoln Arc Welding
Foundation are grateful to Mr. T. B. Jefferson for his suggestions,
editorial review and willingness to make available, for illustrations,
the photo file of THE WeLpING ENcINEER. Special acknowledgement is
also made to the skill with which Mr. Watson Nordquist executed the
major portion of the reorganization, restyling and writing of this
second edition.

Charles G. Herbruck, Secretary
CLEVELAND, OHIO THE James F. LincoLn

NOVEMBER, 1961 Arc WEeLpiNGg Fouwpation
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CHAPTER 1

WHAT’S THIS ALL ABOUT?

The progress of man really started at the time he began to use
metals. Until man became the master of metals life was hard, cruel
and difficult. Many people seem to think these conditions of life have
not changed very much. But do you realize how much easier life is
because of metals? Without metals many products we know as com-
mon necessities would be impossible, while other items would be very
unsatisfactory substitutes by presentday standards.

Without metals our activities would depend on our ability to use
wood and stone. Stone axes and hammers may have served the cave-
man, but they would not meet the needs of skilled craftsmen of today.
With only stone and wood available as materials, practically all our
modern conveniences would be non-existent. We would not have
modern means of transportation—the automobile, ocean liner, train
or airplane. Likewise, we would not have modern means of communi-
cation—the radie, telephone or television. In fact, we now depend so
much on metals it is difficult to think of how we could live without
them.

Early man probably discovered metals as a result of building his
campfires on the sands of a desert or lake shore. These sands contained
copper, and possibly tin or aluminum. The heat of the fire caused
them to melt, and the hot molten metal flowed out over the sand. As
the metal cooled, it hardened into a solid piece. It was then that early
man realized he had a new material with which to work—a material
we now know as metal. This metal was not in a very usable shape,
just an icicle in the sand, but man soon learned that he could cast this
metal in usable shapes by making small molds in the sand. Metal
then became valuable.

We call the period of history when man was limited to the use of
stone and wood, the Stone Age. His first experiences with metals led
him into the Bronze Age. Bronze is a metallic material made up of
copper and one or more other metals, like tin or zinc or aluminum,
that melt at a relatively low temperature. And then, about 1400 years
before Christ, people in Egypt and the countries of Asia Minor along
the Mediterranean Sea began to use iron in making tools, weapons and
other products. This was the beginning of the Iron Age of civilization.

In those early days, our ancestors could not always make castings
in the exact shape desired. The small-village eraftsman was unable to
create enough heat to melt some metals for casting. Iron, for instance,
requires much higher temperature to melt it than bronze does. So the
ancient craftsman frequently hammered the rough casting into a more

1
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2 METALS AND HOW TO WELD THEM

useful shape. The use of heat made his job easier. This was man's
first attempt at forging, and even today we have blacksmiths who still
shape metal by hammering. It wasn’t until about 200 years ago that
man first developed machines with which he could make castings and
forgings repeatedly, to the same exact shape desired.

When man first attempted to join pieces of metal together, he faced
more problems. In the beginning he limited himself to joining metal
in the same manner by which he had joined pieces of wood.

Fig. 1-1. Forging is one of our oldest crafts. From this shaping of metal by heat
and hammering come the idea of forcing metal together by forge welding, a process
which haos become obsolete for most purposes.

Later, man learned that he could heat two pieces of metal and then
force them together by hammering. For centuries, craftsmen used this
practice of forge welding* to join metals. (Fig. 1-1). Unfortunately,
the heat and pressures applied in this process were not great enough
for complete fusion of the two pieces being joined. In fusion the metal
would be melted sufficiently for a thorough blending of the material in

*Definitions of italicized words are listed at end of chapter, and in the “'Dictionary of Metallurgical
and Welding Terms' at back of this book.
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WHAT'S THIS ALL ABOUT? 3

both pieces . . . hardening, as they cool, into a single, continuous solid
mass. In forge welding, however, the effect was more a mechanical
locking-in of the two surfaces in contact, and any fusion was limited
to the thin outer ‘“skin” of the two surfaces. With these conditions, a
relatively low force when applied in certain ways could break the
joint and separate the pieces.

The discovery and invention of modern welding processes, starting
about 70 years ago, provided man with the ideal means of joining metal
plates or shapes, castings to castings, forgings to forgings, or forgings
to castings. This is how metals should be joined—by fusion, resulting
in a complete, permanent union of the two pieces with the weld area
being stronger than either of the pieces joined. With the proper weld-
ing materials and techniques, man now can join together almost any
two pieces of metal so as to become a single unit. Overlapping of pieces
to be joined is not necessary, and thickness at the weld area can be
held to the thickness of the member to either side.

Arc welding today is widely accepted as the best, the most economi-
cal, the most natural and the most practical way to join metals.

All metals are weldable provided the proper process and techniques
are used. Occasionally an attempt to weld metal ends in failure be-
cause one of these two factors—the proper process or the proper tech-
nique—has been overlooked. If, however, the engineer and the weldor
understand the composition, structure and properties of a metal, they
will be able to design and make better welds. This creates a close
relationship between the metallurgy of a metal and its weldability.

What Is Metallurgy?

Metallurgy is the science and technology of extracting metals from
their ores, refining them, and preparing them for use. It includes the
study of metals—their composition, structure and properties—and
how they behave when exposed to different conditions of use. Let’s
look at this definition more closely. It contains words that may be
new to you,

Ore is the rock or other natural form in which we find a metal.
Most of the metals used commercially are not found in a pure state.
By this we mean you probably wouldn’t find iron, for example, all
by itself buried in a mountainside. It and other metals are usually
combined by Nature with other elements, which often are undesira-
ble in the finished product.

You probably know what an element is. It is Nature's building
block. We have 26 letters in the alphabet, and each is different from
all the others. If a child has a block for each letter, he can build an
almost endless number of words. Similarly, each element is a substance
different from all others, and these can be mixed or joined together by
Nature or by man to build an almost endless number of materials.
There are only 103 elements, and everything on Earth and possibly in
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4 METALS AND HOW TO WELD THEM

all the Universe is an arrangement of some of these elements.

An element can never be broken down into two other substances;
however, the smallest unit of an element is the atom—a particle that
has all the characteristics of the element but is so tiny we can'’t see it
even under the microscope. We need millions of an element’s atoms
all locked together before we have enough to do anything useful.

Many of these elements are metals. Most of us know what a metal
is. Technically, a metal is an element that has all or most of the follow-
ing characteristics: it is solid at room temperature; it is opaque (you
can’t see through it); it conducts heat and electricity; it reflects light
when polished; when viewed under a microscope, it is seen to be made
up of tiny erystals; it expands when heated and contracts (shrinks)
when cooled.

There are still other characteristics of all metal elements, but these
do not directly concern us and don’t mean much except to the labora-
tory man. The word metal also is used for a material which has strong
metallic characteristics, even though it has more than one element.
Bronze is a good example, since it contains some combination of tin,
zine, aluminum, lead, silver, phosphorus, silica or other elements, in
addition to copper, its main ingredient. Metallurgists call this type of
material an alloy to indicate it is not a pure metal element.

Metallurgy is a big subject. Most metallurgists (scientists or engi-
neers working in this field) are specialists, just like some people in
the building industry are carpenters, while others are masons, plumb-
ers, electricians or painters. There are two main divisions of metal-
lurgy—process and physical.

Process metallurgy deals with the first operations—getting metal
from a mine into the form of basic mill produets, such as structural
plate or bar stock.

The processing of metals requires many steps, which may be
grouped as follows: (1) extracting metals from the ore, that is, sepa-
rating the metals from the unwanted materials of the earth and rock
in which they are found in Nature; (2) refining them, that is, sepa-
rating the various metals extracted from the ore, in order to have a
relatively pure metal for further processing; and finally (3) the con-
version of relatively pure metals into usable combinations (alloys)
and basic forms such as castings, sheets, structural shapes and plates
for use by other industries.

Physical metallurgy relates to the composition of metals and what
happens to their structure and properties during shaping, fabricating,
heat treating, and so on.

Briefly, composition refers to what elements are present in the
alloy and in what amount. For example, a common low-carbon steel
(SAE 1020) is made up mostly of iron but also has from 0.18 to 0.23%
carbon, 0.60 to 0.90% manganese, not more than 0.04% phosphorus,
and not more than 0.059; silica. Note that in this material none of
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these elements, other than iron, amounts to even 1% of the total
weight. Yet, these elements greatly influence the strength of the alloy
and its weldability.

The structure refers to how these elements arrange themselves
within the alloy. Further on in the book, we'll learn about the forma-
tion of crystals and how these affect the way metals behave under
various conditions. Properties of a metal are those characteristics by
which we can tell how good it will be for a particular use. Hardness is
one important property.

A study of physical metallurgy may require testing the metals
before, after, and often even during the process of converting them
into useful products. People with special training perform most of
these tests, especially those requiring laboratory equipment. However,
an understanding of what these people do is extremely helpful in
making good welded joints.

Tests may be made in a variety of ways: by pulling a metal apart
to determine its strength, by denting the metal to determine its hard-
ness, by bending the metal repeatedly to determine when it will fail
from fatigue, or by some other test to find out how satisfactory the
metal will be for a particular purpose. The quality of a welded joint is
often determined by these same tests.

There are many ways to examine a piece of metal. One is to
merely “look it over” to see if it is standing up under service; or, an
x-ray examination might be made to see if there are any hidden
defects. Regardless of how the testing or examining is done, it is a
part of physical metallurgy.

Why Metallurgy Is Important

Although the term itself is mysterious to some people, metallurgy
is of wide interest and importance. Many thousands of people are em-
ployed in the casting, rolling, drawing, and extrusion of metals. Hun-
dreds of thousands of people are engaged in the manufacture of fin-
ished consumer products from these basic mill shapes.

Everyone is dependent to some degree on metals. Most of us have
daily contact with metals. After thinking about it for a few moments,
most of us know we could not get along without metals. But few
people realize that man used metals for many centuries without ever
knowing very much about them or the reasons for their varied and
often strange behavior.

Why is it that some metals are brittle at room temperature, while
others are brittle only when extremely cold or when extremely hot?
Why will some metals stretch while others won’'t? What makes some
metals stronger than others?

For a long time man did not know enough about metals and their
properties to answer questions like these. However, metallurgical re-
search during the past 100 years has given us such knowledge. As a
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result, we now do much better in using the right metal in the right
place for a specific purpose.

Metallurgists have developed new ways to obtain metals from their
ores. As a result, industry has metals of higher quality with which to
work. Metallurgists have learned to combine various metals to pro-
duce new alloys possessing better properties for a particular type of
application.

Improved methods of producing metal now provide us with a wide
range of useful mill products of necessary shape, size, accuracy, com-
position, and so on . . . to meet the needs of specific applications. We
use machinable metals, formable metals, and weldable metals. Nearly
all metals can be welded, but some more readily than others.

As a result of research, we know what happens when metals are
suddenly heated and cooled as in welding. Metallurgical research is
also of great help in the constant improvement of welding equipment,
materials and practices.

Where Does Metallurgy Fit Into Welding?

Study of the arc welding process involves both process metallurgy
and physical metallurgy. What happens first in the welding operation,
the heating and melting of the metal, is a subject for process metal-
lurgy. Further study of the operation as it continues through the
cooling of the metal into a solid state, and the subsequent shaping or
machining, is an application of physical metallurgy.

Let’s review what takes place when you make a weld.

Intense heat is needed to melt the metal, causing it to be fluid in
the immediate weld area. This heat comes from the arc which forms
as electric current jumps across a gap in an electrical circuit (Fig. 1-2).
The gap exists between the welding electrode (a metal wire or rod to

Welding Machine AC or DC
Power Source and Controls

Electrode Holder

\— Ground Cable

LElecIrnde Cable

Fig. 1-2. In arc welding, current flows through the welding electrode,
jumps the gap to the workpiece, and then returns to the source. The arc
that occurs in the gaop creates the heat for melting the metal.
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which electrical current is fed from a power source) and the base
metal or workpiece.

A common practice, when joining two plates of metal, is to first
cut a groove along the line where the plates meet. This provides
room for penetration by the heat to the full thickness of the metal.
The space between the workpieces must be filled up with metal as
strong or stronger than the base metal. This filler metal comes from
the electrode, which it gradually consumes (uses up) as it welds.

Power leads
é —

Carbon Electrodes sSa Bl »

Spout
p£u ¥ 4 P g Door

Slag 77Tt

Molten metal

Coated metal
electrode

Direction

of travel

A-Cor D-C
power

T e e P T o,

""Weld deposit “-work

Fig. 1-3. (Above) In electric furnace production of steel, the arc from huge carbon
electrodes keeps the metal bath in a molten condition. (Below) Similarly, the metal
in the joint directly under the welding electrode is kept molten by the arc. The intense
heat and boiling effect provides a high quality weld metal comparable to the fine
“electric steels”,

The heat from the arc not only melts the base metal, it also melts
the electrode; and the molten metal drops from the electrode into
the joint.

Welding is very much like steelmaking (Fig. 1-3). As the intense
heat from the electric arc melts base metal and electrode filler, a
small amount of molten metal collects within the joint. This weld
puddle is like the molten contents of an electric arc furnace used in
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8 METALS AND HOW TO WELD THEM

Fig. 1-4. (Left) Hot furnace steel drained into a
giant ladle is then emptied into molds. The liquid
metal cools ond hardens inte a solid inget.
(Below) Weld metal deposited in a “V* joint is
like the steel-mill ingot. Impurities in the pool of
hot metal float or are caused to float to the sur-
face when they become slag. This action im-
proves the quality of ingot or weld metal as it
freezes,

Mold

Ingot

€= \Weld (ingot)

N

N

Base metal (mold)

steelmaking. In both welding and furnace operation, the formation
of a non-metallic blanket called slag, over the molten metal, helps to
control the temperature and cooling rate, and assists in preventing
and removing impurities from the metal.

Since the molten puddle in the weld joint is confined within a
limited area, it might further be compared with molten steel when
poured into the ingot mold, after first having been tapped or drained
from the furnace into a big ladle (Fig. 1-4). In the welding operation
the base or parent metal is often preheated, just as the ingot mold is
preheated, to prevent the molten metal from cooling too rapidly.

As the weld metal cools, it solidifies or “freezes.” The same thing
happens to the steel in an ingot mold. Very often a completed weld
is placed in service “as welded.” At other times, it is further processed
by heat treatment, which will be discussed in a later chapter. Or, it
may be shaped, machined, or the weld flattened by rolling. As in the
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case of steel mill products, this hot or cold working is for the purpose
of meeting the particular requirements of the application.

By these comparisons it may be seen that both process (metal
producing) metallurgy and physical (metal working) metallurgy have
an important place in all welding operations.

Welding Metallurgy

Fortunately, a weldor needs know only “how to make a weld” and
not all the engineering behind welding . . . for, in addition to metal-
lurgy, welding involves electrical, mechanical and ceramic engineering.

Many welds are made without any knowledge of metallurgy. How-
ever, the average weldor who develops an understanding of some basic
principles of the subject can greatly improve the quality of his work.
He can successfully weld metals that would be very troublesome to
other weldors, and he can in general simplify his own job.

Correct application of welding metallurgy principles helps to
avoid mistakes that could weaken a weld. It assists in developing
techniques which reduce stresses and strains associated with the ex-
pansion and contraction of metals during heating and cooling. A
knowledge of welding metallurgy explains what happens as a result of
welding heat and helps the weldor to avoid the undesirable effects of
improper welding practices.

Welding metallurgy may seem like a difficult subject, but it need
not be if taken in easy stages and in sequence. In this way, the basic
fundamentals become known and these will provide easy solution of
many annoying welding problems. With a knowledge of the tie-in
between welding and metallurgy, the weldor can turn out a welded
product that will meet the engineering objectives: lighter in weight,
stronger, more pleasing in appearance, and less costly.

Definitions of New Words

Alloy. A material having metallic characteristics and made up of
two or more elements, one of which is a metal.

Base metal. Often called parent metal, the metal used in work-
pieces being joined together.

Composition. The contents of an alloy, in terms of what elements
are present and in what amount (by percentage of weight).

Element. A substance which can’t be broken down into two other
substances. Everything on Earth is a combination of such elements, of
which there are only 103.

Forge welding. A process of joining metals by pressure, usually
with the assistance of heat but at temperatures below that at which
there would be true fusion.

Fusion. Melting of metal to the liquid state, permitting two con-
tacting or neighboring surfaces to partially exchange their contents
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10 METALS AND HOW TO WELD THEM

with the result that there is a thorough blending of the compositions
after cooling.

Metal. An element that has all or most of these characteristics:
solid at room temperature; opaque; conductor of heat and electricity;
reflective when polished; expands when heated and contracts when
cooled. For all practical purposes, we also use the word metal in
speaking of many alloys—materials having metallic characteristics,
even though they may contain more than one element including non-
metals.

Metallurgy. The science and technology of extracting metals from
their ores, refining them, and preparing them for use.

Ore. The rock or earth in which we find metals in their natural
form.

Physical metallurgy. That division of metallurgy applying to the
changes in structure and properties of metals as a result of shaping,
fabricating and treating,

Process metallurgy. That division of metallurgy applying to the
extracting, refining, and primary shaping of metals into a usable
form.

Properties. Those features or characteristics of a metal that make
it useful and distinctive from all others.

Structure. The way in which the elements of an alloy, or the atoms
of one element, are arranged.

Review Questions

1. How did man first discover metals?

2. Why is welding so ideally suited for joining of metals?

3. What are the three major activities covered by process
metallurgy?

4. Why are metals tested?

How can welding be compared to the making of steel in an
electric furnace?

What happens in the welding process?

What is slag?

How does slag help in the welding process?

Is a knowledge of metallurgy necessary for welding?

10. How can metallurgical knowledge be applied to improved
welds?
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CHAPTER 2

MECHANICAL PROPERTIES OF METALS

When you look at a piece of copper and then loock at a piece of
lead, you know they are two different metals. Why? Because of
the difference in color and weight and other external characteristics.

If you take a slug of copper and another of lead (both of small
diameter but quite thick), position them in a bench vise so pressure
can be applied against flat ends of both pieces simultaneously, and then
squeeze them with enough force, you will find that one cracks and
then begins to crumble before the other does. This difference between
the two metals we call compressive strength.

Compressive strength is only one of numerous mechanical proper-
ties. These are characteristics of a material that tell us how well the
material stands up to some kind of force applied against it. In addition
to compressive strength, the mechanical properties include tensile
strength, hardness, ductility and others. These will all be explained
in this chapter or the following one. The strength of a metal can be
determined only by mechanical test. This is true for all mechanical
properties.

All that we know about properties, we have learned by comparing
one thing with another. In order to describe and classify our knowl-
edge so that it will be most useful, standards have been established
by various technical societies, industry associations, and government
agencies. These groups have standardized many of the tests by which
we measure properties. A few of the more common and important
tests are described in this book.

Some properties of a metal do not relate to an applied force of
some kind. These are called physical properties. Among them are
density, resistance to corrosion, electrical and thermal conductivity,
and thermal expansion. Some handbooks and manufacturers’ litera-
ture do not separate physical and mechanical properties but list them
all together.

How Properties Are Important to Us

The properties of a metal or other material are the characteristics
by which we can: (1) accurately identify it, or (2) determine its
unique range of usefulness. If we are trying to select the right metal
to do some particular job, we should first learn what the properties of
each available metal are. Without such knowledge, many products and
structures would be doomed to failure.

Metals can be broken, bent, twisted, dented, scratched or otherwise
damaged. Most of us have seen examples of metals that have been

11
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12 METALS AND HOW TO WELD THEM

stretched, and even, in some cases, pulled to pieces. All metals have
all properties but not to the same degree. One metal might have
high compressive strength but low tensile strength, while another
metal has low compressive strength but high tensile strength. By
knowing to what extent each property exists in a metal, we can use
the metal wisely and with assurance that it will meet the requirements
of a specific job.

For example, if a manufacturer is making razor blades, he needs a
material that is hard, is resistant to corrosion, and can bend without
breaking. Some hardened steels meet these requirements. For a
watch spring, the material must likewise be hard and resistant to
corrosion, but it also must be non-magnetic and able to withstand
repeated bending without becoming permanently deformed or break-
ing. Special spring steel alloys meet these requirements. For a bridge
cable, steel wire of high tensile strength and elasticity is used because
it is strong even after bending and can withstand the varying loads
on the bridge.

All metals are important, just as all people are important. It's
essential, though, to match up a man'’s personality and other qualifica-
tions with the needs of a specific job. Likewise, it's essential to match
up a metal's properties or qualifications with the needs of a specific job.

The properties of the parent metal (that is, the material being
welded) constitute the reason why the design engineer specified that
particular metal. In welding, it is essential that metal in the welded

The right ELECTRODE for the right JOB

Fig. 2-1. Properties of a bose metal must match properties required by the applica-
tion. Similarly, the weld metal's properties must equal or exceed the base metal’s,
Each type electrode provides filler metal hoving a unique combination of properties.
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MECHANICAL PROPERTIES OF METALS 13

joint area have properties equal to or better than the properties of the
parent metal. This is a natural quality of a well-made weld tailored to
meet the specific requirements of a job.

Some welding consists of repairing machinery parts or members
that were never welded originally, or at least weren't welded at the
point of failure. A part often fails as the result of a local or temporary
application of force greater than what the metal could stand. Perhaps
there is some operating condition that is not continually repetitive,
and the engineer was unable to predict the situation. Obviously then,
the weldor who makes the repair must not be concerned just with
filling a crack or joining two pieces of a broken part. He also must
strengthen the structure at that point so that it can withstand any
repeat of the force that caused it to fail.

Kinds of Strength

Knowledge of the strength of a metal is most important to the
weldor. When he knows the strength property of a metal, he can
build a structure that is strong enough to carry the maximum load
expected without wasting material. Likewise, when the weldor knows
the strength of his weld metal as compared with the parent metal, he
will neither underweld nor overweld the product. Overwelding will
prove to be costly, while underwelding may result in a product not
strong enough to do the job for which it has been designed.

Strength is the ability of a metal to withstand some kind of force
without breaking down. For example, a metal can resist failure from
pulling, hitting, pressure, repeated bending, twisting or shearing.
These strength properties are called, respectively, tensile strength,
impact strength, compressive strength, fatigue strength, torsional
strength, and shear strength. A metal will eventually fail under any
of these forces if the load (amount of applied force) is increased
sufficiently.

If we can figure the maximum load that a structural member will
be exposed to, we can select a metal that will withstand a higher load,
Or, we can obtain the necessary strength by increasing the cross-
section dimensions of the critical member.

Any force that is applied against a metal or structural part can be
measured in terms of pounds. We often say the metal or part supports
this load, even when the load is a force applied by pulling or twisting.

What Is Tensile Strength?

Tensile strength is the resistance of a material to a force that is
acting to pull it apart. It is generally the most important property in
evaluating metals. Metallurgists measure the tensile strength of a
metal by determining the maximum load in pounds per square inch
(abbreviated psi) it will withstand. This maximum load is also known
as ultimate tensile strength because any additional load, no matter how
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14 METALS AND HOW TO WELD THEM

small, will cause failure, like the last straw that broke the camel’s back.

Tensile strength data of most commercially available materials are
provided by the company that produces the material. These values for
tensile strength and other properties of the more commonly used
metals are also included in various technical handbooks. However, the
values listed in the handbooks usually are minimum values which the
metal must have in order to meet industry standard specifications. A
specific manufacturer’'s SAE 4640 steel, for example, may have
strengths in excess of the handbook values.

The pulling load a specific product part can support without failure
depends on the cross-sectional area of the part. (The length of the bar
does not materially affect its strength). A bar 2 inches square will
support in tension four times the load that a bar 1 inch square will
support, because the larger bar has four times the cross-sectional
area. (A bar thatis1inch square = 1in. x1 in. = 1 sq in., while a bar
that is 2 inches square = 2in. x 2in. =4 sq in.).

To calculate the load (in pounds) a given part can support, the
material’s tensile strength (in psi) is multiplied by the cross-sectional
area (in sq in.). For example, if the tensile strength of a particular
kind of steel is 60,000 psi, a bar of that material 2 in. square (4 sq in.)
will support a load of 60,000 x 4, or 240,000 lb.

This total load is the maximum strength of the specific part; for
example, a chain, a rope or a steel rod. An important point to remem-
ber is that when we talk about the strength of a part, or structural
member, we express the value (amount) of load in pounds (not psi).
There are times when we don’t know the tensile strength of the metal
and it is convenient to test an actual part made from the metal. The
tensile strength of the metal (in psi) can be calculated by dividing the
maximum load (in pounds) by the cross-sectional area (in sq in.).

This can be written as a formula:
maximum load (Ib.)
cross-sectional area (sq. in.)

Tensile strength (psi) =

Testing for Tensile Strength

In making a test for tensile strength, an extremely important re-
quirement is to apply the load gradually and at a uniform rate of speed.
In fact, it is impossible to determine the tensile strength if the load is
applied suddenly or in jerks. You have experienced many times the
relative weakness of a material when given a sudden hard jerk. The
most common experience is that of breaking a string. Even when the
string is strong enough that a steady pull will not break it, it does
break when suddenly jerked.

Metallurgists determine the tensile strength of metals by using a
tensile testing machine, Fig. 2-2. This machine has two heads (one
above the other) equipped with grips or jaws. Ends of a sample of
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the metal to be tested are fastened in the grips, and the movable head
is slowly and steadily moved away from the stationary head, stretch-
ing the sample, thereby putting a tensile (pulling) load on the test
piece. This is called a pull test. The total load is indicated (in pounds)
on a dial indicating gage. The testing machine shown in Fig. 2-2 is
equipped with a motor-driven strip chart that automatically provides
a continuous record of the test. On some machines the number of
pounds is read directly from the dial gage and recorded at regular,
frequent time intervals while the test is in process.

Fig. 2-2. A tensile testing machine applies a pulling force on the test piece. The
maximum load applied before failure of the piece is the tensile strength.

The highest reading of the gage is the maximum load the test piece
can support. If the cross-section of the test piece is 1 square inch in
area, the maximum load in pounds will be the tensile strength of the
metal expressed as pounds per square inch.

It is not always practical to test a metal sample exactly 1 square
inch in cross-sectional area. Fortunately, we can determine the tensile
strength of a metal by using samples having any cross-sectional area
(within maximum size or force limits established for the particular
machine). Samples less than 1 square inch are usually less expensive
to make and do not require as high loads to cause them to fail. The
test, therefore, can be made more quickly.

The most common specimen size for tensile testing metal is called
a 505 specimen. This is a cylindrical sample of the metal, to be tested,
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16 METALS AND HOW TO WELD THEM

which has been machined and ground to standard specifications in-
cluding a diameter of 0.505 inch (Fig. 2-3). This diameter greatly
simplifies calculations since its cross-sectional area is 14 of one
square inch.

Using the formula presented a few paragraphs earlier, we can cal-
culate the tensile strength. If a 505 steel specimen fails at a load of
10,000 1b, the steel's

10,000
i

Tensile strength — = 10,000 x 5 = 50,000 psi

So, all you have to do to find the tensile strength of a 505 test
specimen is multiply the maximum load by 5. What could be simpler?

Am std coarse Hhread ~class 2 it

V3 % Fig. 2-3. Standord test specimens are
made to rigid specifications. The
6 : C' 6 commonly used 505 specimen, left,

:f—-l !_-3 gage ffwg]ﬁl I“f""' is identified in the table below as

Specimen C-1, and is made to those
” L . _,;"r R |”|| dimensions shown in the row to the
L h UKL right of C-1.

&

O

Test Specimen Dimensions

SPECI- AT | AREAD B ca D Et# Fi# G
IMEN in, 5q. in, in, ", | im, in, i
C-1 | 0.505 | 0.200 2 2Va Wy 414 E7A 84
Cc-2 0.437 0.150 1% 2 i 58 a Vg g
C-3 | 0.357 | 0.100 1.4 | 0165 | 12 Iy sa Y
C-4 0.252 0,050 1 11% b ] 24 i 3’16
c-5 0.126 0.0125 Lr] £V L 1%q Byl 3732
A" = A min.

{1} Cross-sectional area = 0.785 x A®

(2) Tolerance, = 1%

{3) Approximate

{4) Minimum

NOTE: Dimensions A, B, C and G shall be as shown, but the ends may be of
any shape to fit the holders of the testing machine in such a way that the
load shall be axial.

Sometimes it is desirable to test for the tensile strength of a
welded steel plate. See Fig. 2-4. The sample cut from the plate will be
larger than the standard 505 specimen and will be of full plate thick-
ness. Calculations will be as follows:

A maximum load of 50,000 1Ib is required to break a welded steel
sample (Fig. 2-5), which is 12 in. x 132 in. at the weld. The tensile
strength of the steel is figured by dividing the load by the cross-

sectional area. The area (% x 1%) is 34 sq in. Therefore:
50,000

Tensile strength — —5 = 50,000 X 44 — 66,666 psi
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Fig. 2-4. A good weld is stronger than the plate (upper), but a poor weld (lower) fai.s

under a tensile test.

These ediges may Held reiforcement
be Flame cut shall be mackined
”ﬂ'wé with base mela
e “hites g
Fig. 2-5. A le for : 1&_ \ I g
¥ H test sample 5
o e, 8 e
ard specifications. - \.‘:" ‘% fdg@ af
W’/g * QW. ir ?t widest :&Ce
dloes not exceed' /* 7o =g | of weld

W=1"20.0/,iF t , |
exceed’s /" N This section machined
preferably by milling

Stress and Strain

Much of the laboratory testing of metals and of welding and other
joining processes is eritical. In order that metallurgists can talk to
one another, and to other engineers and shop people, a number of
technical terms have come into being. These are quite specific in
meaning. The weldor doesn’t have to know all of these, but an under-
standing of the terms in most general use will help clear away much
of the mystery as to what engineers are striving for in the design and
fabrication of a welded member or structure.

Two such terms that you will hear very often are stress and strain.
Stress is the load (amount) of a force applied against a material. This
force may be any of numerous types, such as tensile or compressive,
Strain is the physical effect of the stress. In the case of tensile stress,
the resulting strain in the material is measured by the amount of
stretching or elongation that takes place.
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18 METALS AND HOW TO WELD THEM

Yield Point

The maximum stress or maximum load, indicated on the gage of
the tensile testing machine, is not always the actual breaking load.
Many metals will continue to stretch after this maximum load is
reached, and from this point on the stretch will occur mostly within a
very short section of the test piece. The result is a narrowing of this
section, with complete failure taking place within this “necked-down"”
section.

The testing machine (Fig. 2-2) pulls the test at a constant rate,
permitting the load on the test piece to either increase or decrease.
In Fig. 2-6, a crude test setup calls for loading the test piece with
heavy weights. The tensile load increases as more weights are added,
one at a time, and finally the addition of one more weight causes

Head of testing machine

| 4= Test bar

& Break caused by
tensile load

Weights

Fig. 2-6. The test bar hangs from an overhead beam. Slotted weights are
added, one at a time, onto a support plate secured to the lower free end
of the bar. The maximum load the bar will carry cannot be determined,
because the point where the bar began fo weaken is unknown. We don't
know whether a greater or lesser load would cause continued stretching
from here to the point of failure,

instant failure of the test piece. With this type of loading, the actual
strength at failure cannot be measured since the loads cannot be
reduced after the test piece begins to weaken.

When a sample of low- or medium-carbon steel is tested, a stress
point is reached beyond which the metal stretches without an increase
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in load. This is the yield point. Other steels and non-ferrous metals
do not have a yield point.

During a tensile test of a low or medium-carbon steel, the yield
point can be seen on the dial gage of the machine. The gage pointer
will stop advancing, or even drop back a little, when the yield point is
reached. A drop-back indicates that the load is decreasing as the
stretching continues.

You can often feel the yield point in a soft steel wire when you pull
it by hand. First, the wire tightens and stretches a little. Then, as the
pulling force is increased, the wire suddenly yields and stretches with
ease.

Yield Strength

For low- and medium-carbon steels the yield point is considered
to be the yield strength. For other metals, the yield strength is the
stress required to strain the test piece by a specified small amount
beyond the elastic limit. The elastic limit is the maximum stress the
metal will support without permanent deformation. Any stress below
this point will stretch the metal, but when the force is removed the
material will return to its original dimensions . . . like a new rubber
band.

For ordinary commercial purposes, the yield strength is considered
to be identical with the elastic limit. A metal with a high yield point
or high elastic limit is needed for parts that must hold their exact
shape and size.

Weld metals of high yield strength are used in surfacing punch
press dies that must hold their shape accurately. However, a low
yield strength is an advantage when a part is to be cold bent or formed.
Less force is required to form metals that have a low yield strength.

Stress-Strain Relationship

Figure 2-7 shows what happens when a metal is moderately loaded.
A sample bar of the metal is arranged in suspension from an overhead
beam, with a light platform secured to the bar’s free lower end. A dial
indicator gage is attached to the test piece so as to show the amount of
stretching or elongation that takes place. Weights of 100 lIb each are
added, one at a time, and the reading of the gage is taken as each
weight is added. After three weights have been added, they are then
removed. Removal of all the weights causes the indicator to return to
zero, showing that the metal has returned to original size. This test
demonstrates that the amount of stretch, between clamps holding the
indicator, is directly proportional to the amount of pull. (The gage
pointer had advanced the same distance each time a weight was
added.)

If the values of the load and the elongation are plotted on a graph,
they will fall along a straight line, Fig. 2-8.
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The test performed according to Fig. 2-7 and Fig. 2-8 is simple, but
has limited value. It provides no values that can be used for compari-
son of the elastic behavior of one metal with another. Neither the
cross-sectional size of the test piece nor the distance over which the
elongation was measured is known.

The standard tensile testing machine (Fig. 2-2) and similar ma-
chines for evaluating strength provide much more information. The
variations in load (stress) and elongation (strain) are indicated con-
tinuously. One advantage is that we can obtain a much better picture
of what happens as the metal begins to fail. When these values for
stress and strain are plotted on a graph, the stress is expressed as
pounds per square inch (psi), and strain is expressed as deformation

I

|
L
oo is
100 Ip iae ik
100 i 120 ib 100 b
Load, Ib o 100 200 Aoo ) o
Steelch,in. O oo 0,004 0.0086 o

Fig. 2-7. Under moderate loading, the stretch of metal is proportional to the load.

300t ==——m— ——————

Fig. 2-8. A simple stress-strain
diagram of the test shown in Fig.
2.7. (If the load is 100 |Ib and
the amount of stretch is 0.001
in., a "“point"” is plotted at the
intersection of these two lines).
When all test points have been
plotted, a line drawn through
them is the “curve” of the dia-
gram, even though here it is a
straight line,
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Fig. 2-9. A stress-strain diagram for mild steel which shows ultimate tensile strength,
proportional elastic limit, upper yield point and lower yield point. Here, the most
critical portion of the curve is magnified for more detailed study.

1 1 L

in inches per inch of test piece length. (In a tensile test, the strain or
deformation occurs as an elongation of the metal) A line drawn
through points plotted on a graph is a curve showing the relation
between stress and strain (Fig. 2-9).

To summarize some of our terminology:
Load, in pounds

Stress (load per unit area) = Cross-section area, in sq in
! :

Stress = pounds per sq in. (psi)
Elongation, in in_cl_iies

Original gage length, in inches
Strain=— in./in.

Strain (deformation per unit area) =

Modulus of Elasticity

Some materials require higher stresses to stretch than others do.
We may restate this idea by saying that some materials are stiffer
than others. To compare the stiffness of one metal with that of anoth-
er, we must determine what is known as the modulus of elasticity for
each of them. The modulus of elasticity is the ratio of the stress to the

strain.
Stress

— — Modulus of elasticity
Strain
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On a stress-strain diagram (Fig. 2-9) the modulus of elasticity is
represented visually by the slope of the straight portion of the curve,
where the stress is directly proportional to the strain. The steeper the
curve (closer to being vertical), the higher the modulus of elasticity.
The stiff material has the steep curve.

In Fig. 2-10, stress-strain curves are given for tungsten, steel, and
approximate curves for cast iron and rubber. From the curves we can
see that a load of 30,000 psi will stretch a steel sample (having a cross-
section of 1 sq in.) 0.001 in. for each inch of length. It would require
50,000 psi to stretch a piece of tungsten of the same size the same
amount. Practically no stress at all is needed to stretch rubber.

60 1
Tungsten

7T LA
i Steel
2 404
e
S 30-
® 20+—
)

10+4-

/4—]( Cast iroln R;.rbbi:
0 1 L f

T I ] t 1
0 0.001 0.002 0.003 0.004 0.005
Strain, in./in.

Fig. 2-10. Partial stress-strain curves for different materials (using only that portion of
the curve which shows o proportional or straightline relationship between stress and
strain) show their relative elasticity.

From the curve for steel, we determine that the modulus of elas-
ticity, expressed by the ratio of stress to strain, is:
30,000 psi .
T Ji IR0
This figure of 30,000,000 psi is the modulus of elasticity for all
steels: low-carbon, high-carbon, alloy, hard and soft steels. Tungsten
has a modulus of 50,000,000 psi. Cast iron has a modulus of 10,000,000
to 25,000,000 psi, depending on the type of cast iron.
A material that stretches easily has a low modulus (curve is closer
to being horizontal). A low stress divided by a high strain results in
a low modulus. And, where a high stress produces a small strain, the

modulus is a high figure.
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As the comparison of their respective moduli shows, steel is two
to three times stiffer than cast iron. Let’s take two bars of equal size,
one cast iron and one steel, and weight them each on one end while the
other end remains fixed. The cast iron bar will deflect twice as far
as the steel bar. If two steel bars are thus compared—even though one
may be hard tool steel and the other soft mild steel—they will deflect
the same amount.

Although steel is stiffer than cast iron, it is more ductile. The cast
iron bar will break with a brittle fracture as the stress is increased,
while the steel will bend and deform.

The modulus of elasticity is not a measure of the amount of stretch
a particular metal can take before breaking or deforming. It simply
tells us how much stress is required to make the metal stretch a given
amount. The modulus of elasticity is used in formulas to calculate the
amount of deflection a given piece of metal will have under a certain
load. It must not be confused with the elastic limit.

Ductility: The Ability to Stretch

When making a tensile test, we can determine still another prop-
erty of metals. This is ductility, the ability of a metal to stretch and
become permanently deformed without breaking or cracking. Ductil-
ity is measured by the percentage reduction in cross-sectional area and
the percentage elongation of the test bar. Ductile steels are necessary
for formed and drawn steel parts such as automobile body panels and
fenders.

A metal with high ductility will fail or break gradually. Because a
ductile metal stretches, the total load is not concentrated on one small

&9 9

-1 ¥

Steel rod

Fig. 2-11. The wires supporting the weight at the right total the same cross-sectional
area as the rod supporting the weight ot the left. Ductility of the metal used in the
wires will permit the shorter outer wires to stretch, so that almost immediately all
wires carry an equal share of the 1,000-Ib load.

Tight wire
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area but is distributed throughout the piece. A metal with low ductil-
ity fails suddenly with a brittle fracture. Because the metal will not
stretch, the load is concentrated on a small area, which leads to early
failure. Sometimes this failure causes the load to be transferred to
other parts of the structure so suddenly that even other more ductile
parts will fail.

Figure 2-11 illustrates the important effect that ductility has on
metals. At left, a 1,000-1b weight is suspended by one steel rod, in the
form of a double-ended hook. Here, the only important property of the
rod is its tensile strength. This must be high enough for the rod to
hold the weight without failure. To the right, a 1,000-1b weight is
shown suspended by a number of steel wires of small diameter. The
wires have the same total cross-sectional area as the steel rod to the
left. If the wires all are of the same length and each carries its portion
of the load, they will be pulled in tension equally and the load will be
supported. If, however, the wires are not all the same length, ductility
becomes an important property. If the two outer wires are shorter,
they will be tight while the others are loose as the load is first applied.
If the wires are sufficiently ductile, the two outer wires will stretch
until they are the same length as the others. At this point each wire
assumes its share of the load. But if the wires are not ductile, the two
shorter wires will be overloaded and will fail. As the load transfers
onto the other wires, they too will fail progressively.

This is a good explanation of what is called progressive failure.
In the design of structures, engineers take great care to secure uniform
distribution of the load. They avoid designs that will give off-center
or unbalanced loads. They avoid designs that throw a large load on a
very small section or on a single structural member.

As a practical example, steel wires forming the cables for a sus-
pension bridge are tightened individually so that each wire can carry
its share of the load. Since the amount of tightening required for each
wire cannot be calculated with great precision, the wires must be made
of a ductile material. When the bridge is loaded, the wires that are
momentarily carrying more than their share of the load simply stretch,
thereby allowing the other wires to do their share.

For many applications, ductility is one of the principal properties
required in the welded joint. This is particularly true where the
weldment is to be later formed into a slightly different shape, but it is
equally important in many other applications.

Duetility is measured on the standard tensile-strength testing ma-
chine by checking the deformation which results in the test specimen
during the pulling. Two punch marks (also called gage marks), spaced
exactly 2 in. apart, are made on a standard 505 specimen before it is
placed in the testing machine. During the test, the specimen elongates
uniformly along its entire length until the metal’s ultimate strength
is reached. Then the load begins to fall, and the specimen elongates
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Fig. 2-12. An arc-welded test specimen mode to standard 505 specifications, ond
shown here after tensile testing. It hod tested to o tensile strength of 76,100 psi,
with 25.8% elongation in 2 in., and 4B% reduction in cross-section area.

primarily in a small local area. First, the diameter of the piece necks
down and becomes appreciably smaller, after which the load continues
to fall until the specimen breaks, Fig. 2-12.

The final diameter of the small necked-down portion at the break is
measured and its area is calculated. Dividing this by the initial cross-
sectional area (0.200 sq in.) gives us the percentage of reduction in
area, which is one measure of ductility. For example, if the cross-
sectional area at the point of breakage is 0.100 sq in., the reduction in
area is 50%.

Another measure of ductility is the percentage of elongation. The
fractured ends of the specimen are held together so that the distance
between the gage marks can be measured. Dividing the distance in
excess over 2 in. by the initial length of 2 in. gives us the percentage of
elongation. Let us say, for example, that the final distance is 2.40 in.
The elongation in 2 in. is 2.40 - 2.00 = 0.40 in. Thus, 0.40 in. = 2 gives an
elongation of 20%. The percent reduction in area and the percent
elongation are both measures of ductility and are used together as
standards for comparison.

Brittleness

Brittleness is very nearly the opposite of ductility. Brittle mate-
rials show practically no permanent distortion before failure. Such
materials fail suddenly without warning. Glass is an excellent example
of this. Glass is also elastic because it will bend a little and return to
its original shape. If bent a little further, however, the glass will break
readily. Cast iron is an example of a brittle metal; especially the ex-
tremely hard, white cast iron.

More on Elasticity

If a tensile load is released before it becomes too large, the metal
test piece or product part will spring back to its original length. The
metal behaves very much like a stiff spring. This behavior is known
as elasticity.

A simple spring balance scale operates on this principle. If a 1-lb
force moves the scale’s pointer % in., a 2-1b force will move it twice
as far, or 1 in. The spring stretches and moves the pointer in propor-
tion to the amount of weight on the scale.
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When a material is elongated by loading and then returns to its
original length when the loading is removed, we say it has been de-
formed elastically. Practically all materials have some elasticity.

Duetility and elasticity must not be confused. Ductility is the abil-
ity to permanently elongate, when stretched, without breaking. Elas-
ticity is the ability to elongate and return to original size. All ductile
metals have considerable elasticity because they will return to the
original length if they are not stretched beyond a certain point. A
metal may be elastic, however, without being ductile. It stretches up
to a certain point at which it suddenly breaks, instead of stretching
further as a ductile metal would do.

The Elastic Limit

The elastic limit of a metal is the maximum stress that it will
withstand without permanently bending or breaking. We have seen
that in the case of cast iron the modulus is lower than that of steel,
and the metal stretches more easily. However, the cast iron does not
streteh very far since it has a low elastic limit. The elastic limit for
cast iron is close to its ultimate or tensile strength. It breaks as the
load reaches the elastic limit. That is why ecast iron is considered to
be a brittle, non-ductile material.

Steel is not only harder to bend than cast iron, but it also will with-
stand higher stresses and still return to its original shape. If, however,
we bend a steel wire too far, it will only spring back part way. The
wire has been permanently deformed because the bending in this case
exceeded the elastic limit.

Metallurgists determine the elastic limit of a metal during the
tensile pull test. The elastic limit of a steel test specimen is shown
on a stress-strain curve. In Fig. 2-9, you can find a point on the curve
where the increase in strain (elongation) and the increase in stress
(load) are no longer proportionate. At this point, the curve ceases to
be a straight line (Fig. 2-9).

If we wanted to be real technical, we would call this the propor-
tional limit. Use of very sensitive instruments shows that this point
(where increase in stress is no longer proportionate to increase in
strain) is somewhat below the actual elastic limit (where elasticity is
lost). The difference is so small, however, that for commercial pur-
poses we can assume these two limits are at the same point on our
stress-strain diagram. Because of this assumption, metallurgists often
call this value the proportional elastic limit. As mentioned earlier, the
term yield strength also refers to the same value as elastic limit.

If the specimen is taken out of the testing machine before the stress
reaches the value on the curve just cited, the distance between the 2
in. punch marks on the specimen is still 2 in. If the test specimen is
placed back in the machine and stressed beyond that point (the elastic
limit), it is found when measured to be permanently elongated.
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Summary of Properties Measured by Tensile Test

By pulling the test specimen until it breaks, we learn the ultimate
or tensile strength of the material, which is the maximum load the ma-
terial will support in tension. This value must be expressed in pounds
per square inch to be usable as a standard for comparison.

The tensile test also tells us how much of a load (stress) in pounds
per square inch must be applied to make the material stretch a given
amount (strain). The ratio of the stress to the strain is the modulus of
elasticity, which is used to compare the elasticity of materials.

The tensile test also shows the maximum load that can be put on
a material without its becoming permanently deformed or breaking.
This is called the elastic limit. For commercial purposes, it may be
referred to as the yield strength.

Compressive Strength

The compressive strength of the material indicates its ability to
resist crushing. Rubber, for example, has a comparatively low com-
pressive strength, while steel which can carry extremely high loads
without deformation, is certain to have high compressive strength. The
relation of compressive strength to tensile strength varies according
to the material group. In the case of most steels and the aluminum
and magnesium alloys, these values are approximately equal. Low-
strength cast irons may have a compressive strength several times the
tensile strength. It is important to know the relative compressive
strengths of materials so that we can stay within limits which will
prevent failure from compressive stress.

Fatigue Strength

A knowledge of the tensile strength properties makes possible the
design and fabrication of a structure that will support a steady load
pulling or pushing in one direction. These properties, however, do not
indicate the strength a metal will have if used in a structure where the
load is applied first from one direction then another. When the load
alternates like this in a cycle, at one moment the force is tension and at
another compression.

The piston rod on a locomotive cylinder undergoes a complete re-
versal of stress from tension to compression and back again to tension.
The rods used for oil well pumps are in tension at all times, but the
tension is higher on the up stroke and lower on the down stroke. A
railroad car axle is stressed in tension at the top and in compression at
the bottom. At any point on the axle, each revolution produces a
change from tension to compression. Structural members of a bridge
floor go through a cycle of stresses every time a car goes over them.

Metals will fail under a changing load at a lower stress than if the
load were steady. Failure under a changing load is called fatigue
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failure. To see what we mean by fatigue failure, let us look at a piece
of steel wire. It will support a heavy load; you cannot break it by pull-
ing on it with your hands. However, you can break it rather easily by
bending it back and forth a dozen times or so. Since the wire is ductile
it does not break with a brittle fracture when first bent. Ductile or
not, however, the wire can stand only so many bends. Eventually, it
gets tired, becomes fatigued, as engineers say, and there is a fatigue
failure. The fatigue failure usually starts with a small crack, which
progressively becomes larger under the repeated stress cycle until the
wire is completely broken.

If the metal of which the wire is made has a tensile strength of
100,000 psi, the wire could support a steady hanging load of 95,000
psi indefinitely. It would, however, fail from fatigue if a load of only
75,000 psi were hung on it, removed and replaced several thousand
times.

Fatigue strength is the ability to resist fracture when the stresses
are variable and alternate through a cycle. Fatigue tests are made by
subjecting a test specimen to variable loads. Some tests bend the piece
alternately in one direction, then in the other. Others apply and re-
move tensile loads. Still others make a cycle of tension and compres-
sion by rotating a loaded specimen.

By making such tests, it is possible to determine the maximum
stress that a metal will support indefinitely under conditions where
that stress comes in a variable load. This is called the endurance
limit, also the fatigue limit. Any stress above the endurance limit will
eventually cause a crack that will progress to a fatigue failure.

For practical purpose in testing steels, 10,000,000 cycles is taken
as the number of reversals which a specimen must withstand to es-
tablish the endurance limit. It is considered that a metal able to with-
stand a given stress for this number of cycles will continue to do so
indefinitely.

For steel, the endurance limit varies between 40 and 6077 of the
ultimate strength of the material in tension. The exact limit depends
both on the nature of the material and on the surface condition.

The surface condition of a metal is important to its fatigue strength.
If the test specimen is rough, or if the test is made in a corrosive liquid
or corrosive atmosphere, the fatigue strength will be very much lower.
Surface treatments such as polishing, hardening and shot peening will
raise the endurance limit.

Fatigue failures start at the surface as tiny cracks, which spread
into the metal until failure occurs. Scratches, tool marks, threads and
other surface irregularities act as places for the cracks to start. The
fatigue strength of a specimen with lathe tool marks may be half that
of one with a smooth polished surface. Changes in the cross-sectional
area of a piece of metal such as a shaft shoulder or a keyway also reduce
the fatigue strength.
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The making of welds on metals that must have a high fatigue
strength is an exacting job. Besides matching the strength of the
parent metal, the weld must not be the source of any undue hardening
or softening of the parent metal. Repair of a part that has failed from
fatigue is especially critical. Any obvious imperfection in the weld—
undercutting, cracks, or excessive build-up—may create a change in
the cross-sectional area that can start a fatigue crack.

Definitions of New Words

Brittleness. The tendency of a material to fail suddenly by break-
ing, without any permanent deformation of the material before failure.

Compressive strength. The resistance of a material to a force which
is tending to deform or fail it by crushing.

Ductility. The ability of a material to become permanently de-
formed without failure.

Elastic limit. The maximum stress to which a material can be sub-
jected without permanent deformation or failure by breaking.

Elasticity. The ability of a material to return to original shape
and dimensions after a deforming load has been removed.

Elongation. The stretching of a material, by which any straight-
line dimension increases.

Endurance limit. The maximum stress that a material will support
indefinitely under variable and repetitive load conditions.

Fatigue failure. The cracking, breaking or other failure of a mate-
rial as the result of repeated or alternating stressing below the
material’s ultimate tensile strength.

Fatigue limit. The maximum stress that a material will support
indefinitely under variable and repetitive load conditions.

Fatigue strength. The resistance of a material to repeated or
alternating stressing, without failure.

Load. The amount of a force applied to a material or structure,

Mechanical property. A material's ability to resist or withstand a
particular kind of physical force applied against the material. This
ability is measurable by mechanical means.

Modulus of elasticity. The ratio of tensile stress to the strain
it causes, within that range of elasticity where there is a straight-line
relationship between stress and strain. The higher the modulus, the
lower the degree of elasticity.

Parent metal. The metal to be welded or otherwise worked upon;
also called the base metal.

Physical property. An inherent physical characteristic of a material
which is not directly an ability to withstand a physical force of any
kind.

Proportional elastic limit. The stress point beyond which (1) an
increase in stress is no longer proportionate to the increase in strain,
and (2) an increase in stress results in permanent deformation.
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Proportional limit. The stress point beyond which an increase in
stress is no longer proportionate to an increase in strain.

Strain. The physical effect of stress, usually evidenced by stretch-
ing or other deformation of the material.

Stress. The load, or amount of a force, applied to a material,
tending to deform or break it.

Support. The act of carrying or holding up under the load of any
applied force.

Tensile strength. The resistance of a material to a force which is
acting to pull it apart.

Ultimate tensile strength. The maximum pulling force to which
the material can be subjected without failure.

Yield point. The amount of stress at which point the material will
continue to elongate without increase in the force applied.

Yield strength. The stress point at which permanent deformation
results.

Review Questions

1. A steel rod ¥ in. square is pulled in the testing machine, and
it breaks at a load of 4,000 Ib. What was the ultimate strength—
10,0000 psi? 64,000 psi? 100,000 psi?

2. Suspension bridge cables are made up of thousands of steel

wires. Which of the two types of steel wires do you think would
make the stronger cable?

Yield Strength Tensile Strength
Steel A 90,000 psi 180,000 psi
Steel B 140,000 psi 180,000 psi
3. Draw a stress-strain diagram for a low carbon steel and show

the yield strength, the tensile strength, and how the modulus of
elasticity can be calculated. Use handbook data if available.

4. If the modulus of elasticity of steel is 30,000,000 psi, how
many pounds will be required to stretch a bar of steel 10 in.
long and 1 in. square?

5. If the elastic limit of a stainless steel is 140,000 psi, what is its
yield strength?

6. If a load of 60,000 1b is applied to a test piece having a cross-
section 34 in x ¥4 in., what is the stress?
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CHAPTER 3

TOUGHNESS AND OTHER PROPERTIES

In Chapter 2 we learned about mechanical properties, how they
differ from physical properties, and why knowledge of them is impor-
tant in becoming a better weldor.

Hardness, which we haven't discussed in detail, is one of the most
important properties. This is especially important to the weldor and
other craftsmen because we can determine the hardness of a metal
with relative ease and low cost. Some of the tests for other properties
can be made only in a laboratory and at considerable cost. If we know
how hard a metal is, we can estimate some of the other properties. The
tensile strength of steel, for example, increases in direet ratio with the
increase in Brinell hardness.

High tensile strength is sometimes, but not always, associated with
toughness—the ability of a metal to withstand the sudden shock of a
rapidly applied force. The combination of high tensile strength and
toughness is highly important in many welded structures. Toughness
is more a quality of a metal than a single property.

Weldability, like toughness, is difficult to evaluate. We can weld
most metals, but some more easily than others. However, we cannot
measure the weldability of a metal very precisely. Factors that sub-
tract from a metal’s weldability are tendency to crack, excessive hard-
ening, formation of gas pockets, and high melting point of the metal or
of alloying elements contained in it.

The weldor frequently faces the problem of thermal expansion in
working with weldable metals. Rapid expansion of a metal under high
heat tends to cause misalignment in the final welded product, and re-
quires the weldor to carefully follow the proper welding procedure in
order to control it.

The Meaning of Toughness

The term “toughness” is used rather loosely by many people. In
many instances, it relates to the combination of properties that enables
a metal to stand up against certain stresses experienced in a specific
type of application. On one application of the metal, toughness means
one thing; on another application, it means something different.

Even so, we can look at all of these uses of the word and make some
general statements that will be true most of the time. Part of the
problem stems from the fact that no one test has been devised to
measure toughness in a way that will meet all requirements.

Usually, toughness means the general ability of a metal to with-
stand the shock of a rapidly applied load. Here, toughness is primarily
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the result of combined yield strength, ultimate strength and ductility,
although elasticity also is important. This suggests one popular
method of estimating the relative toughness of metals, which is to
study the stress-strain diagrams for each of the metals, Fig. 3-1. The
larger the area under the curve, the more toughness that metal will
have.

0
o
1

Tensile strength, 1000 psi

0

0.12 020
Strain, in./in.

Fig. 3-1. From this comparison of stress-strain curves, it oppears that monel not enly
has a higher tensile strength than mild steel, but the greater ductility (indicated by the
elongation beyond the straight-line portion of the curve) increases the area and thus
the toughness.

0 0.04

The area under the stress-strain curve represents the amount of
energy absorbed by the metal before failure. Using a tensile stress-
strain curve is directly applicable only where the metal’s toughness is
to be demonstrated against a tensile load.

Table 3-1 lists some common metals according to their relative
toughness, with copper being the toughest.

Table 3-1. Order of Toughness of Metals

1. Copper 4. Magnesium 7. Lead
2. Nickel 5. Zinc 8. Tin
3. Iron 6. Aluminum 9. Cobalt
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Unfortunately, the stress-strain curves normally result from tests
in which the load conditions are static (without motion). Tensile
tests call for increasing the load slowly and steadily. However, when
evaluating toughness the speed with which the load is increased and
the velocity with which the load is applied are both important. So is
the speed with which the energy can be absorbed and distributed
through the metal. Some metals are ductile; yet, under a rapidly in-
creasing load they fail to absorb the energy fast enough and thus they
fracture quickly.

A good indicator of how quickly the metal can absorb energy is the
rate at which it conducts heat (thermal conduectivity). Various tech-
nical handbooks and supplier literature list this rate for the more com-
monly used metals. If a metal is a good conductor of heat in addition
to having good duectility, it usually has considerable toughness.

Impact and vibration are the two most common types of loading
that require toughness in the metal. Rapidly applied loads also occur
in the form of a rolling action—as in axles, gears, chain sprockets, and
others. Or, the loading can be a pulsating force.

Notch Toughness

Certain conditions and defects of a metal or the product part tend
to reduce considerably the toughness of metals by what we call the
notch effect. Such conditions include deep V-grooves, cracks, tool
marks, and sharp inside corners or other sudden change in the part’s
cross-section, See Fig, 3-2.

Some steels, like high alloy tool steels, are especially sensitive to
notch effect. Others have a high degree of motch toughness: their

. 5 O

Marks in ground
surface - SR

Underbead
hardness - SR

Fig. 3-2. Typical design features and metal defects and injuries that create a notch
effect, thereby lowering the metal's toughness. Conditions like these are known as
stress roisers (SR), since they result in a localized concentration of stress as a load is
applied.
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toughness is not affected much by the presence of notches or similar
conditions. Notch-sensitive metals fail more readily than others under
impact or repetitive loading. The notch sensitivity of a metal usually
increases as the hardness of the metal increases and as the operating
temperature decreases.

Probably because any lack of toughness is most dramatically re-
vealed under an impact load, many people have come to rely greatly
on a metal’s strength under impact as a measure of the metal’s tough-
ness under other types of loading. This may be a costly practice.

Tests for impact strength are usually based on the use of a notched
specimen and therefore can’t be depended upon completely for every
application that requires a high degree of toughness. Many metals
and product parts are free of stress raisers, and the service conditions
may be unlikely to duplicate the test conditions.

In general, a metal that shows extreme strength under impact as a
notched specimen will demonstrate great toughness under most service
conditions. Unfortunately, a metal or product part that shows up
poorly under a notch-type impact test may have more than enough
toughness under certain types of service conditions.

The notch effect is also a great factor in fatigue strength. Since
fatigue tests are dynamic (moving loads) and not static (stationary
loads), they too tell us much about a metal’s toughness, A product is
often used under conditions where vibration is present, even though
not always visible to the naked eye. Although the stresses are not
very great, as a rule, they occur at such high speed that the total effect
can mean disaster to a metal that has relatively low toughness. Stress
raisers in the metal or product substantially reduce the fatigue life.

Toughness vs. Brittleness

Toughness and brittleness are often thought of as direct opposites.
This is true to a great extent, and is helpful in the study of failures
under actual service conditions.

A tough fracture looks like the two pieces of a broken metal part
were torn apart. The broken surfaces are very irregular and, in many
instances, show up the fiber-like nature of the metal’s internal struc-
ture. These surfaces are usually dull in appearance. A tough fracture
occurs slowly. It may take minutes, hours, days or even longer for the
break to travel completely across the metal part. A tough fracture is
often called a ductile fracture. The latter term is especially well used
when the metal has high ductility and there is considerable reduction
in the cross-section and a corresponding elongation in the area of
fracture.

In contrast, a brittle fracture frequently looks almost like the two
pieces were sheared apart. In some cases the metal is actually shat-
tered and there are more than two pieces or even many small frag-
ments. The broken surfaces are clean, sometimes smooth, but often
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with jagged edges. The surfaces usually show up the erystal structure
of the metal rather than a fibrous-like quality, The surfaces generally
are bright in appearance. A brittle fracture travels across the part
very quickly, often within a fraction of a second.

The Effect of Temperature

While metals may be identified as tough or brittle on the basis of
their normal appearance when fractured, some caution is needed. A
metal that appears to have great toughness and produces a tough
or ductile fracture at usual working temperatures, may fail under
lighter loads and produece a brittle fracture at a lower temperature.
The presence of stress raisers in a metal that tends to lose its toughness
rapidly at low temperatures will cause it to fail under a much lighter
load.

We call this point—at which the change from ductile fracture to
brittle fracture happens—the transition temperature. When evalu-
ating tests made to determine such temperature levels, we must con-
sider very carefully the size and nature of the load under which this
change occurs and then make certain it corresponds with what the
metal will face in service.

Testing for Impact Strength

Impact strength is the ability of a metal to withstand a sharp,
high-velocity blow. Thus, it is a particular kind of toughness. A metal
may show good tensile strength and good ductility in a standard pull
test, and yet break if subjected to a sharp, high-velocity blow, Fur-
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Fig. 3-3. Typical lzod (left) and Charpy (right) impact test specimens, methods of
holding and of applying the test load. The V-notch specimens (shown) have an in-
cluded angle of 45 degrees and a bottom radius of 0.010 in. in the notch.
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thermore, the break may be in the nature of a brittle fracture. This is
a characteristic of low impact strength.

Nearly all testing for impact strength is done with notched speci-
mens, in which case it is more accurately the testing for notch
toughness.

Impact strength is measured in foot-pounds, which is a unit of
energy or work. The two standard methods for determining impact
strength are the Izod and the Charpy tests. The two types of speci-
mens used for these tests and the method of applying the load are
shown in Fig. 3-3. Both tests can be made in the universal impact
testing machine shown in Fig. 3-4.

e ] T4 —— ,
Fig. 3-4. This universal impact testing machine moy be used for lzod, Charpy or other
impact tests.

In making the test for impact strength, the specimen is placed in
the machine near the floor. The operator then releases a heavy pendu-
lum which swings from a standard height to strike the specimen. If
the sample is broken by the blow, the strength of the specimen is
determined by calculating the amount of energy needed to break it.

The amount of energy in the falling pendulum is known. The
distance through which the pendulum swings after breaking the spec-
imen indicates how much of the total energy was used in breaking it.
With no specimen in the machine, the pendulum swings to the zero
reading on the scale. The tougher the metal specimen which is broken
by the swing, the shorter the distance travelled by the pendulum be-
yond the point of impact. The shorter the distance, the higher the
reading on the indicating scale.
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Steels or welds are commonly tested for notch toughness or im-
pact strength right in the shop without such elaborate testing equip-
ment. The weldor or inspector first saws a notch in a small specimen
of the metal to be tested and places it in a bench vise, Fig. 3-5. He then
hits the piece on the notch side with a sledge or other heavy hammer,
attempting to break it with a single blow. This is the nick-break test.
The force required to break the sample, the amount of bending at the
break, and the appearance of the fractured surfaces all indicate the
relative impact strength of the metals being tested.

Fig. 3-5. Although considerable expe-
rience and sound judgment are neces-
sary, the nick-break test is simple to
make and gquickly provides much useful
information,

Hardness Testing

Hardness is a property with which the weldor must be thoroughly
familiar. The heat of welding may change the hardness of the metals
being welded, or the end result may be a difference in hardness be-
tween the deposited weld metal and the parent metal. A difference in
hardness usually indicates a difference in strength and other properties.
Through the study of welding metallurgy, we can learn more about
the causes of such change in hardness and how to control the hardness.
However, in many cases no change or difference in hardness accom-
panies the welding process, in which case there is no concern over
hardness control.

We commonly test a material for hardness by trying to scratch it
with a fingernail. We might find that we can scratch a harder material
with a knife but not with a fingernail. Further up the scale, only a
diamond makes an impression.

What you think hardness means depends a great deal on what you
are. The metallurgist thinks of hardness as the ability of a material to
resist indentation or penetration. The mineralogist thinks of hardness
as the ability of a material to resist abrasion or scratching. A machinist,
on the other hand, considers hardness as an index of machinability.
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From a metallurgical point of view, the chief reason for making a
hardness test is for what it will tell us about other properties. For
example, the tensile strength of a material is directly related to the
hardness. Generally, the tensile strength can satisfactorily be esti-
mated from the hardness value obtained in the measurement. A con-
version table is included as an appendix at the end of this book.

Hardness tests are both inexpensive to make and non-destructive.
A hardness test, therefore, may be substituted for the harder-to-make
and destructive tensile test.

In general, the harder of two metals of similar composition has a
higher tensile strength, lower ductility and more resistance to abrasive
wear. High hardness also indicates low impact strength, although
some steels when properly treated have both high hardnzss and good
impact strength.

Hardness tests are widely used to check the uniformity of metal
parts as they are being made. Any non-uniformity in the material is

A il e

Fig. 3-6. A Brinell Hardness Tester. Fig. 3-7. A Rockwell Hordness Tester.
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Brinell, Rockwell and Shore Scleroscope.

quickly revealed by its being either too hard or too soft.

The Brinell test is the oldest commercial method of determining
indentation hardness. A steel ball of 10 millimeters (about 33 in.) di-
ameter is pressed into the surface of the metal with a load of 3,000
kilograms (6,614 Ib). Then the diameter of the impression is measured
with a special microscope, and the reading is converted to the Brinell
hardness number by consulting a table. Soft iron is about 100 Brinell,
and file-hard steel about 600. A Brinell test machine is pictured in
Fig. 3-6. Physical property tables in catalogs and handbooks often
abbreviate—BHN or Bhn, for Brinell hardness number.

The Rockwell hardness test is widely used in production inspection.
This test is also of the indentation type, but the penetrator is smaller
and the loads are lighter than those used for the Brinell test. With a
sample of the work positioned on the anvil of the machine, a diamond
cone is pressed into the metal with a load of 150 kilograms (around
330 1b), Fig. 3-7. The depth of the impression is indicated on a dial,
and the reading that is obtained is called the Rockwell C hardness. A
typical reading might appear on specifications as 52 Re.

To determine the hardness of the softer metals, the hardest metals
and for very thin metals, other loads are used on the diamond cone.
For soft metals, the diamond may be replaced by steel balls of 14 in.
diameter. A load of 100 kilograms is used, and the reading is given on
the B scale.
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The Shore Scleroscope hardness test measures the height of re-
bound of a diamond pointed hammer. Hard metals cause a higher
rebound than soft metals.

The file and scratch test is a quick procedure for checking hard-
ness. Shopmen frequently use this method to predict the machina-
bility of a metal. It consists of simply trying to scratch or cut the
surface of a metal with a file or pointed object of known hardness. All
scratch tests reveal only a superficial or outer skin hardness. They
tell us nothing about the hardness & in. below the surface.

Table 3-2 gives a relation between Brinell hardness and the hard-
ness as estimated with a machinist’s new hand file.

Table 3-2. File Hardness Test Data

BRINELL HARDNESS FILE ACTION
100 File bites into surface very easily
200 File removes metal with slightly more pressure
300 Metal exhibits its first real resistance to the file
400 File removes metal with difficulty
500 File just barely removes metal
600 File slides over surface without removing metal.

File teeth are dulled.

Simple Hardness Tester

Weldors sometimes make their own set of hardness testers, by heat
treating Y4-in. high carbon steel electrodes to give a graduated series
of hardnesses. The rods are labeled with their respective Rockwell C
hardnesses. A sharp point is then ground on the end of each rod,
taking care not to soften the steel by overheating.

By drawing these scratch testers, one at a time, over a smooth
metal surface, the weldor can determine which rod has a hardness
about the same as the metal being scratched. If the sharp point of the
scratch tester digs in and leaves a scratch, its hardness is greater than
that of the metal being tested. If the point only slides over the
surface without scratching, the scratch tester is softer than the metal
tested.

The hardness set is inexpensive and is convenient to use in hard-
to-reach places, where a conventional test would be impossible.

Corrosion Resistance

Corrosion is the wasting away of metals by slow gradual combina-
tion with other elements and chemical compounds. Corrosion resist-
ance is the ability of a metal to resist such attack. The chemical attack
may be made by a gas or a liquid, either hot or cold. Such a common
gas as air and such a common liquid as water may cause metals to
corrode. The effects of corrosion are generally enhanced by heat,
though for most purposes corrosion is considered to be an attack at
room temperature.
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The danger of loss of metal through corrosion is ever present and
must be guarded against in making anything of metal. The stainless
steels and other alloys have been especially developed to resist
corrosion.

The rates at which particular metals corrode and the tests used to
determine their rates do not constitute useful knowledge to the weldor
and so will not be described. The weldor should know, however,
which metals are more resistant to corrosion than others.

The rate of corrosion of a metal may be changed when in the
presence of another metal. If one metal is brought into contact with
another metal that is lower on the list, the higher metal will be pro-
tected from corrosion. The technique of galvanizing or plating is
sometimes used in protection of a metal against corrosion. In this way,
a base metal of low cost but high strength can often be used effectively.

The form of corrosion with which we are most familiar oceurs
when metals react with the oxygen in the air to form oxides. Rust, for
example, is iron oxide. If the attack continues, eventually all of the
iron will be turned into iron oxide. Bridges and other structures must
be repainted periodically to protect them against rusting since the
loss of metal may seriously weaken the structure.

This chemical attack by oxygen on metals is called oxidation.
Rusting is a form of oxidation. In the case of some metals, the rate
of oxidation is so fast that heat is given off by the chemical reaction,
and the heat is sufficient to maintain the reaction until the metal is
completely burned up. This effect is especially noticeable at high
temperatures.

Aluminum oxidizes very quickly at room temperature, but the
effects are not the same as those of rust. The aluminum oxide forms
an invisible film over the surface of the metal that protects the metal
below against further reaction. Because of the use of nickel and
chromium as alloying elements, stainless steels do not react with
oxygen in the air even at high temperatures.

The rate of oxidation of metals and the properties of the oxides
that are formed have considerable effect on welding procedures.

Electrical Resistance

Electrical resistance is the “friction” that an electric current en-
counters when it flows through a material. As the resistance offered
by a material increases, a higher voltage is required to force a given
current (number of amperes) through the material.

When an electric current flows through a metal, some of the elec-
trical energy is converted into heat. The amount that the metal is
heated is proportionate to the resistance of the material and to the
square of the current flowing.

As the resistance to electrical flow decreases, less energy is lost and
less heat is created in the conductor.
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The ability to conduct electrical current is the opposite quality
from resistance and is called electrical conductivity. Conductivity is
the measure of the relative efficiency of a material in conducting
electricity.

Of the metals, silver and copper offer the least resistance to elec-
tricity and hence have the greatest conductivity. For purposes of com-
parison, the conductivity of silver is taken as 1007¢.

Fusibility: The Ease of Melting

Fusibility is a measure of the ease of melting. Mercury (the metal
with the lowest melting point) melts at -38 degrees Fahrenheit, while
tungsten, which has the highest melting point, melts at 6,100 F.

A pure metal has a definite melting point, which is the same tem-
perature as its freezing point. Alloys and mixtures of metals, however,
have a temperature at which melting starts and a higher temperature
at which the melting is complete.

Figure 3-9 gives the melting point of a few metals and other tem-
peratures of interest. Centigrade (C) temperatures are shown to the

cC M F

6440 - 11600 Tungsten arc

6020 i+ 10800 Iron welding arc

3500 i+ 6300 Oxyacetylene flame
2800 i 5040 Oxyhydrogen flame
1870 -+ 3360 Laboratory burner flame
1535 2800 Iron melts

Fig. 3-9. The melting points of some
metals and a few other tempera-

232 449 Tin melts tures of interest for comparison.
92 Ice melts
_33 —38 Mercury melts
—78 —110 Dry ice vaporizes
—192 —315 Boiling point of liquid air
373 —459.4 Absolute zero
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left of the thermometer and Fahrenheit (F) temperatures are to the
right. The melting points of many metal elements are also listed in an
Appendix at the back of this book. A chart for rapid conversion of
temperature readings from Centigrade to Fahrenheit or from Fahren-
heit to Centigrade, is also located in the Appendix.

Heat of Fusion

The heat of fusion is the quantity of heat necessary to change one
pound of a solid material to a liquid without temperature change.

The British thermal unit (Btu) is used to measure the quantity of
heat; for all practical purposes, it is the amount of heat required to
raise the temperature of 1 pound of water 1 degree Fahrenheit.

The heat of fusion of ice is 144 Btu per lb. In comparison, here are
the heats of fusion of a few metals:

Table 3-3. Heat of Fusion of Metals

Aluminum 170 Btu per Ib Tungsten 79 Btu per Ib
Magnesium 160 il Silver 45, 4w
Chromium 13an 10 A0 o Zinc - O [
Nickel 1330 4 o Gold 29 w1 hon
Molybdenum TG M M Tin 26 Wt M
Imn 11? r " (X Lead 11 " i "
Manganese TxGw ff o ol Mercury 5. ¢ H
CUPPEF’ 91 i e o

More heat is required to melt a pound of ice than is needed to melt
a pound of iron (provided of course that both materials are at their
melting point). The figures are 144 Btu for water and 117 Btu for iron.
It takes more heat, however, to melt a pound of aluminum than a

pound of ice—170 Btu as against 144 Btu.
This malch%g\

lights Ffirst—ayy

i~ 1 25

Conduction

Iron strip

Fig. 3-10. The rate at which heat fows
through copper can be compared with the
same property in iron by this simple test,
The metal which conducts heat at a higher
rate (copper) lights the match first. The
match ot the outer end of the iron bar
will burst into flame later.
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Thermal Conductivity

Thermal conductivity is a measure of the rate at which heat will
flow through a material. The difference in thermal conductivity be-
tween iron and copper is easily demonstrated, Fig. 3-10. The copper
conducts heat much faster than does the iron.

If one end of a copper bar is kept in boiling water (212 F') and the
other end in chipped ice, heat will flow into the bar from the water,
then through the bar and to the ice, causing it to melt. The rate at
which the ice melts indicates the rate heat is flowing through the bar.

The amount of ice that melts depends upon:

1. Time The longer the time, the more ice will
melt.

2. Size of the bar The larger the cross-sectional area of
the bar, the more heat will flow.

3. Length of the bar The shorter the bar, the faster the ice
will melt.

4. The temperature to The higher the temperature of the hot

which the bar is heated end of the bar, the faster the ice will

melt.

3. Thermal conductivity =~ The higher the thermal conductivity of
the bar, the more heat will flow.

The amount of heat flow, therefore, depends upon time, area,
length, temperature difference and thermal conductivity.

Table 3-4. Thermal Conductivity of Metals

Relative Conductivity

Metal Cgeméce;l Btuf;q i::"'n"’ Based on Silver
¥k H as 100%
Aluminum Al 1428 49.7%
Copper Cu 2664 92.7
Gold Au 2037 70.9
Iron-Pure Fe 467 16
Iron-Steel 313 10.9
Iron-Cast 316 11
Lead Pb 241 8
Mercury Hg 476 17
Molybdenum Mo 1004 349
Nickel Ni 412 14.3
Platinum Pt 483 16.8
Silver Ag 2873 100
Tin Sn 450 15.6
Tungsten W 1381 48
Zinc Zn 770 27
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The thermal conductivity, or the heat-conducting capacity, of a
material is frequently expressed in Btu's per sq ft of area per in. of
length (or thickness) per hour per °F. The thermal conductivities of a
few of the metals are given in Table 3-4.

Thermal Expansion

Thermal expansion is the increase in dimensions of a body due to a
change in its temperature. See Fig. 3-11 for thermal expansion of
selected materials.

The coefficient of linear expansion is the ratio of the change in
length of a material, caused by heating it one degree, divided by the
original length.

The coefficient of linear expansion of iron at room temperature is
0.0000065 per degree F. (6.5 x 107/°F).

The total increase in length of an iron bar 100 feet long which is
heated from 10 F to 110 F will be:

0.0000065 x (110-10) x 100 = 0.065 ft or 0.78 in.

The coefficient of cubical expansion equals approximately three
times the coefficient of linear expansion.

Note that the curve in Fig. 3-12 shows the volume expansion; the
linear expansion of iron is 3 of the values given.

Zine

Lead
Magnesium
Tin
Aluminum

Silver
Brass

Copper
Gold
Nickel

Iron

Steel
Platinum
Glass
Molybdenum
Tungsten
Pyrex glass
Invar

Fused quartz

I

Expansion in 100 feet
of various materials
from 32 to 212F

1 2 3 4 5 in.
Fig. 3-11. Linear thermal expansion (in in.) of 19 materials when heated from 32 F to
212 F.
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Fig. 3-12. The change in velume of a pound of cast iron as it is heated to and above
its melting point.

Definitions of New Words

Brittle fracture. A metal fracture or break, in which the crystalline
nature of the metal is revealed and where there is little or no evidence
of bending, elongation or cross-section reduction before fracture.
Fracture occurs quickly.

Corrosion resistance. The ability of a metal to resist the chemical
attack by other elements and chemical compounds.

Ductile fracture. A metal fracture or break, in which the fiber-like
nature of the metal is revealed and where there is considerable reduc-
tion in the cross-section and a corresponding elongation in the area of
fracture (or evidence of other deformation prior to fracture). Fracture
occurs slowly.

Electrical conductivity. The rate at which electric current will flow
through the metal.

Electrical resistance. The resistance of the metal to the flow of an
electrical current through it.

Fusibility. The relative ease with which a metal melts.

Hardness. The ability of a material to resist indentation, penetra-
tion, abrasion, and/or scratching.

Impact strength. The ability of a metal to withstand a sharp, high-
velocity blow without fracture.
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Nick-break test. Made in the shop to give a fast evaluation of rela-
tive impact strength. It consists merely of nicking a sample of the
metal and striking it a heavy blow on the nick side, sufficient to break
it.

Notch effect. The influence of an irregularity within a metal or
in the surface or geometry of a product part, tending to cause a con-
centration of stresses and thereby weakening the metal.

Notch toughness. The resistance of a metal to adverse effects from
the presence of notches or similar irregularities.

Stress raisers. Irregularities within a metal or in the surface or
geometry of a product part, tending to cause a concentration of stresses
as the load is applied.

Thermal conductivity. The rate at which heat will flow through
the metal.

Thermal expansion. The extent of increase in physical dimension
due to a change in the metal’s temperature.

Tough fracture. See ductile fracture.

Toughness. The ability of a metal to withstand the shock of a
rapidly applied load.

Transition temperature. The point below which the metal fails
with a brittle fracture, and above which the failure is in the form of a
ductile fracture.

Review Questions

1. Is magnesium tougher than aluminum? Than copper?
2. What is the purpose of a stress-strain curve?

3. Name the following methods of hardness testing: (1) A scratch
method. (2) The rebound test. (3) Depth of impression made
with a diamond with a conical point. (4) Diameter of impres-
sion made with a 10 mm. diam. steel ball.

4. Which commonly used commercial metal has the greatest re-
sistance to corrosion? The least?

2. If the specific heat of water is 1.00 and of iron is 0.11 Btu/1b/F,
will it take more heat to raise the temperature of one pound of
water or one pound of iron from room temperature to 200 F?

6. When a file removes metal with difficulty, what is the approx-
imate Brinell hardness of the metal?

7. Is oxidizing of aluminum the same as rusting of iron?

8. How does tensile strength and ductility affect the toughness of
a material?

9. What is the Brinell method of testing hardness?

10. Is there an advantage of using a steel ball over a diamond cone
in testing hardness?
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CHAPTER 4

THE METALS WE USE

Any metal may be welded if the proper welding process and tech-
niques are used. Much of the difficulty a weldor experiences is due to
using a wrong process or technique when welding a specific metal.
Fortunately, weldors are required to weld only a few of the metals
known to man, Most welding activity is confined to metals of con-
struction. The most common of these are steel, iron, aluminum, cop-~
per, magnesium and alloys of these.

In this chapter we'll study some of the more important facts about
the ferrous materials—those in which iron is the main ingredient. In
the following chapter we’ll study the non-ferrous materials—such as
aluminum and brass.

The purpose of these two chapters is to gain quickly a bird’s-eye
view of the various metals, how they differ from one another and why.
Later chapters will take up each main metal group in turn and discuss
it in greater detail, especially its relationship to welding requirements.

What Steels Are Like

Rolled carbon steels are the simplest of steels and consist mainly
of iron, carbon and manganese (see Table 4-1). In addition, these
steels contain such elements as phosphorus, sulphur and silicon. These
are usually present as impurities. The effects of these elements when
present in larger quantities are discussed under alloy steels and again
in detail in Chapter 7.

Table 4-1 shows that the strength of steel increases as the carbon
content increases, but the ductility decreases. The strengths listed in
this table are for general comparison only and should not be taken as
a positive statement of a particular steel’s strength. Under actual con-
ditions of use, the physical properties of steels having the same carbon
content vary widely, depending upon the heat treatment they receive.

Carbon steels are grouped according to their carbon content;
that is, low, medium, high and very high carbon. For typical uses, see
Table 4-2. The groupings by percentage of carbon content, as listed
below, reflect the weldability of wvarious steels within each group.
Suppliers of steels for a specific industry may show a slightly different
medium-carbon range—0.20 or 0.25 to 0.50%, for example; but such
a grouping would reflect possession of properties related to a range of
application for the metal, not its weldability.

Low-carbon steels—have a carbon range between 0.05 and 0.30%.
Steels in this range are commonly referred to as mild steel. In addition
to these, there is a special high purity iron with a carbon range of 0.01

49
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to 0.05% and a total of all elements other than iron of less than 0.207%.
This material is known as ingot iron rather than low-carbon steel.
Ingot iron has good corrosion resisting qualities but is quite expensive
and is produced only on a very small scale.

Steels in the low-carbon group are generally tough, ductile and
easily formed, machined and welded. Although low-carbon steels are
not especially hard, some grades respond to heat treatment and are
readily case-hardened by carburizing, cyaniding, flame-hardening, etc.

Table 4-2. Uses for Steel by Carbon Content

CARBON
RANGE
Ye

CARBON

CLASS TYPICAL USES

Low 0.05 - 0.15 |Chain, nails, pipe, rivets, screws, sheets for pressing

and stamping, wire,

Medium

High

Very High

0.15-0.30

0.30 - 0.45

0.75 - 0.90
0.90-1.00
1.00-1.10
1.10 - 1.20
1.20 - 1.30
1.30 - 1.40
1.40 - 1.50

Bars, plates, structural shapes.

Axles, connecting rods, shafting.

Crankshafts, scraper blades.
Automobile springs, anvils, bandsaws, drop hammer
dies.

Chisels, punches, sand tools.
Knives, shear blades, springs.
Milling cutters, dies, taps.
Lathe tools, woodworking tools.
Files, reamers.

Dies for wire drawing.

Metal cutting saws.

Medium-carbon steels—have a carbon range of 0.30 to 0.45%. They
are strong, hard and not so easily forged or welded as low-carbon
steels. If extensive welding is to be done on medium-carbon steels, it
is desirable to use those steels at the lower end of the carbon range—
between 0.30 and 0.35% carbon. As the carbon content increases
above 0.35%, the steel becomes increasingly difficult to weld since
there is a greater tendency toward brittleness of the weld. Special
electrodes and procedures are often necessary to prevent weld
cracking.

High-carbon (0.45 to 0.75%) and very-high-carbon (0.75 to 1.5%)
steels—are very strong and hard. Both properties increase with an
increased carbon content.

While carbon has an important influence on the characteristics of

o @8elsmicisolation


https://telegram.me/seismicisolation

52 METALS AND HOW TO WELD THEM

steel, the degree to which impurities are not removed by refining is
also important. A slight increase in the percentage of phosphorus or
sulphur will materially lower the ductility, malleability, fatigue and
shock resistance and welding qualities of a steel.

High- and very-high-carbon steels respond well to heat treating.
Nearly any degree of hardness, temper or strength may be obtained.
In the annealed state, most of these materials may be readily machined.
They also may be hot-worked for forming.

TLCL
LTL
mee s

V= ) an)
i am’ J

Fig. 4-1. A great many different shapes of rolled carbon and low-clloy steels are
available from steel warehouses.
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Steels from 0.45 up to about 0.75% carbon are sometimes welded,
although special electrodes, preheating, special welding techniques
and post-welding stress relief are usually required. Steels in the very-
high-carbon range are seldom production welded, because their prop-
erties set over-all manufacturing restrictions on their application.
These steels are used primarily for small tools, and welding is hardly
ever required or desirable except for repair work. Welding of these
steels is possible by using low-hydrogen or alloy steel electrodes, as
well as special heat treatment before, during and after welding.

Alloy steels—have special physical and mechanical properties that
depend on the presence of certain metal elements such as nickel,
chromium, molybdenum, vanadium, tungsten, silicon or manganese,
or on a considerable increase in silicon and manganese over that found
in carbon steel. The effects of various elements in steel are discussed
in Chapter 7.

Each of these elements gives certain qualities to the steel in which
they are present. Some of the alloying elements combine with the
carbon to form compounds that are present as hard constituents; other
elements do not form compounds but remain in solution in the ferrite
(pure iron) at ordinary temperatures. A simplified explanation of
“in solution” is that the element remains uncombined with other ele-
ments, although its atoms are held suspended in crystals of the basic
metal. This is like small pebbles being held in concrete. Those ele-
ments that on slow cooling combine with carbon to form carbides are
manganese, chromium, molybdenum, tungsten and vanadium. Copper,
nickel and silicon remain in solution in the ferrite after slow cooling.

One large group of alloy steels comes under standards set up by the
Society of Automotive Engineers (SAE). This organization has de-
veloped a simple means of identifying the chemical composition of
various grades of steel in common use by means of a numbering
system. For most steels, the SAE numbers are the same as those es-
tablished by the American Iron and Steel Institute (AISI). In an
SAE number, the first digit indicates the general type of steel; the
second digit indicates the approximate percentage of the alloying
element that dominates the composition; while the last two digits
indicate the average carbon content in hundredths of 1%. The basic
numerals for various types of SAE steel are given in Table 4-3.

The tool and die steels, another large group of alloy steels, have
as their outstanding characteristic the ability to retain their hardness
at high temperatures. This property is known as red hardness. The
welding of tool steels, which is discussed in detail in Chapter 19,
presents a special problem—that of retaining the hardness of the steel
without a reduction of its shock resistant qualities. These steels are
also used as construction materials for their heat and corrosion
resistance.

The principal advantage of alloy steels is their ability to respond

o @8elsmicisolation


https://telegram.me/seismicisolation

54 METALS AND HOW TO WELD THEM

to heat treatment. Small sections of carbon steel can be heat treated
so as to obtain a tensile strength and hardness only slightly inferior
to those obtained with alloy steels, but large sections of carbon steels
cannot be hardened thoroughly by a quenching treatment.

Practically all of the alloying elements, when dissolved at quench-
ing temperature, slow up the transformation rate and thereby con-
tribute to the deep hardening of steels. (This will be explained in
Chapters 7 and 8). Large sections of alloy steels, therefore, can be
hardened to a much greater depth than corresponding sections of
carbon steels, Some of the alloying elements slow up the growth of
grains in steel at temperatures above the critical range. This permits
a wider range of quenching temperatures and a more uniform struc-
ture as a result of heat treatment.

Most alloy steels may be welded provided the carbon content is
not above the desirable welding range. Special welding electrodes
and techniques are usually required. As a rule, these steels require
heating before, during and after welding. This eliminates internal
stresses from developing because of the heat of welding.

Table 4-3. SAE Steel Numbering System

TYPE OF STEEL NUMERALS (AND DIGITS)

Barhon S5teels v cvmmns s wprerees earaarane o LXXR
Plain Carbon . ...... .. G oo 10xx
Free Cutting (Screw Stock . 1lxx
Free Cutting, Manganese .............. . ....o.0un X13xx

High-Manganese Steels . .. ..., . i/ o00. 0 ooeeawe T13xx

Nickel Bteels: .oty a i s BhpEmyw; SUmEieg vow SXXx
0.50% Nickel . .. .. 20xx
51 b 1] T T ———— L. 21xx
B0 NICKE] oo o e S T RS B
BDOD% NICERL . ciinc vileiom st b nomsmiane s e o s a BN

Mickel-Chromium Steels . . .. ... ......... s 3xxx
1.25% Nickel, 0.60% Chromium .. .. .. e LK
1.75% Nickel, 1.00% Chromium ... ... ... ........ 32xx
3.50% Nickel, 1.50% Chromium ................ 33xx
3.00% Nickel, 0.80% Chromium .. ... ... ....., 34xx
Corrosion and Heat Resisting Steels . 30xxx

Malvhitlenum Bteals:, . o ..o imemaiial se snanmes e 4xxx
Chromium ... .. e e 41xx
Chromium-Nickel L. A3xx
Nickel . . 46xx and 48xx

Chromium Steels . ... ... ... .. ... ... .. e a. BExX
LOW-CREOMITAN s s i i o oo iegas we Bl
Medium-Chromium . ... ... . .. 52 xxx
Corrosion and Heat Resisting .. ... ..... .......... Blxxx

Chromium-Vanadium Steels ........ ... ... ........ bHRXK

Tungsten Steels

Silicon-Manganese Steels ... .....................

Txxx and 7xxxx

. 9xxx
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Low-alloy, high-tensile steels—feature a low carbon content, a pro-
portionately small content of alloying elements, and a very advan-
tageous combination of yield strength and ductility. The chemical
analysis of the various low-alloy, high-tensile steels indicates a wide
variation in the alloying elements and their relative proportions.

These steels are somewhat higher priced than ordinary carbon
steels, but their all-around excellence has led to their adoption in
many important applications. These steels are used for bridges, boats,
ore handling equipment, tanks and other large structures. It is possible
to use thinner sections because of high physical properties and resist-
ance to corrosion. The resulting saving in weight often gives a lower
over-all materials cost.

The yield strength is often 90,000 psi or higher, as compared to
33,000 psi for typical low-carbon steels. Because of the thinner sec-
tions, structures are designed to provide maximum rigidity.

The low alloys, in addition to high yield strength, high ductility,
high impact and endurance values, offer ease of forming, good corro-
sion resistance and good weldability.

Precipitation-hardened low-alloy, high-tensile steels—contain from
0.6 up to about 4.0% copper. These steels are susceptible to precipita-
tion hardening due to the low solubility of copper in ferrite. This
condition tends to increase tensile strength, yield strength and Brinell
hardness. Elongation and cross-sectional reduction of area under
stress decrease after hardening. The effects, however, diminish as the
carbon content of the steel is increased. The presence of copper in this
class of steels increases, somewhat, the corrosion resistant qualities of
the material.

Like the other low alloys, precipitation-hardening low-alloy, high-
tensile steels may be readily worked and welded.

The Main Classes of Cast Iron

Gray cast iron—is the most common type of cast iron used in
machinery frames, beds and housings, as well as in numerous other
applications. It is essentially an alloy of iron, carbon and silicon; yet,
not all gray cast irons are alike. The name “gray” comes from the
broken surfaces of this type iron, which have the characteristic gray
color of graphite, Fig. 4-2.

This graphitic condition results from the slow cooling of molten
iron. The chemically combined iron and carbon has time to partially
disintegrate, and much of the carbon separates out as tiny flakes of
graphite uniformly distributed throughout the metal. This free or
graphitic carbon is distinet from the carbon that remains chemically
combined with the iron as iron carbide.

Alloy cast iron—is a term specifically applied to gray cast iron
that has a more uniform structure, greater strength and other im-
proved properties due to the addition of nickel, chromium, molybde-
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num and other elements. Because of these alloying agents, the alloy
cast irons are higher priced than conventional gray cast iron.

The most common alloys are those to which nickel has been added,
usually in amounts from 0.25 to 5.0%. Up to about 47, the nickel
addition promotes uniformity of grain, hardness and strength
throughout sections of considerable or uneven thickness. Nickel is
often added in combination with other alloying elements such as
chromium and molybdenum. The addition influences machinability,
texture, hardness, density, heat and corrosion resistant properties and
resistance to wear.

Fig. 4-2. MNote the graphite flakes in gray Fig. 4-3. Note that the carbon formation
cast iron when magnified to 100 times its of white cast iron (100x), above, is much
original size (100x). differant than that of gray cast iron,

In general, nickel cast iron alloys are harder, stronger and of
better structure with equal machinability in comparison with plain
iron castings.

From 0.40 to 1.0% chromium is added to cast iron for additional
hardness or increased wear resistance. In heavy sections, the use of
chromium helps to give a more uniform structure and tends to elim-
inate porosity. Chromium cast irons have better tensile strength a#
elevated temperatures and minimum tendency toward grain growth.

Nickel-chromium cast irons are used on many applications. The
usual ratio of nickel to chromium is 2% to 1. As a rule, the chromium
content is not over 3%. Nickel and chromium are used together pri-
marily to refine the structure and to harden and strengthen the gray
iron casting without lowering its machinability.

A combination of 4.5% nickel and 1.5% chromium is sometimes
used in chilled or white cast iron to produce extreme hardness as
well as toughness and strength.

Molybdenum is often added to gray cast iron in quantities from
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0.25 to 1.25% for the purpose of increasing tensile strength, transverse
strength and hardness.

Each of these alloying elements may be added separately or in
combination with other elements. The particular alloy cast iron takes
its name from that element which has the dominant effect.

Other elements added to cast iron to produce various effects in-
clude copper, aluminum, titanium and zirconium. All of these influ-
ence the material’'s strength, for example. Use of aluminum in cast
iron has one disadvantage in that an aluminum oxide forms on the
surface, tending to produce a lack of soundness in the casting.

In recent years a family of patented cast irons known as Meehanite
has come into use in the machine tool field. These irons contain sili-
con, manganese, phosphorus, sulphur and carbon, and are treated in
the molten state with calcium silicide. The exact composition and
structure of Meehanite depends on the mixture of elements and the
process, both of which vary to meet specific service requirements.
There are many different grades available, each having a separate and
distinct combination of properties. Some of the grades may be heat-
treated and flame-hardened. The Meehanite cast irons are supplied by
numerous licensed foundries.

White cast iron—contains carbon in the combined form. It is pro-
duced, usually, by cooling molten metal so rapidly that the carbon
does not separate from the iron carbide compound, Fig. 4-3 and Fig.
4-4, White cast iron is readily distinguished from other forms of cast
iron because of its extreme hardness. When fractured, sidewalls of
the break appear silvery and white.

White cast iron in its original state has comparatively few applica-
tions. White cast iron surfaces on gray iron cores, however, are used
extensively. This condition is produced by casting against chilled
surfaces (often water-cooled) of the cast iron mold. The hot metal

Fig. 4-4. White cast iron at 500 diome- Fig. 4-5. Malleable cast-iron has an even
ters (500x). distribution of carbon,
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coming into contact with the mold is cooled quickly to produce a file-
hard chilled surface to a depth of ¥4 to % in. Such cast iron is known
as chilled iron.

Malleable cast iron—is produced by subjecting white iron castings
to an annealing process for several days at a temperature ranging from
1500 to 1650 F. This treatment transforms a portion of the carbon into
the free and refined state of low temper carbon. Carbon in this form
assumes the shape of rounded particles, which are more evenly dis-
tributed than the flaky graphitic carbon of gray cast iron, Fig. 4-5.
Because of this, the properties of malleable cast iron depend largely
on the amount of carbon present.

The carbon content varies from 2 to 3%. The greater the amount
of carbon, the greater the tendency toward a weaker and less ductile
(though more sound and better appearing) casting. A high carbon
content generally increases machinability.

Malleable cast iron bends or otherwise deforms plastically before
it breaks and, therefore, stands shock better than gray cast iron. In
addition to better ductility, malleable iron is stronger and tougher
that gray cast iron.

Nodular irons—make up a newer group of premium-priced cast
irons. These are tougher than gray cast iron, as the result of a rela-
tively simple change in the material’s internal structure. Figures 4-6
and 4-7 show why very clearly. The dark areas are graphite (similar
to the “lead” in pencils you write with), which is always present in
gray cast iron.

If the graphite is long, snaky or flaky and is connected together in
the form of stringers (Fig. 4-6), the iron is weaker than when the
graphite is present in rounded masses—"spheroids” or “nodules” (Fig.
4-7). The presence of spheroidal instead of flake graphite is largely

: ’ r_ - .
' | - v
P
} ; ;
"% ] ‘
& -
i i

@ g o
+ RN TR

Fig. 4-6. Gray cast iron’s strength is lim-  Fig. 4-7. Ductile iron has a stronger char-

ited due to the stringer arrangement of its  acter because of the nodular formation of

grophitic carbon content, 100x. its carbon as melted, cast and processed,
100x.
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responsible for the excellent ductility that results after annealing.
Nodular iron (also known as spheroidal or ductile iron) has high
tensile strength, good casting qualities and also retains the excellent
corrosion resistance of gray iron.

The unique grain structure of ductile iron is the result of adding
sinall amounts of magnesium to the iron at the time of melting.

Typical mechanical properties of four important types of commer-
cially available nodular irons are as follows:

Type A. Tensile strength, 95,000 to 105,000 psi; yield strength,
70,000 to 75,000 psi; elongation, 2.5 to 5.5%; Brinell hardness, 225 to
265; usual condition, as cast; structure, pearlitic; mechanical wear
resistance, good.

Type B. Tensile strength, 85,000 to 95,000 psi; yield strength,
65,000 to 70,000 psi; elongation, 5.5 to 10%; Brinell hardness, 195 to
225; usual condition, as cast; structure, pearlitic-ferritic. Provides
good strength and toughness combined.

Type C. Tensile strength, 65,000 to 75,000 psi; yield strength,
50,000 to 60,000 psi; elongation, 17.0 to 237, Brinell hardness, 140 to
180; usual condition, annealed; structure, fully ferritic usually the
result of short anneal of either Type A or Type B. Provides optimum
machinability and maximum toughness.

Type D. Tensile strength, 85,000 to 95,000 psi; yield strength,
65,000 to 75,000 psi; elongation, 1.0 to 3.0%; Brinell hardness, 230 to
290; usual condition, as cast. Has higher phosphorus content than
preceding grades, also higher manganese content. Provides high
strength and stiffness, but only moderate impact strength.

Wrought Iron

Wrought iron is a ductile, tough, fibrous, ferrous material com-
posed of relatively pure iron and iron silicate. This iron silicate, a
member of the glass family, is commonly referred to as slag. The slag
is distributed throughout the pure iron in the form of threads or

Fig. 4-8. A longitudinal sec-
tion of a wrought iron rail
showing slag stringers, 100x.
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Fig. 4-10. Compare the crystalline or granular appearance of the fractured steel above
with that of the wrought iron in Fig. 4.9,
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fibres that extend in the direction of rolling, Fig. 4-8. In the finished
product, the slag content varies in amount up to 3% by weight.

Wrought iron was used very extensively as a structural material in
years past. It has now been replaced by less expensive and usually
superior steel. Wrought iron, however, is still superior to steel where
corrosion and severe fatigue conditions exist. The difference between
wrought iron and other materials is most apparent when fractured
samples of each are compared. In structure, the fracture of a piece of
wrought iron resembles a broken piece of hickory wood (Fig. 4-9),
while the fracture of a piece of steel, pure iron or cast iron has a
crystalline or granular appearance very similar to the break of a lump
of sugar (Fig. 4-10).

Generally speaking, there is only one kind of wrought iron, al-
though the quality varies considerably because of the range of carbon,
manganese, phosphorus, sulphur and silicon. Since wrought iron con-
sists of high purity iron and iron silicate and since the constituents
are distributed between the metal and the slag, the desirable analysis
is one that discloses such distribution. A typical analysis of wrought
iron is given in Table 4-4.

Table 4-4. Wrought Iron (3% Slag, by Weight)

COMBINED SEPARATE ANALYSIS

CONSTITUENT ANALYSIS SHOWING DISTRIBUTION OF
ALLOYING ELEMENTS

Base Metal Slag

Carbon 02% .02% E

Manganese .03 01 02%
Phosporous A2 10 .02

Sulphur .02 .02 SR
Silicon .15 .01 .14
Total Alloying Content .16 .18

A shortcoming of wrought iron results from its high percentages
of phosphorus and sulphur. Sulphur tends to develop hot shortness,
a condition that makes a material brittle at elevated temperatures. On
the other hand, excessive phosphorus leads to cold shortness, a brittle
characteristic at room temperatures or lower.,

Nickel wrought iron—is alloyed with nickel, occasionally as much
as 5%. For most purposes, however, a 1%% to 3% nickel content is
satisfactory. Table 4-5 indicates how properties of unalloyed and 3%
nickel wrought iron compare in the same class of product.

This tabulation reveals that the addition of a nickel alloy has a
more marked effect on the yield strength than on the ultimate
strength. These properties of the alloy material may be enhanced
further by proper heat treatment.
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Years ago the strength of wrought iron varied between the longi-
tudinal and transverse rolling directions. Cross-rolling has eliminated
this variance so that the ultimate strength of wrought iron is now
approximately the same in either direction.

Table 4-5. Effect of Nickel on Wrought Iron Properties

UNALLOYED 3% NICKEL

PROPERTY WROUGHT IRON WROUGHT IRON
Tensile Strength, psi 48,000 60,000
Yield Point, psi 30,000 45,000
Elongation in 8", per cent 25 22
Reduction of Area, per cent 45 40

The Cast Steels

This term is applied to metal that, when leaving the steel-making
furnace, is cast directly into the shape in which it is finally to be used.
Steel castings are classified according to their chemical composition
and generally fall into one of four groups: carbon steel, low alloy
steel, alloy steel, or stainless steel. Table 4-1 lists the typical analysis
of different types of cast carbon steel.

Carbon steel castings—are usually specified as low-, medium- or
high-carbon cast steel. Low-carbon castings have less than 0.20%
carbon. Tensile strength is around 60,000 psi, and the material is rela-
tively soft. Medium-carbon steels have a range between 0.20 and 0.50%
carbon and their tensile strength is around 75,000 psi. They are some-
what harder than low-carbon cast steel but have better machining
qualities. High-carbon castings have more than 0.50% carbon content
and their tensile strength extends to above 125,000 psi.

Low-alloy steel castings—have a carbon range from 0.15 to 0.60%
and a total alloy content of less than 5%. At least 75 different alloy
combinations fall within this classification. Some have but one special
alloying agent while others have as many as four.

Alloy steel castings—have about the same carbon range as the low
alloys; however, their total alloy content ranges higher than 5%.
Alloy steel castings are usually simple alloys, in that only one alloying
agent is employed. Vanadium, manganese and molybdenum are
commonly used. Castings of this type are especially desired because of
their high tensile strengths and their ready response to heat-treating
applications. Generally these castings can be machined readily and
often are machined prior to heat treating so that the finished surface
will have the desired properties imparted by such heat treatment.

Manganese steel castings—are used widely in construction ma-
chinery and where severe abrasion is to be encountered. It possesses
the unusual characteristic of work hardening; that is, its surface be-
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comes increasingly hard as it is subjected to impact blows or friction
in service. Because of this gquality, manganese steel is exceptionally
desirable for machines such as rock crushers, that are subjected to
abrasion and impact.

Manganese steel is a non-magnetic steel containing 10 to 147
manganese. The carbon range is usually from 1 to 1.4%. This material
is extremely hard and brittle when cast, but this difficulty is overcome
by placing the manganese castings in a furnace and slowly heating
them to a temperature of from 1850 to 1950 F. They are suddenly
quenched at this temperature, the result being an extremely tough
high strength material. While this material is not very hard, it has a
tensile strength ranging from 120,000 to 136,000 psi.

Manganese steel is usually used in “as cast” and heat treated condi-
tion. Its machinability is very poor, although it may be finished by
grinding. It can be readily welded using a chromium-nickel, nickel-
manganese or copper-manganese welding rod or electrode. Arc weld-
ing is generally preferred in the welding of manganese steel, because
it is difficult to do a good job of oxyacetylene welding without getting
the casting too het, When overheated, the casting changes its charac-
teristics and tends to again become a hard, brittle material.

Stainless steel castings—have a high chromium or chromium-
nickel content. These castings are usually used where extreme cor-
rosive conditions are to be overcome, and especially where their
excellent heat-resisting will be an additional advantage.

The Stainless Steels

The most outstanding characteristic of stainless steels is their
ahility to resist corrosion. Because of this, corrosion resistant steels
are normally classified into three groups.

Group 1. Chromium-nickel steels—contain 0.2579 or less carbon,
16 to 25% chromium, and 6 to 22% nickel. The most prominent mem-
ber of the group is the 18-8, meaning 18% chromium and 8% nickel.
The 18-8 steel is usually an AISI 302 or 304. The same basic composi-
tion with the addition of 2% molybdenum is AISI 316, and with 4%
molybdenum is AISI 317. Each of these alloys has progressively
higher resistance to corrosion and temperature. A distinctive charac-
teristic of a chromium-nickel steel is that its strength cannot be in-
creased by heat treatment, although it may be increased by cold
working. The latter property is called work hardening. These steels
are termed austenitic stainless steels.

Group 2. Hardenable chromium steels—contain 12 to 189 chromi-
um with carbon ranging all the way from 0.15 up to 1.207%. As indi-
cated by their name, they are hardenable by heat treatment. These
steels are termed martensitic stainless steels and are commonly used
in the manufacture of cutlery.

Group 3. Non-hardenable steels—contain from 12 to 27% chromi-
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Hot shortness. The characteristic tendency of a material toward
brittleness at elevated temperatures.

Non-ferrous. Lacking iron in sufficient percentage to have any
dominating influence on properties of the material.

Precipitates. A result of a solid solution decomposing, usually into
another solid solution and the precipitate—one or more elements,
atoms of which tend to group together.

Precipitation hardening. The process of heating to a temperature
at which certain elements precipitate forming a harder constituent,
and usually then cooling at a rate to prevent return to the original
structure.

Red hardness. The property of a metallic material to retain its
hardness at high temperatures.

Slag. The non-metallic layer that forms on top of molten metal.
It is usually a complex of chemicals (oxides, silicates, etc.) that float
to the top of the hot molten metal. When a bead of weld metal cools,
the slag “cap” on the bead can be readily chipped or ground away.
In wrought iron, slag is the iron silicate constituent which is distrib-
uted throughout the pure iron in the form of threads, fibres or
stringers extending in the direction of rolling.

Solution. The state in which atoms of one element are dissolved
(uncombined, but held suspended) by crystals of another element.

Stabilized stainless steel. A high-chromium steel that does not lose
its chromium from solid solution by precipitation, because of the
addition of elements that have a greater attraction for carbon than
does chromium.

Transformation rate. The rate of speed at which a metallic mate-
rial changes from one state (type of physical structure) to another,
as temperature of the material increases or decreases. Unless other-
wise identified, it applies to the transformation of a heated material
into that crystal structure which exists permanently at room
temperature.

Work hardening. The capacity of a material to harden as the
result of cold rolling or other cold working involving deformation of
the metal.

Review Questions

1. How can the amount of carbon in a ferrous material be used to
help determine whether a material is steel or a cast iron?

2. Name the four basic types of carbon steel.

3. When does an added metal element become an alloying ele-
ment rather than an impurity in steel?

4. What are SAE steels? What is the significance of SAE steel
numbers?

5. How do low-alloy, high-tensile steels differ from low-carbon
steels?
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CHAPTER 5

NON-FERROUS MATERIALS

While much of our presentday metal fabrication involves only steel,
many non-ferrous materials are used extensively and all weldors
should be acquainted with these. Non-ferrous metals are those that do
not contain an appreciable amount of iron, although very small per-
centages of iron may be present in some of the alloys. The most com-
mon non-ferrous materials are copper, aluminum, magnesium, nickel,
zine and lead. All of these are weldable, though some require special
precautions as well as special techniques.

Copper and Copper Alloys

These are the most common of the non-ferrous materials available
to man. Copper enters freely into alloy with at least 30 of the 102
known chemical elements. Of these elements, 17 are used in making
commercial copper alloys. The more common copper alloys fall into
two general classifications: brasses and bronzes.

Copper that is to be welded should be thoroughly deoxidized. Spot
or seam welding of high conductivity copper is not done commercially
unless the surfaces are first tin plated. Copper, however, is easily butt
welded, silver brazed or soldered, these being the most common meth-
ods of joining this material.

Brass—is the most common class of copper alloys, in which zinc is
the alloying element. The amount of zinc ranges from 1 to 509 in
making at least 15 individual commercial brasses. The low-zinc
brasses are ductile and quite suitable for cold working, but are difficult
to machine. Gilding brass and commercial brass are used for bullet
jackets and articles exposed to weather. Red brass finds extensive use
for imitation gold jewelry, but is also used extensively for piping,
radiator cases and condenser shields.

Those brasses containing 20 to 409: zinc have a variety of uses.
Brazing brass, which may be spun or cold drawn with ease, is used ex-
tensively for musical instruments and ornamental architectural work.
Cartridge brass, which is tough and ductile, is quite suited to deep
drawing or spinning and is used extensively in the manufacture of
cartridge cases. Yellow brass is the cheapest of all brasses, and may be
cold drawn. It is used extensively in the manufacture of screws and
rivets. When used in parts that are cold formed, it should be annealed
after final forming to prevent cracking. Muntz metal (609: copper,
40%o zinc) is not malleable when cooled, and should be worked only at
a red heat. Brasses containing over 40'+ zinc are not widely used.

Practically no straight copper-zinc alloys are used for casting.

&7
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Castings are usually complex brasses that have had manganese or some
other alloying element added to them. Scrap brass is often used in cast-
ings where accurate control of the properties is unnecessary.

In addition, brasses to serve specific purposes have alloy additions
of tin, lead and aluminum. Aluminum brass, for example, is used ex-
tensively for condenser tubing, Naval brass and admiralty metal are
used to resist salt water corrosion. Forging brass, containing 2% lead,
may be readily hot worked while brasses containing up to 3% lead are
often cold formed. The addition of the lead greatly improves their ma-
chining qualities.

Bronzes—are copper alloys that have principal alloying elements
other than zinc. Tin, silicon, aluminum and beryllium are the most
common additions. Some of these alloys are capable of being hardened
by heat treatment. As a result, extremely high tensile strengths may
be developed.

All of the bronzes, like the copper-zinc alloys, may be hardened by
cold working. Since some of them may also be hardened by heat treat-
ment, they are generally divided into two classes—heat treatable alloys
and the non-heat treatable alloys.

Of the heat-treatable bronzes, some are hardened like steel, while
others are hardened by solution heat treatment and precipitation hard-
ening. The most common of those that are hardened like steel is alum-
inum bronze. The amount of aluminum in this alloy varies up to 12;.
Up to 4% iron is sometimes added to increase the alloy’s endurance
limit and shock resistance.

Aluminum bronze is a rather versatile alloy. Its properties can be
controlled over a wide range either by varying the alloying elements or
by heat treatment. Aluminum bronze is used for gears, cams, rollers,
dies, sliding machine members, etc. In most instances, it may be sub-
stituted for brass because of its superior strength and corrosion resist-
ant qualities. It also resists abrasive wear and has good impact values.

The most common of the nonheat-treatable alloys are the copper-
tin alloys deoxidized with phosphorus. These are generally known as
phosphor bronze or tin bronze. The range of tin in these bronzes may
be from 1 to 11, while the phosphorus content may range up to 0.5%7.
Occasionally up to 4% lead is added to improve the machinability of
this alloy. The strength and hardness of phosphor bronzes increase as
the percentage of tin is increased. This material is known for its high
strength, resiliency, and resistance to wear and fatigue. It is highly
recommended for springs; however, it is not as good for this purpose as
beryllium bronze. Phosphor bronze is also used for shafts and bush-
ings, these items usually being made from the leaded type.

Silicon bronze is another of the nonheat-treatable bronzes. Its
average composition is 3%¢ silicon, 1% manganese or zinc and the re-
mainder copper. It is used quite extensively for tanks, boilers and
other pressure vessels where high strength and good corrosion resist-
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ance are required.

There are other copper alloys in this nonheat-treatable group, pri-
marily those with nickel which are used extensively on corrosion
resistant applications. The most common of these is cupronickel,
which is 70°¢ copper, 30¢ nickel alloy. This material is used exten-
sively for tubing in condensers. Nickel-silver, a copper alloy contain-
ing 64: copper, 18%¢ zinec has the appearance of silver and possesses
good corrosion resistance and fairly high electrical resistivity. This
material is used widely in food handling equipment and in jewelry.

There are many bronzes other than those mentioned here. Many of
these carry specific trade names, being produced by only one manu-
facturer. Others are less commonly used, an example being gun metal,
which is a copper alloy containing 8 to 119 tin. Another material,
manganese bronze, is in reality a brass consisting of copper and zinc
with manganese as a deoxidizer.

Weldability—most of the bronzes may be welded. Those having
high zine content present difficulties where soldering or brazing is
concerned. Flux-coated electrodes are used advantageously in arc
welding these materials. In the welding of many bronzes, the use of an
inert-gas arc process may be advantageous. Oxyacetylene welding may
be used in some instances; however, care must be taken not to oxidize
the materials. Resistance welding may be used at times, but because of
the high electrical conductivity of copper alloys, some difficulty is gen-
erally experienced.

Aluminum and Its Alloys

These materials are used primarily on applications that demand
good strength, light weight, high thermal and electrical conductivity
or corrosion resistance. Commercially pure aluminum in the annealed
or cast state has a tensile strength about 14 that of structural steel.
Cold working increases the strength considerably, as does alloying the
aluminum with other metals. Alloying with copper, silicon or zine
permits heat treating to increase strength. In some cases, the strength
is increased to a point where it is comparable with steel.

Although some steels have comparable weight-strength ratio,
structural aluminum alloys have proved themselves superior in some
applications.

The melting point of pure aluminum is 1215 F. Alloys usually melt
at lower temperatures. It is important to remember that aluminum
has a coefficient of thermal expansion at least 50/ greater than copper
and twice that of steel and cast iron. Commercially pure aluminum,
known as 1100, is often used for such shapes as sheet, tubing and rod
where good corrosion resistance is required.

When commercially pure (1100) aluminum is not satisfactory from
a strength standpoint, an alloy (3003) with approximately equal cor-
rosion resistance is frequently substituted. This alloy, which contains
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1.25% manganese, is somewhat stronger.

Wrought aluminum alloys—contain relatively low percentages of
alloying elements. Aluminum is frequently alloyed with silicon and
manganese for corrosion resistance; however, zine, iron, copper and
tin are only slightly less corrosion resistant. Some of the aluminum
alloys may be hardened by cold working.

Of the wrought aluminum alloys that can be precipitation hard-
ened, an alloy containing 1.25% manganese (3003) is the most impor-
ant. It is not only stronger but is harder than pure aluminum. Unlike
the other alloys, its corrosion resistant properties are almost as good as
those of pure aluminum. This alloy is used extensively in the making
of cooking utensils, as well as in conduit and pipe.

The aluminum-copper-magnesium-manganese alloys such as 2014,
2017 and 2024 are heat treatable. For a long time 2017 was the most
popular of these alloys and was used extensively in making a variety of
lightweight commodities. The alloy 2024, quite similar to 2017, is
often used where extra high strength is required.

These high strength, heat-treatable alloys are available in either
plain or clad form. For example, clad 2024 is an aluminum alloy having
a core of 2024 and a thin coating of high purity aluminum (1230) on
one or both sides. As a rule the clad materials can be formed satisfac-
torily, although they cannot be welded without the possibility of dam-
aging the pure corrosion resistant surface. Incidentally, the heat of
fusion welding may lower the mechanical properties of these heat
treatable alloys considerably unless proper precautions are taken.

Among the aluminum alloys of higher tensile strength is 5052, an
aluminum-magnesium-chromium alloy. This alloy has a moderately
high tensile and yield strength—about double that of 1100 and 3003 in
corresponding tempers, but only half that of the higher strength alloys
like 2024. Within the same group, the aluminum-magnesium-manga-
nese alloys (5083 and 5456) are extensively used in welded construc-
tion, because of their high tensile strength after softening by the heat
of welding.

Alloys such as 6053, ar aluminum-magnesium-silicon-chromium
alloy, and 6061, an aluminum-magnesium-silicon-copper-chromium al-
loy, can be solution heat treated. These materials possess high strength
characteristics together with workability qualities. They may be
welded, although care is required with 6053. The 6061 alloy is the
strongest of the more weldable aluminum alloys. It is used extensively
in architectural and furniture designs where applications call for high
strength. Such designs require that the aluminum sections be placed
so as to carry the load and be simply joined by welding, since welding
may reduce the alloy up to about 14 its normal strength along the heat-
affected margins. Some applications permit partial or full restoration
of this strength by heat treatment after welding.

Cast aluminum alloys—generally contain a higher percentage of
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alloying elements than the wrought alloys. The additions greatly im-
prove casting qualities, but make machining and subsequent working
more difficult. Copper, the principal added element, increases the
hardness of the aluminum. A 5% silicon alloy (43) is generally used
for permanent mold castings or sand castings because of its good resist-
ance to corrosion, high fluidity when poured, and freedom from hot
shortness. A 12% silicon alloy (13) is used principally for die casting.
It has good casting qualities also, and corrosion resistance.

An aluminum alloy that is widely used for general purpose castings
is 212. This has 8% copper, 1.2% silicon and 1% iron. All of the alloys
that contain silicon as a hardener have excellent casting qualities and
can be used in the production of large, thin section castings of intricate
design. They also cast satisfactorily where there are adjacent light and
heavy sections, or where they must withstand fluid pressures without
leading. Aluminum castings, as a rule, may be satisfactorily welded.

Magnesium and lis Alloys

Magnesium is a silvery white metal with a density about 24 that of
aluminum and ¥4 that of steel, making it the lightest of the commercial
metals. Pure magnesium is of little structural value because of its low
strength. The alloys, however, are stronger and many of them can be
hardened by precipitation heat treatment. Magnesium and its alloys
have good corrosion resistance in most atmospheres.

Magnesium alloys—usually contain aluminum, manganese, and
often zine. The most popular alloys contain approximately 6% alumi-
num and 3% zinc. These may be precipitation hardened to give high
strength and hardness. Another alloy having about 99 aluminum and
2% zinc is used extensively whnere castings must withstand great pres-
sure, because of its relative freedom from microshrinkage.

Weldability—of magnesium alloys is quite similar, in many respects,
to that of aluminum alloys. Both groups of metals have the following
in common: high heat conductivity, low melting point and high
thermal expansion.

Magnesium alloys may be joined by gas welding or inert-gas,
shielded-arc welding as well as by the more common resistance weld-
ing methods.

Magnesium alloys are not welded to other metals because of brittle
inner-metallic compounds that tend to form, and often because the
combination of metals will likely contribute to corrosion. This latter
hazard exists even when joining two magnesium alloys that differ only
slightly in composition. Soldering is sometimes used to join magnesi-
um alloys, but the resultant joint is subject to even greater corrosion
than is experienced with welded magnesium joints. Solder should not
be used to join parts that must withstand stress.

Magnesium alloys, especially as castings, are rarely subjected to
heat treatment, nor can any of the magnesium alloys be flame cut.
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Zinc and lts Alloys

Zine, while used extensively for die-casting and galvanizing, is
probably more widely used as an alloy with copper in brass, as previ-
ously discussed. It is a fairly heavy, bluish white metal that has excel-
lent corrosion resistance and alloying properties, coupled with low
cost. Its density is slightly less than that of copper.

Nickel and Nickel Alloys

Nickel is a tough silvery metal of about the same density as copper.
It has excellent resistance to corrosion and oxidation even at high
temperatures. Nickel readily alloys with many materials and is a basis
for a number of steel and copper alloys.

Most important of the nickel-copper alloys is Monel, which is 67%
nickel, 28% copper and 5% manganese and silicon combined. Monel is
used extensively where parts are subject to wear and corrosion. Since
the coefficients of thermal expansion of Monel and steel are approxi-
mately equal, the two metals are often used together.

K Monel has 2 to 47 aluminum in addition to the straight Monel
composition. H and S Monels are made by adding 3 to 4% silicon to
the material. These latter Monels have excellent characteristics and
may be hardened by heat treatment. R Monel, with about 0.35% sul-
phur, is a free machining type. N Monel is a nickel-iron alloy that
possesses extremely good resistance to oxidation and corrosion, and
impact strength superior to that of any of the steels.

Inconel is a nickel-chromium alloy. It has a high corroesion resist-
ance to acids and alkaline compounds. It is especially resistant to oxi-
dation and scaling at elevated temperatures and in corrosive atmos-
pheres.

Welding procedures similar to those used on steel are used on
nickel and nickel alloys, and all of the common welding methods may
be employed.

Lead

Lead is one of the oldest metals known to man. It is commonly
available in four grades: (1) Antimonial lead, which averages about
6% antimony, is used extensively in the manufacture of storage bat-
teries. (2) Corroding lead is a high purity lead used principally in the
manufacture of high quality paint pigments such as white lead. (3)
Common lead is somewhat lower in purity than corroding lead and is
used where high purity is not necessary, such as for cable covering,
roofing and similar applications. (4) Chemical lead, containing 0.04 to
0.08% copper which improves lead’s resistance to corrosion, is used
extensively in the chemical industry.

Lead may be welded either by oxyacetylene, air-acetylene, or
carbon-arc processes and also may be soldered.
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Definitions of New Words

Microshrinkage. Shrinkage of individual crystals or crystal “trees,”
that tend to pull away from each other. Such shrinkage is micro-
scopie, as opposed to shrinkage that tends to change the over-all di-
mensions of the entire body.

Solution heat treatment. Heating an alloy to a suitable temperature
for a sufficient period of time for one or more alloying constituents to
enter into solid solution (to be dissolved by the principal grains), and
then cooling rapidly in order to retain the solution at room tempera-
ture.

Review Questions

1. Name the one particular characteristic that makes copper diffi-
cult to weld.

What are the alloying elements in brass?
How do bronzes differ from the brasses?
How does the tensile strength of steel and aluminum compare?

What is the melting point of pure aluminum? Does the addi-
tion of alloys raise or lower the melting point?

6. How does the coefficient of thermal expansion of aluminum
compare with that of copper? Of steel? Of cast iron?

7. What effect does a high silicon content have on the brazing or
soldering of bronze?

What is meant by clad aluminum?
9. Is it possible to weld magnesium to other metals?

10. How does the welding of nickel alloys differ from the welding
of steel?

Al
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CHAPTER 6

METHODS OF WELDING

Metals can be successfully joined in many ways. Excluding such
methods as use rivets, pins, threaded fasteners or adhesives, we still
have the many welding processes on which to concentrate. More than
45 different methods are used to join metals by fusion, with or without
the help of added metal. A Master Chart of these welding processes
is included in the Appendix at the back of this book. This chapter you
are now reading describes the most important welding processes and
the differences between them. Later chapters will provide more in-
formation on how to select and use these processes for various metals.

Before discussing specific processes, a few terms should be re-
viewed. The metal in the pieces being joined are referred to as the
base metal or parent metal. The material frequently added to com-
plete the welded joint is called filler metal. This is supplied from an
electrode or welding rod depending on the process being used.

Arc Welding Processes

The arc welding processes are the most widely used of all the 45
methods. In arc welding, the arc supplies the heat needed to melt the
base metal surfaces being joined and the filler metal which then fuse
together (Fig. 6-1). What makes this arc? It is produced by a low-
voltage, high-amperage electric current jumping an air gap between
a metal or carbon electrode and the base metal being welded.

-

Fig. &-1. Representa-
tion of the action that
occurs in shielded-
arc welding, using a
coated consumable
metal electrode.
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The arc may be as hot as 7,000 F, although it is usually less than
this. The extreme heat melts the base metal in an extremely small
area, and also melts the filler metal in the electrode or welding rod
when used. The arc is either unshielded or shielded, the purpose of
shielding being to protect the molten metal from oxidizing or other-
wise reacting with elements in the surrounding air. Shielding may be
accomplished in several ways: by the melting of a coating on the elec-
trode, by a blanket of powdered flux, or by a surrounding atmosphere
of inert gas or vacuum. Properties of metal deposited by shielded arc
are much superior to those of metal deposited by an unshielded arc.

The electrode may be one of two types: consumable or non-
consumable. A consumable electrode establishes the arec and gradually
melts away, being carried across the arc (deposited) to provide filler
metal to the joint. A non-consumable electrode simply establishes and
maintains the arc but does not melt. Non-consumable electrodes are
used for producing both fusion welds or fill welds. When using a non-
consumable electrode for fill welds, a metal welding rod is introduced
into the arc where it is melted by the intense heat and thereby con-
tributes the filler metal needed to complete the weld. Both carbon and
tungsten electrodes are non-consumable.

In a fusion weld, the base metal along two mating surfaces is melted
and fusion occurs without the addition of other metal. In a fill weld,
there is also fusion of metal but the two members being joined do not
fuse together directly; an intermediary or filler metal is added to the
joint and fuses with the base metal on each side. Fill welds serve many
purposes. One of these is to provide a ductile cushion joining two
dissimilar metals (F'ig. 6-2).

Most are welding processes can be automatic, semi-automatie or
manual. In an automatic welding process, the electrode or welding rod
supplying filler metal is fed automatically into the arc to compensate
for its melt off, thus maintaining the correct length of arc. The elec-
trode held by a mechanically supported and mechanized welding head
is caused to travel automatically along the joint, either by mecha-
nized movement of the work below it or movement of the welding
head along the joint. In semi-automatic welding, the electrode or
welding rod is fed automatically but the welding head or gun is held in
the hand and moved manually along the joint. In manual welding, the
electrode is in fixed position in a holder held by the weldor, who guides
it along the joint while maintaining the proper arc gap. If granular
flux or inert gas is needed for shielding the arc, this is applied auto-
matically in both automatic and semi-automatic welding.

The entire family of arc welding processes is commonly divided
into two subgroups: metal-arc and carbon-arc. Of these, the metal-
arc processes are the most important.

Coated electrode shielded metal-arc welding and bare electrode
unshielded metal-arc welding—incorporate the consumable electrode
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Fig. 6-2. Metal-arc welding of stainless steel to mild steel. Using a high-alloy filler
metal, the alloy content of the stainless steel is maintained and stresses due to
differences of base metals are minimized.

principle. The vast majority of electrodes used today are of the coated
type (see the section on Arc Welding Electrodes later in this chapter),
and this process is usually referred to simply as shielded-arc welding.
A coated electrode is preferred to a bare electrode for many reasons.
A properly coated electrode has a more stable arc, gives increased
speed of welding, smoother weld beads, and substantially improves
the mechanical properties of the deposited filler metal by direct effect
on the metallurgical characteristics of the weld, as will be brought out
later in this chapter. In fact, it was the development of coated elec-
trodes that gave welding the great impetus it has received during the
past 20 years.

Shielded-arc welding is used extensively in joining most classes of
ferrous metals.

Carbon-arc welding—is a small group of processes in which the arc
is established between a carbon electrode and the base metal, or be-
tween two (twin) carbon electrodes in an “arc torch.” This arc pro-
vides the heat for fusing the base metal but does not deposit any filler
metal. If filler metal is needed, it is supplied in the form of a welding
rod, the analysis of which usually corresponds to the analysis of the
parent metal being welded. The welding rod can be coated but is
usually bare since the carbon arc provides its own shield.

Inert-gas-shielded arc welding—is a highly important joining proc-
ess in which the are is shielded from the air by a chemically inert gas,
such as argon or helium. This process is often called inert-gas welding
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for short. There are two major subdivisions: TIG and MIG.

The first method of inert-gas welding obtains the necessary heat for
welding from a very intense arc established between a virtually non-
consumable tungsten electrode and the parent metal (Fig. 6-3). This
is called tungsten-inert-gas or TIG welding. This method can be used
for fusion welds or fill welds. In the latter case, where the joint re-
quires filler metal, a welding rod is fed into the are.

In the second type of inert-gas welding, a consumable metal elec-
trode replaces the non-consumable tungsten electrode. The electrode
is fed mechanically into the arc. This method is called metal-inert-gas
or MIG welding (Fig. 6-4).

Both methods of inert-gas welding, TIG and MIG, have been
adapted for full- or semi-automatic use. Since inert-gas arc welding
finds its greatest use in joining non-ferrous metals, the (usually bare)
filler metal electrode or welding rod is also non-ferrous and capable of
producing weld metal having properties comparable to those of the
material being welded.

Inert-gas welding is used advantageously in joining aluminum (Fig.
6-5) , magnesium, copper, stainless steel and cast iron. The process can
successfully weld plain carbon steel, but in most instances this has
proved uneconomical when compared with other processes.

Inert-gas spot welding is a modification of the basic TIG and MIG
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Fig. 6-3. Representation of o typical TIG (tungsten inert-gas shielded-arc) welding
setup.
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Fig. 6-4. (Above) In this semi-
automatic MIG (metal inert-gas
shielded-arc) welding operation,
the continuous consumable elec-
trode is fed mechanically but the
gun is held and guided man-
vally.

Fig. 6-5. (Right) With the TIG
process, a contoured nipple is
welded to on cluminum 3003
pipe header. The welding rod
is held in the operator’s left
hand, Two passes completed this
joint.
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welding methods. Two lapped pieces of metal are spot welded together
by applying heat from an electric arc to the top surface of the joint.
Welding action is controlled by the current input to the arc and the
time the arc dwells on the material being welded. Shielding of the
arc, electrode (consumable metal or non-consumable tungsten) and
fluid weld puddle is similar to that of conventional inert-gas shielded-
arc welding. The resulting spot weld parallels that produced by resist-
ance welding techniques; however, no electrode pressure is required
and welding is done from one side of the plate without requiring any
weld back-up. Both TIG spot welding and MIG spot welding are ex-
periencing widespread industrial use.

CO. MIG welding—is similar to the inert-gas process, but in this
case the arc is shielded by a blanketing of the arc area with a contin-
uous flow of carbon dioxide gas (Fig. 6-6).

Two variations of the process exist. The first uses an electrode con-
taining suitable deoxidizers that produce a sound weld under the CO.
shield. The second uses a flux-cored or coated electrode that produces
the deoxidizing and scavenging action in the molten weld crater.

In the flux-cored electrode, the flux is wrapped within an outer

Fig. 6-6. Steel being joined by CO: MIG welding. In this process, carbon dioxide gaos
shields the arc.
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steel sheath. The flux-coated electrode is accomplished by feeding a
magnetic flux material into the arc area where it magnetically attaches
to the bare electrode being mechanically fed into the arc.

This arc welding process is used for production welding some of the
ferrous metals. CO. MIG welding also has been adapted for spot
welding.

ELECTRODE

Fig. &7. Representation of
the action that takes ploce
in submerged-are welding.
Gronulated flux completely
blankets the weld arec and
effectively shields the arc ac-
tion and molten metal from
the atmosphere.

BASE METAL

Submerged-arc welding—employs a granular flux that is fed around
a consumable electrode as the latter is mechanically and continuously
fed into the joint being welded (Fig. 6-7). The flux blankets the are,
the molten weld metal and the base metal during welding, thereby
preventing contamination from the surrounding atmosphere and help-
ing to control the cooling rate. The flux also supplies deoxidizers and
scavengers, which improve the quality of the weld metal as it takes
form. The process is extensively used with either semi- or full-auto-
matic welding equipment (Fig. 6-8).

In either automatic or semi-automatic welding, the bare electrode
is mechanically fed through an electrical contacting jaw or nozzle. The
welding current passes through the electrode, and an arc is maintained
between the base metal and the electrode. The are is invisible under
the granular flux, thus the name submerged-arc welding. The heat of
the arc causes a local melting of the base metal, electrode and flux to
accomplish penetration, filling and fusion of the joint.

This process usually employs higher amperage than the previously
described proeesses, in order to increase the filler-metal deposition rate
and welding speed. The higher currents and welding speed also reduce
weld shrinkage and hold any subsequent distortion of the welded
structure to a minimum.
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On some full-automatic applications of submerged-arc welding, two
or more electrodes are fed simultaneously into the same joint while the
weld crater is still molten. This adaptation provides maximum deposi-
tion rate and welding speed, and is known as twinarec or tandem-arc
welding depending on the method used.

For semi-automatic welding, the welding gun—essentially a flux
dispenser and welding nozzle—is manually supported and guided along
the joint by the welding operator (Fig. 6-9). Adaptations of semi-
automatic submerged-arc welding include the use of mechanical ac-
cessories that can be attached to the welding gun so that it can be
mechanically travelled and even completely supported. This effective-
ly converts semi-automatic equipment to full-automatic use. The oper-
ator thus retains the advantage of the portability and adaptability of
semi-automatic equipment while gaining the increased welding speed
performance of full automation.

The submerged-arc process lends itself to the production welding
of most ferrous metals, and the depositing of alloy surfaces. The nature
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Fig. 6-8. Full-automatic welding with the submerged-orc process is copable of high
production rates on a wide variety of ferrous and nickel alloys.
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Fig. 69. Portability of the
submerged-arc process, with-
out loss of flux contrel, is
provided by this manual
semi-automatic equipment.
The weldor here is working
on a massive all-welded 40-
ton frame for a hot-steel bil-
let shear.

of the process permits a relatively small number of standard electrodes
to take care of a very wide range of applications, with the flux often
incorporating alloying elements needed for weld metal of specific prop-
erties. Consequently, this process is usually preferred for production
welding of the alloy steels.

Vapor-shielded metal-arc welding—incorporates a vapor shield as
opposed to the gas or flux shielding principles of the other metal-arc
welding processes, This vapor shields the arc and weld metal from at-
mospheric contamination (Fig. 6-10). A tubular electrode, mechani-
cally fed into the arc, contains all the ingredients (deoxidizers and
metallic salts) necessary to generate the vapor shield and to refine the
molten metal. As this electrode is consumed in the are, the shielding
ingredients vaporize, expanding outward into the cooler surrounding
atmosphere where condensation forms the dense vapor blanket.

Both semi- and full-automatic welding equipment have been de-
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veloped for production applications. The process is basically versatile.
In its semi-automatic form, it offers the opportunity to increase the
speed of production welding ferrous metals (Fig. 6-11). Full-automat-
ic adaptation of the process on light-gage mild steel applications gives
double and triple the production performance of the previously used
processes. A major advantage is the elimination of pressurized gas
tanks and hose and all external shielding materials.

Powdered Metal, Fluxing
and Vapar-Producing Materidls

Tubuiar Electrode

Thick Vaper Shield, Compesed of Yaporized
Compounds Hoving Different Condensation
Temperatures, Protects Metal Tronsfer Through
the Arc

Bote Metal /

Fig. 6-10. Representation of the action that tokes place during vapor-
shielded welding. Shielding provided by ingredients in the tubular metal
electrode produces high quality welds at high deposition rates.

Electroslag welding—is another metal-arc welding process. It is a
further development in application of the submerged-are principles.
This process involves fusion of the base metal and continuously fed
filler wire under a substantial layer of high-temperature, electrically
conductive molten flux. By feeding one or a combination of two or
three electrodes simultaneously into the are, plates ranging from 1 to
14 in. thick can be joined in a single pass.

The weld is deposited upward along a vertical path, the joint to be
welded being in a vertical position. The plates being joined are spaced
from 1 to 1-5/16 in. apart, with flame-cut edges being adequate joint
preparation. On materials of considerable thickness, electrodes are
mechanically oscillated across the face of the molten weld crater as the
welding progresses. Water-cooled copper shoes, located to each side of
the joint, travel vertically with the welding head. These shoes bridge
the gap and effectively form a mold for the molten weld metal during
solidification.

Advantages of the process include minimum plate preparation,
single pass welding procedure on any plate thickness within the range
mentioned, no problem with slag removal or flux recovery, and the
ability to minimize distortion and reduce residual stresses.

Metal-arc stud welding—is the end welding of a stud, ordinarily a
machine screw, at a particular spot by fusion resulting from an arc
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struck between the stud serving as the electrode and the base plate.
A compact portable unit, called a stud welder, is employed and the arc
is shielded or unshielded.

Impregnated-tape metal-arc welding—parallels coated (shielded)
electrode arc welding, but the arc shield is obtained from decomposi-
tion of the tape that is wrapped around the electrode.

Plasma-arc welding—exists in several forms. The basic principle
is that of an are or jet created by heating electrically a plasma-forming
gas (such as nitrogen or hydrogen) to such a high temperature that its
molecules become ionized atoms possessing extremely high energy.
When properly controlled, this process results in very high melting
temperatures. Plasma-arc welding holds the potential solution to the
easier joining of many hard-to-weld materials.

When modified for metal cutting, this process achieves unusually
high cutting speeds. Another application is the depositing of materials
having high melting temperatures to produce surfaces of high resist-
ance to extreme wear, corrosion or temperature.

Fig. 6-11. Semi-automatic vapor-shielded welding doubles or triples previous production
rates. In outdoor applications, there's no problem with wind blowing shield away from
weld, Continvous electrode fed mechanically through the lightweight gun enables
weldor to follow any joint easily.
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Fig. 6-12. The most
common of the gos
welding processes is
oxyacetylene welding,
uvsing a hand-held
torch and welding
rod.

Gas Welding Processes

An inflammable gas can be burned with either air or oxygen to
produce sufficient heat for welding. When air is used as the combus-
tion supporting medium, the heat is not high enough to weld any
ferrous or non-ferrous metal with the exception of lead. The flame is
far hotter, however, when the flammable gas is burned in an atmos-
phere of pure oxygen.

The fuel gas is usually acetylene (oxyacetylene welding). How-
ever, hydrogen (oxyhydrogen welding), natural gas, manufactured
gas, propane or butane can also be used. The last four fuel gases are
used principally for welding metals and alloys having a low melting
point.

Flame temperatures in oxyacetylene welding range from 5,800 to
6,300 F, depending on the ratio of oxygen to acetylene. The oxyhydro-
gen flame is around 5,000 F. Natural gas, propane or butane combined
with oxygen produce a flame temperature of approximately 5300 F.
The temperature of a flame of acetylene in compressed air is around
3,400 F—too cold to melt steel for satisfactory welding.

The flame of the torch (Fig. 6-12) produces the desired welding
heat and shields the weld joint and filler metal from the surrounding
atmosphere while the metal is molten. Usually, a welding rod is used
in this process, having the same, or nearly the same, analysis as the
base metal. Steel, aluminum, brass, copper and braze-welded joints are
commonly made by gas welding. When materials other than steel are
gas welded, a flux is usually needed. The flux may be applied to the
welding rod or to the surface of the joint to be welded to facilitate
cleaning the base metal, retarding oxidation and aiding fusion.
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Resistance Welding Processes

A number of welding processes are based on the principle that a
current passing through a resistance generates heat. In this case, the
parts are clamped between copper conductors (electrodes), and a low-
voltage high-amperage current is passed through the conductors and
the work. The difference in the conductivity of the work and the poor
surface contact between the unjoined parts creates the needed resist-
ance and enough heat is generated to raise the metal to fusion temper-
ature. At this point, pressure is applied to force the parts together so
that they are solidly but locally welded.

Much of the success of any type of resistance welding depends on
accurate control of the welding current. This calls for the proper inter-
ruption of the current flow at split-second intervals, made possible by
the extensive use of electronic contactors and timers.

Spot welding—is the most common resistance welding process. It
is usually employed in the welding of thin metal sheets and is accom-
plished by placing the sheets between movable electrodes of a copper
alloy. The electrodes carry the welding current and can be actuated to
apply the proper pressure during the welding cycle (Fig. 6-13).
Carbon steels, nickel alloys and stainless steels are easily spot welded.
Aluminum presents a special problem because of its high electrical
conductivity. So does copper, which has practically the same conduc-
tivity as the elecirode material.

Although most spot welding is done on thin sections to be welded,
steel plates slightly over 1 in. thick have been successfully welded by
this process.

Fig. 6-13. Spot welding is the most widely used of the resistance welding processes.
Here, mounting clips are spot welded to stainless steel letters for a large sign.
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Seam welding—is fundamentally a spot welding process. One or
two electrode wheels running along a straight line at a fast rate of
travel, make a series of closely-spaced spot welds. When the welded
spots are so close that they actually overlap, they form a gas-tight or
water-tight seam, as required for a pressure vessel. In other cases, the
series of spots may be spaced so that the process becomes a mere tack
welding operation in the assembly of the unit. This is called roll-spot
welding and is used to speed up standard spot welding.

Typical welding speeds range from 10 to 60 in. per minute, depend-
ing primarily on the spacing of the spots. The more welds you have to
make, the slower you travel. The spacing of the spots, the welding
current and time cycle are adjustable by setting the control equipment.

Projection welding—is another method of resistance welding. It
differs from those previously described, since it uses projections or
embossments to localize the current flow and welding heat at predeter-
mined points. These projections that will serve as points of contact are
designed into one or both of the parts to be joined. The parts are sup-
ported and pressed together by special dies during welding.

Flash welding—is a resistance welding process in which fusion is
produced by the high localized heat obtained from the electrical resist-
ance existing between two touching surfaces. This type of resistance
is evidenced by a flashing or shower of sparks, which is the arcing of
the current at the adjoining surfaces. This is unlike the previously
discussed processes in which the resistance was that to a flow of current
within the base metal. The most common application of flash welding
is in making butt welds.

For butt welds, the two pieces are brought together end-to-end,
with surfaces in light contact with each other, and constitute part of
an electrical circuit which is completed only by current flowing across
the joint. Surface irregularities provide an interrupted gap effect be-
tween the two contact surfaces. Current introduced into the circuit
results in an arcing (flashing) in the joint. When the temperature of
the metal has increased to where the adjoining surfaces have plasti-
cized, the parts are forced together under pressure to make the weld.
A portion of the metal squeezes out (upsets) to form a “flash.” This
must be trimmed off and the joint then ground or otherwise finished to
the section desired.

Upset welding—is a process in which fusion is produced by the heat
obtained from electrical resistance through the area of contact of two
surfaces held together under pressure. In this case, the force is applied
prior to introduction of the electrical current and is continued until
heating is complete. The continued force produces an upsetting as in
flash welding. The force may be limited at the start, in order to raise
the initial contact resistance, and then increased as the contact resist-
ance becomes zero and the resistance is entirely the resistance within
the base metal. Since the surfaces are in solid contact with one anoth-
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er, there is no arcing or flashing effect.

The most common application of upset welding is in making butt
welds. Round bars up to at least 6 in. diameter have been upset butt
welded.

Percussion welding—is a process in which fusion temperature re-
sults from an arc created across a gap between two surfaces to be
joined, the arc being caused by a rapid discharge of electrical energy,
with percussive (impact) force applied during or immediately follow-
ing the electrical discharge. Since the total depth of the heat-affected
zone is only about 0.010 in., the process is especially helpful in butt
welding small sections of hardened, high-alloyed steels.

Electron Beam Welding

This process directs a bombardment of electrons at the workpiece
placed in a vacuum. The electrons are emitted from a filament, acting
as a type of non-consumable electrode, and are highly accelerated by a
high-voltage potential between the electrode and the work. The high-
velocity energy of the electrons converts to heat when they strike the
work. The electron flow is electrically concentrated into a beam by
means of an electron gun.

The parts to be welded are moved at a suitable speed under the
electron gun, the joint directly in line with the electron beam. Since
the operation is carried on in a vacuum, the process can be used to
weld highly reactive metals without contamination. Material thick-
nesses range from foil to 13 in.

Thermit Welding

This process is based on the chemical reaction between aluminum
and iron oxide. The members to be welded are prepared and aligned in
proper relation, and a mold is built around the ends to be joined. A
pouring gate in the top of the mold receives the molten steel. The ther-
mit charge is placed in a crucible having a pouring hole in its bottom.
The charge is a mixture of iron oxide and granulated aluminum to-
gether with small quantities of alloying elements in the iron oxide, Ig-
nition of this mixture produces a reaction between the iron oxide and
aluminum, liberating a large amount of heat. The aluminum combines
with the oxygen in the iron oxide and releases free molten steel, which
flows into the mold producing the weld.

The high temperature (5,000 F) steel in the crucible may be pro-
duced, if desired, in large volumes. For this reason, thermit welding is
suited to the joining of large elements of very heavy cross-section such
as railroad rails or large castings.

Forge Welding

Although forge welding was commonly employed by the black-
smith of yesteryear, it holds very little interest today with two
exceptions:
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Friction welding—is based on the fact that a rapidly moving part in
pressure contact with a stationary part generates heat at the contacting
surfaces. When the fusion temperature is reached, movement is
stopped and pressure maintained or increased until the weld is
completed.

The process is economically suited to high production circumfer-
ential butt welding of small round or tubular parts.

Pressure welding—is a process in which two pieces of ductile metal
are butt welded or lap welded by the application of pressure only,
without any of the metal reaching the melting point. Heat, if applied,
is sufficient only to facilitate plastic flow of the metal under pressure.
Bonding depends upon the ability to bring a large number of atoms on
the two surfaces being joined into intimate contact. This requires per-
fect cleanliness of the surfaces, good alignment and application of high
pressures. The pressure is a squeezing action rather than impact.

This process is used primarily in joining alloys of aluminum and of
copper, and is of little importance except on thin-gage sheets, foil and
wire and particularly in making electrical connections.

Brazing and Braze Welding

The processes of brazing and braze welding are used to join similar
or dissimilar metals by using a metal or alloy of lower melting point
than either of the components to be joined. The most commonly used
brazing alloys are copper, copper alloys (bronze for instance) or silver
alloys.

Brazing is accomplished by heating the pieces to be joined to a tem-
perature higher than the melting point of the brazing metal or alloy.
The melted alloy wets the surfaces between the parts to be joined. It
flows between the parts by surface action, and actually diffuses into
the base metal surface so that a strong joint is produced when the alloy
solidifies. Brazed joints are often stronger than the brazing material
itself, if the parts are closely fitted.

If a large gap must be filled, there is no capillary action, and the
process is known as braze welding. The more commonly used brazing
processes are listed below. Flux must be used with all brazing and
braze welding applications.

Torch brazing—is a method by which the parts to be joined are
usually positioned in correct relationship with each other, and the
brazing alloy placed in the joint prior to heating or added as brazing
progresses. The brazing is accomplished by heating the base metal
with a gas heating torch or flame until it reaches a suitable tempera-
ture, when the filler metal melts and distributes between the closely
fitted parts by capillary action.

Furnace brazing—calls for the parts to be joined to first be aligned,
with brazing material—in the form of wire, strip, powder or paste—
placed in the joint. This assembly is then placed in the furnace, which
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usually has a controlled atmosphere to prevent oxidation during braz-
ing, Furnace temperature is then raised to a point where the brazing
material melts to accomplish the brazing.

Dip brazing—has a molten metal or chemical bath in which the
parts to be brazed are submerged. The molten bath makes it possible
to heat the parts to brazing temperature more quickly than in the con-
trolled-atmosphere furnace because of the greater heat conductivity
of a liquid medium. Since the work is submerged, the molten bath also
provides a shield to prevent oxidation.

Induction brazing—employs high-frequency electric current to
heat the brazed parts to the melting point of the brazing material in
much the same manner that they are heated in the furnace. This proc-
ess is rapid and effective, and it is becoming increasingly popular for
production applications.

Soldering

Although soldering is not included in the Master Chart of welding
processes, it is an important method of joining metals. Soldering dif-
fers from brazing in that lower temperatures are involved. Most
solders are made of varying proportions of tin, lead, bismuth and other
metals having low melting points. Soldering temperatures range from
300 to 500 F. In comparison with welded or brazed joints, a soldered
joint has considerably less strength and is used primarily for liquid or
air tightness.

Other Welding Processes

Other processes worthy of mention but which will not be discussed
in detail include:

Flow welding—a process wherein fusion is produced by heating
with molten filler metal poured over the joint until the welding tem-
perature is attained and the required filler metal has fully penetrated
the joint.

Explosive welding—wherein a surface-to-surface bond is achieved
by the compressive force of a controlled explosion.

Ultrasonic welding—a process using high intensity vibrational
energy to weld aluminum, magnesium and their alloys as well as some
dissimilar metals. This principle has also been found capable of im-
proving conventional welding processes.

Induction welding—similar to induction brazing but involving
higher temperatures. Heat for fusion is obtained from the resistance
of the work to the flow of an induced electric current. In both induc-
tion welding and induction brazing, the pieces to be joined are placed
within a radio-frequency field, usually developed to the inside of a
radiating coil that has been designed to approximate the shape of the
intended assembly. Thus, these processes are primarily for production
joining. Filler metal having a low melting temperature is distributed
through the heated joint by capillary action.
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Filler Metals for Welding

Arc and gas welding processes usually require filler metal in order
that welds have the most desirable properties. The American Welding
Society (AWS) has developed specifications for these filler metals (as
consumable electrodes or welding rods) to cover the arc welding of
carbon steels, alloy steels, stainless and corrosion-resisting steels,
copper and copper-based alloys and aluminum alloys. The AWS has
also developed specifications for filler metals used in the gas welding
of carbon steels. Through these specifications and their classification,
the user is informed that a certain electrode or welding rod can pro-
duce a weld metal having specific mechanical properties. At the same
time, the system classifies electrodes for various positions of welding,
for their ability to penetrate adequately into the root of a joint, and for
power supply (alternating or direct current).

The importance of this AWS classification system in helping the
user select the right electrode or welding rod for each specific job, is
obvious. A particular type of filler metal may deposit a high strength,
ductile weld for example.

Arc Welding Electrodes

As indicated earlier, arc welding has become the most widely used
welding process. This resulted from the development of flux-coated
electrodes capable of making welds having physical properties that
equal or exceed those of the parent metal.

Prior to development of the coated electrode, the gases of the at-
mosphere in the high-temperature welding zone formed oxides and
nitrides with the weld metal, In general, oxides are low in tensile
strength and ductility and tend to reduce the normal properties of the
base metals. The coating materials on the electrode provide an auto-
matic cleansing and deoxidizing action in the molten crater. As the
coating burns in the arc, it releases a gaseous inert atmosphere that
protects the molten end of the electrode as well as the molten weld
pool. This atmosphere excludes harmful oxygen and nitrogen from
the molten weld area, while the burning residue of coating forms a
slag to cover the deposited weld metal. This slag also serves to exclude
oxygen and nitrogen from the weld until it has cooled to such a point
that oxides or nitrides will no longer form. In addition, the slag slows
the cooling thereby producing a more ductile weld.

Besides these benefits, other advantages are gained by coating elec-
trodes. The coating improves weld appearance, provides easier arc
striking, helps maintain the arc, regulates the depth of penetration,
reduces spatter, improves x-ray quality of the weld, and sometimes
adds alloying agents to the weld metal or restores lost elements. The
slag from the coating not only protects the weld bead but assists in
shaping it.
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In addition, powdered iron has been added to the coating of many
of the basic electrode types. In the intense heat of the arc, the iron
powder is converted to steel and contributes metal to the weld deposit.
When added in relatively large amounts, the speed of welding is appre-
ciably increased and weld appearance improved.

The coating also serves as an insulator for the core wire of the elec-
trode. It affects arc length, welding voltage, and controls the position
of welding in which the electrode can be used.

Obviously, the composition of an electrode coating is extremely
important. The blending of the proper ingredients is an art. Besides
having the previously listed performance characteristics correctly bal-
anced, the coating should have a melting point somewhat lower than
that of the core wire or the base metal. The resultant slag must have a
lower density in order to be quickly and thoroughly expelled from the
freezing weld metal. Where the electrode is to be used for overhead or
vertical welding, the slag formed from the melted coating must sol-
idify quickly.

The differences in the operational characteristics of electrodes may
be attributed to the coating. The core wire is generally from the same
wire stock. For the common E-60xx series of electrodes, the core wire
is SAE 1010 carbon steel, having a carbon range of 0.05 to 0.15%.

AWS Classification of Carbon-Steel Electrodes

In setting up its classification for carbon-steel electrodes, the Amer-
ican Welding Society adopted a series of four- or five-digit numbers
prefixed with the letter “E.” The “E” indicates electric welding use.
The numerals to the left of the last two digits times 1,000 indicate min-
imum tensile strength of the (stress relieved) deposited metal; the
next to the last digit indicates the position of welding; and the last
digit tells the power supply, type of slag, type of are, penetration, and
presence of iron powder. For data regarding further interpretation of
these classification numbers, see Tables 6-1 and 6-2.

Some of these electrodes are for direct current (DC) and some for
alternating current (AC). Some DC electrodes are for straight polar-
ity (electrode holder connected to the negative pole), Fig. 6-14, and
some for rever. polarity (electrode holder attached to the positive
pole), Fig. 6-15.

Carbon-Steel Electrodes

The carbon-steel electrodes for welding low- and medium-carbon
steels carry AWS classification numbers E-4510 and E-6010-11-12-13-
14-15-16-18-20-24-27 and 28. E-4510 is a bare electrode; the others, all
in the E-6000 series, are coated electrodes. Very few welding applica-
tions employ bare steel electrodes today, so our principal concern is
with the E-6000 series.

AWS E-45XX electrodes have a tensile strength of 45,000 psi in the
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Table 6-1. AWS Electrode Classification System

DIGIT SIGNIFICANCE EXAMPLE
1st two or Min. tensile strength E-60xx = 60,000 psi (min)
1st three (stress relieved) E-110xx = 110,000 psi (min)
2nd last Welding position E-xx1x = all positions

E-xx2x = horizontal and flat
E-xx3x — flat

Last Power supply, type of slag, type | See Table 6-2
of arc, amount of penetration,
presence of iron powder in
coating

Note: Prefix “E" (to left of a 4 or 5-digit number) signifies arc welding electrode

stress-relieved condition. The E-4510 is for use in all positions and
operates on reverse-polarity DC.

AWS E-6010 electrodes are designed for all-position welding with
reverse-polarity DC. They are best suited for vertical and overhead
welding and some sheet metal applications.

The thickness of the coating is held at a minimum to facilitate weld-
ing in the vertical and overhead position, but is sufficient to develop
the shielding necessary for a high-quality deposit. Some coatings have
a small amount (less than 109% by coating weight) of iron powder to
improve arc characteristics. The arc has a digging characteristic to
produce deep penetration. This calls for skillful manipulation of the
electrode by the operator to minimize spatter and the tendency to
undercut. The slag formed is light and easily removed. The profile of
fillet welds is relatively convex on horizontal and vertical deposits.
Beads deposited by E-6010 electrodes have a rather coarse ripple.

Table 6-2. Interpretation of Last Digit in AWS Electrode Classification
LAST DIGIT 0 1 2 3 4 5 6 F i 8

Power supply _(_aJ AC or| AC or | AC n: AC or IEIC r; 113.[:;; A;C.c.:r AC or
DC rev| DC DC DC polarity | DC rev. DC DC rev.

tpolarity polarity polarity
Type of slag | (b) |Organic| Rutile | Rutile | Rutile Low Low |Mireral] Low
Hydrogen|Hydrogen Hydrogea

Type of arc |Digging|Digging Medium| Soft Soft | Medium | Medium | Soft | Medium
Penetration (c) Deep |Medium| Light | Light | Medium | Medium |Medium| Medium

Iron Powder [0-10%| None [0-10% |0-10%|30-50%] None None 50% |30-50%
in Coating
Notes: (a) E-6010 is DU reverse polarity; E-6020 is AC or DC

(b) E-&010 is organic; E-6020 is mineral

(c) E-6010 is deep penetration; E-6020 is medium penetration
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The E-6010 electrode is excellent for temporary tacking because of
ductility and deep-penetration qualities. Its physical properties are
excellent and, when properly applied, its deposits will meet the most
exacting inspection standards.

/| euecrrooe
ar—- ELECTRODE
WORK PIECE
+ WORK PIECE +
Fig. 6-14. Straight polarity DC welding Fig. &15. Reverse polarity DC welding
circuit. circuit,

AWS E-6011 electrodes are sometimes described as the AC counter-
part of the E-6010 type. Performance characteristics of the two elec-
trodes are quite similar; however, the E-6011 electrodes perform equal-
ly as well with either an AC or DC power supply. These electrodes
have a forceful digging arc, resulting in deep penetration. While the
coating is slightly heavier on E-6011 electrodes, the resultant slag and
weld profiles are similar,

AWS E-6012 electrodes are designed for general-purpose welding
in all positions, either DC or AC being used. They are specifically
recommended for horizontal and most downhill welding applications.
An E-6012 electrode has a rather quiet type of are, with medium pene-
tration and no spatter. Good build-up and no excess penetration make
this electrode excellent for welding under poor fit-up conditions. Since
the arc is highly stabilizing, the welds have good appearance and are
relatively free from undercut. Fillet welds usually have a convex pro-
file of a smooth even ripple in the horizontal or the vertical down posi-
tion. The slag coverage is complete, and the slag may easily be
removed.

When used with a DC power supply, straight polarity is preferred.
It is used extensively where appearance and high rates of deposition
are more important than maximum ductility. For example, this elee-
trode is particularly suited to making highly satisfactory welds on
sheet metal, where single-pass welds will pass radiographic inspection.

Here, as with E-6010 type, some designs have a small amount of
iron powder in the coating to improve arc characteristics.

AWS E-6013 electrodes have been designed for welding in all posi-
tions, AC or DC. While they are similar to the E-6012 electrodes, they
possess some notable differences. They have minimum spatter and
minimum tendency to undercut. The beads are fine rippled and are
superior in appearance.

Slag removal is easier with the E-6013, and the arc is very stable.
This facilitates striking and maintaining the are, even with extremely
small (14 and 3; 4 in.) electrodes. Hence the E-6013 is ideally suited to
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welding thin metals. The arc is soft and the penetration very light.
The mechanical properties of the E-6013 are slightly better than the
E-6012. The same may be said for its radiographic quality.

Changing from one manufacturer's E-6013 electrode to another’s
may result in the nature of the molten metal transfer in the arc stream
being changed. Some manufacturers compound their coating so that
a globular transfer is obtained, while others produce a fine spray
transfer. Ordinarily the spray transfer is preferred for vertical or over-
head deposits. The amount of spatter from this electrode varies with
different brands, too. Some manufacturers have also introduced small
amounts of iron powder into the E-6013 electrode coatings.

AWS E-6014 electrodes have a coating similar to that of the E-6012
and E-6013 types. However, the coating of this electrode type is con-
siderably thicker since it contains substantial iron powder (309 of
coating weight). The presence of powdered iron permits higher weld-
ing currents, which means higher deposition rates and welding
speeds. The thicker coating does not make it as ideally suited to out-
of-position production welding on thin-gage material; however, it will
perform adequately when the occasional job demands it. Its perform-
ance characteristics do make this electrode particularly suited to pro-
duction welding of irregular-shaped products where some out-of-posi-
tion welding is encountered.

Mechanical properties of E-6014 weld metal compare favorably with
those of the E-6012 and E-6013 types. Fillet weld contour ranges from
flat to slightly convex. Slag removal is very easy and sometimes self-
cleaning. Shallow penetration and rapid solidification are characteris-
tics that make this electrode type well suited to handling poor fit-up
conditions.

AWS E-6015 was the first DC reverse-polarity, all-position elec-
trode designed for the welding of high-sulphur and high-carbon steels
that tend to develop weld porosity and crack under the weld bead.
Metallurgists found that the presence of hydrogen in molten metal
aggravates the tendency to porosity being formed during solidification
and to underbead cracking. The E-6015 electrode’s coating was de-
signed to have a very low moisture content, thereby preventing the
introduction of hydrogen into the weld. The successful performance
of this electrode led to the later development of the E-6016 and E-6018
types which also have a very low moisture content coating. These
electrodes are commonly known as low-hydrogen electrodes.

AWS E-6016 electrodes contain potassium silicate or other potas-
sium salts added to the coating which make the electrode suitable for
use with AC as well as DC reverse-polarity.

AWS E-6018 electrodes are of low-hydrogen design, having a 30%
powdered iron coating. Like the E-6016 electrodes, this type operates
on either AC or DC reverse polarity. It has all the desirable low-
hydrogen characteristics for producing sound welds on troublesome
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steels such as high-sulphur, high-carbon and low alloy grades. Its
slightly thicker coating and the presence of powdered iron make it
generally easier to use than the other low-hydrogen types. For these
reasons, it is the most widely used.

The minerals of the low hydrogen electrodes’ coating are limited to
inorganic compounds such as calcium fluoride, calcium carbonate, mag-
nesium-aluminum-silicate, ferro alloys, and such binding agents as
sodium and potassium silicate. These electrodes are referred to as
lime-ferritic because of the general use of lime-type coatings. (Lime is
a decomposition product of such compounds as calcium carbonate.)

Since the coating of these electrodes is heavier than normal, vertical
and overhead welding is usually limited to the small-diameter elec-
trodes. The current used is somewhat higher than for E-6010 elec-
trodes of corresponding size.

Mechanical properties (including impact strength) of low hydro-
gen electrodes are superior to those of E-6010 electrodes that deposit
weld metal of similar composition. Use of low-hydrogen electrodes
reduces the preheat and postheat of welds, thus making for better
welding conditions and lowering or eliminating preheating cost.

AWS E-6020 electrodes are designed to produce high quality hori-
zontal fillet welds at high welding speeds, using either AC or DC
straight polarity. In the flat position, these electrodes can be used with
AC or DC of either polarity. The E-6020 electrodes are characterized
by a forceful spray-type of arec and a heavy slag, which completely
covers the deposit but is quite easily removed. Penetration is medium
at normal welding currents, but high currents and high travel speeds
will result in deep penetration. The deposits of this electrode are
usually flat or even slightly concave in profile and have a smooth, even
ripple. The radiographic qualities are excellent, and the weld beads
show medium spatter and a tendency to undercut.

AWS E-6024 electrodes are ideally suited for production fillet
welding. Their 509, powdered iron coating assists in producing a dep-
osition rate and welding speed that are considerably higher than that
of the E-6012, E-6013 and E-6014 types which have similar performance
characteristics. Operating characteristics include a soft quiet are which
produces practically no spatter. The ability to drag the electrode coat-
ing on the parent metal while welding produces a very smooth bead
appearance. Physical properties of the weld deposit compare favor-
ably with the E-6012-13 and 14 types. As in the case of the E-6020,
welding position is limited to flat and horizontal.

AWS E-6027 electrodes are of 509 powdered iron design, for either
AC or DC operation. The arc characteristics of this type electrode
closely duplicate the E-6020 type. Having a very high deposition rate
and a slag that crumbles for easy removal, the E-6027 electrode is par-
ticularly suited to multiple-pass, deep-groove welding.

The E-6027 electrodes produce high quality weld metal having
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physical properties that closely duplicate those of E-6010 electrodes.
Operating characteristics make this electrode slightly harder to handle
than the E-6024 type; however, properly-deposited weld beads can
have smoother appearance.

AWS E-6028 electrodes have a low-hydrogen coating containing
507 powdered iron. Designed for AC or DC reverse-polarity opera-
tion, the heavy coating gives this electrode a very high deposition rate.
Although capable of producing the physical properties and weld qual-
ity typical of low-hydrogen designs, these electrodes are suitable for
only flat and horizontal position welding.

Alloy Steel Electrodes

The expanding use of high-strength alloy steels has initiated the
development of coated electrodes capable of producing weld deposits
having tensile strength exceeding 100,000 psi. Mechanical properties
of this magnitude are achieved through the use of alloy steel in the
core wire of the electrode. In most electrode designs, the electrode
coating is of a lime-ferritic nature typical of the low-hydrogen designs
and frequently contains powdered iron. For this reason, these high
tensile electrodes usually have an E-xx15-16 or 18 classification.
Operation characteristics parallel those of typical 60,000 psi low-hydro-
gen designs.

The flexible system of electrode identification established by AWS
readily catalogs these electrodes in groups established for the E-60xx
series. For example, the E-11018 electrode has 110,000 psi tensile
strength, and like the E-6018 type will weld all position, uses AC or
DC reverse-polarity power, has a low-hydrogen type slag, has medium
arc force and penetration, and has 30% iron powder in its coating.
Table 6-3 lists the AWS standard. suffixes that indicate specific addi-
tions of alloying elements. In a complete electrode designation, these
letter symbols appear after the four- or five-digit basic number.

Stainless-Steel Electrodes

A variety of stainless-steel electrodes are being manufactured that
can produce weld metal similar to the composition of most base metals.
The analysis of the core wire may differ from the base metal, however,
in order to improve corrosion resistance of the weld deposit, eliminate
underbead cracking, or minimize carbon precipitation. In the transfer
of metal through the arc, very little nickel is lost from nickel-bearing
stainless electrodes. There is a slight loss of chromium and a greater
loss of the other elements.

Manganese and silicon are included in the electrode coating to re-
duce oxidation; titanium to promote arc stability, to produce an easily
removable slag, and to prevent carbon precipitation; and columbium,
in some designs, to prevent carbide precipitation. Lime has been an
extremely important ingredient in the coating since it tends to elim-
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inate hydrogen, the formation of which leads to underbead cracking.
Any material that is high in carbon is excluded because of the affinity
of chromium for carbon, especially at welding temperatures. The low-
hydrogen type of coating used on stainless electrodes is similar to that
employed on certain carbon-steel welding electrodes: E-6015 and
E-6016.

Special Electrodes

The large volume of electrodes used in present welding practice
are: (1) the mild-steel electrodes, (2) the alloy-steel electrodes
that are manufactured in comparable classifications but for higher
tensile strength, and (3) the stainless-steel electrodes.

In addition to the above, there are many special-purpose electrodes
covering specific fields. These include electrodes for hardsurfacing,
and for welding copper and copper alloys, aluminum, cast iron, manga-
nese and nickel-manganese steels, and nickel alloys. These various
types of electrodes differ widely in their composition and are usually
designed to match the base metals on which they are to be used.
Hardsurfacing electrodes, however, are designed to produce a weld
deposit that resists abrasion, impact or other abusive action that tends
to wear away metals.

In some instances, these special electrodes may be used to weld
metals other than those matching their composition. Examples are
found where nickel or bronze electrodes are used for welding cast iron,
austenitic stainless steel, manganese or high-carbon tensile steels, etc.
Composition of the coating on these special-purpose electrodes depends
entirely on the purpose for which they are to be used.

Table 6-3. AWS Designation of Major Alloying Elements
in Arc Welding Electrodes

ALLOY ELEMENT, %
SUFFIX TO AWS _
ELECTRODE NO. Mo Cr Ni Mn Va
(Molybdenum) | (Chromium) (Nickel) | (Manganese) | (Vanadium)
Ay 0.5
By 0.5 0.5
Ba 0.5 1.25
Bg 1.0 2.25
By 0.5 2.0
Cq 2.5
Ca 3.5
Cs 1.0
Dy 0.3 1.5
Da 0.3 1.75
G* 0.2 0.3 0.5 1.0 0.1

#*Need have minimum content of one element only.
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Submerged-Arc Welding Electrodes and Fluxes

The electrodes and granular fluxes used in conjunction with sub-
merged-arc welding are not classified. It is necessary to seek the man-
ufacturer’s recommendations for a suitable combination for a specific
application. Low- and medium-carbon steels can be readily welded
with a mild-steel electrode and a neutral flux since the deposit pro-
duced by this combination is low hydrogen in nature and will have
suitable physical properties. See Fig. 6-16. Variations in neutral flux
designs affect their freezing and deoxidizing characteristics. These
variations make certain fluxes particularly suited to specific joint de-
signs and welding conditions.

Special alloy agglomerated fluxes and alloy electrodes exist that
adapt submerged-are welding to the production of sound welds on
high-strength, alloy steels, stainless steels, austenitic manganese steels,
and the depositing of hardsurfacing overlays with specific abrasion or
impact resisting properties.

Gas Welding Rods

Welding rods for supplying filler metal needed in the oxyacetylene
or other gas welding of steel conform to specifications set up by the
American Welding Society. These rods are usually high-grade, low-
carbon steel, similar in characteristics and composition to the core
wires used in the E-60xx series electrodes. They are not coated since
control of the oxyacetylene flame makes it possible to determine
whether the weld will be of the oxidizing or carburizing nature. The
tensile strength requirements of gas welding rods are obtained by var-
iation in the carbon and alloy contents of the rods.

Similar welding rods are available for the gas welding of non-
ferrous metals and their alloys.

Factors Affecting Weld Metal Properties

The mechanical properties of the weld depend on the analysis
(chemical composition) of the weld deposit. Since the base metal and
the filler metal are both brought to the molten state and mix within
the weld crater, it is apparent the final analysis of the weld is related to
the analysis of the base metal, the analysis of the filler metal, and their
mixing ratio.

In shielded-arc welding, the chemical analysis of the deposited
metal depends on the analysis of the core wire and also the analysis
and action of the electrode coating. The composite design can be ar-
ranged to deposit practically any carbon or alloy steel. Electrode coat-
ings can be made to add carbon to the deposit, to add alloying metals
and also to burn out objectionable ingredients from th= weld.

One class of electrode coatings reacts with the su:phur in the core
wire to give a deposit that is appreciably lower (20 to 309%) in sulphur
than the original electrode.
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Some shielded-arc electrodes deposit metal as very fine droplets or
as a spray, and these particles must be heated to a very high tempera-
ture when they are in the arc; in fact, some of the iron may be vapor-
ized. The intense heating and the cleaning action of the slag results in
a purified weld metal.

Penetration controls the mixing ratio of filler and parent metal. It
may be increased or decreased by manipulation of the electrode. In
gas, carbon-arc and submerged-arc welding, the penetration may be
changed by altering the welding procedure. Inclining the work and
welding downhill decreases the penetration, whereas welding uphill
ensures deep penetration.

In metal-arc welding, an E-6010 electrode, used with DC straight
polarity (electrode negative), gives a spray-type of arc that will depos-
it only a little metal, most of it flying off into the air as fine droplets.
This type of arc is useful to fuse together the flanged edges of sheet
steel (vertical edge welds).

The effects of travel speed on penetration are illustrated by Figs.
6-17 and 6-18.

By using a slow travel speed and keeping the arc stream directed
on the deposited metal, the penetration may be kept to a minimum.
The penetration may even be reduced to zero, resulting in no weld. In
contrast, fast travel and the arc stream directed on the base metal
ahead of the deposited metal results in more penetration.

Fig. 6-16. Semi-automatic submerged arc equipment, with which both electrode and
granulated flux are fed mechanically, permits greatly speeded preduction on applico-
tions previously requiring manual welding. Here, parts of a power plant flue system
are being ossembled ot double the former welding speeds.
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Fig. 6-17. On a 60-degree V-groove, slow travel and vpright elecirode position lead
to low peneiration. In exireme coses, penetration is too shallow and poor fusion
results. Some high alloys demand light but not excessively-low penetration.
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Fig. 6-18. High travel speed and inclined electrode enable the arc force to dig into
the plate. On most applications of cooted electrodes, the deeper penetration ensures
better fusion and a more desirable weld.
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The percentages in Fig. 6-19 give the approximate amount of base
metal that is melted and mixed with the deposited metal in the weld.
The first figure shows the typical percentage of base metal contained
in the final weld metal under normal welding conditions. The lower
figure shows the percentage range that is possible under extreme weld-
ing conditions. View A applies when filler metal is deposited from a
welding rod, the electrode being non-consumable. View B applies

Non-consumable Consumable
) 4= electrode electrode
Welding
rod =¥

1 <
30 %
<T 5-50 %

B

Fig. 6-19. When welding, arc penetration of the base metal couses it 1o melt and
mix with the deposited metal. The upper figure in each view shows the typicol per-
centoge of base metal in the final weld metal. The lower figures show the possible
range of base metal content.

when filler metal is deposited directly from a consumable electrode.
Although each process is different in application, the figures given are
characteristic for oxyacetylene, carbon-arc, metal-arc or submerged-
arc welding. In submerged-arc welding, for example, 1 1b of deposited
metal can be made to melt 2 Ib of base metal, so that the final weld bead
is 24 base metal and 14 electrode metal.

Definitions of New Words

Agglomerated flux. A granulated flux for submerged-arc welding
to which any alloying elements can be added without loss of individual
and physical identity. Thus, during welding no complex chemical com-
pounds in the flux need be broken down before the alloying element is
free to enrich the weld metal as intended.

Automatic welding. Welding with equipment that automatically
controls the entire welding operation (including feed, speed, etc.). In
arc welding, the electrode or welding rod supplying filler metal is fed
automatically into the arc to compensate for its melt-off and thus
maintain the correct length of are. Granulated flux or shielding gas,

when called for by the specific process, is also fed automatically
through the welding head.

Coated electrode. A consumable metal arc-welding electrode hav-
ing a relatively thick covering around the core of filler metal. As the
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covering melts off, it stabilizes the arc and provides the chemicals
needed for removing impurities from the weld metal.

Consumable electrode. A metal electrode that establishes the arc
and gradually melts away, being carried across the arc (deposited) to
provide filler metal into the joint.

Deoxidizing. The removal of oxygen from the molten weld metal,
usually by chemical combination with other elements forming inor-
ganic compounds that float to the surface of the molten metal to form
slag when cooled.

Deposition rate. The speed with which filler metal is added to a
weld joint, usually stated in terms of volume of metal deposited per
minute.

Fill welds. Welds in which a filler metal is deposited into the joint
from an electrode or welding rod, fusing with the base metal on each
side.

Filler metal. The metal which is deposited into the joint from an
electrode or welding rod in order to achieve a weld of desired
properties.

Flux. A fusible non-metallic material that dissolves and prevents
further formation of metallic oxides, nitrides or other undesirable in-
clusions within the weld.

Fusion welds. Welds in which the two metal members to be joined
are fused directly to each other, without the addition of filler metal
from consumable electrode or welding rod.

Inert gas. A gas, such as helium or argon, which does not chem-
ically combine with other elements. Such a gas serves as an effective
shield of the welding arc and protects the molten weld metal against
contamination from the atmosphere until it freezes.

Manual welding. Welding in which the electrode is in fixed posi-
tion in a holder held by the weldor, who guides it along the joint while
maintaining the proper arc gap.

Non-consumable electrode. A carbon or tungsten welding electrode
that merely establishes the arc and maintains it, without being melted.

Penetration. The depth below the surface of the base metal to
which welding heat is sufficient for the metal to melt and become
liquid or semi-liquid. Also called the depth of fusion. The word “pen-
etration” is also applied to the ability of arc or electrode to reach into
the root of the groove between two members being welded.

Radiographic quality. Soundness of a weld that shows no internal
or underbead cracks, voids or inclusions when inspected by x-ray or
gamma ray techniques.

Reverse polarity. An arrangement of the leads from a direct cur-
rent power source whereby the electrode is the positive pole and the
workpiece is the negative pole of the arc.
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Root. The narrowest point in the gap between two members to be
welded, or the point in the gap furthest removed from the electrode.
Usually these points are one and the same.

Semi-automatic welding. Welding in which the electrode, welding
rod and/or flux is fed automatically but the welding head or gun is
held in the hand and guided manually along the joint.

Shielding. Primarily the protection of metal molten by the arc
from oxidizing or otherwise reacting with elements in the surrounding
air. Usually, the shielding also stabilizes the arec.

Straight polarity. An arrangement of the leads from a direct cur-
rent power source whereby the workpiece is the positive pole and the
electrode is the negative pole of the arc.

Weld metal. A product of fusion, the metal that was fully melted
by the heat of welding.

X-ray quality. See “radiographic qualty.”
Review Questions

1. How many different welding processes are in use?

2. Connect the following terms that are associated, and cross out
the term that has no equivalent stated:
AC current
DC electrode positive
DC electrode negative
Reverse polarity
Straight polarity

3. Which of the following methods of welding is most likely to
result in a weld contaminated with carbon? Oxygen?
Nitrogen?

(a) Metal-arc with coated electrode

(b) Metal-arc with bare electrode

(e¢) Carbon-are, electrode positive

(d) Oxyacetylene with oxidizing flame
(e) Oxyacetylene with carburizing flame

4. What advantages does welding have over riveting, bolting and
other forms of mechanical fastening?

5. What are some advantages of metal-arc welding over gas
welding?

6. List a number of welding procedures according to their simi-
larity to metal casting, starting with the welding method that
uses a mold and finishing with a process for welding steel
involving no melting of metal.

7. The metal-arc welding process consists of adding molten steel
in small amounts to a pool of molten base metal and allowing
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the metal to solidify. In what ways and why is the “cast” weld
metal superior in properties to cast steel of the same analysis?

. The E-6018 electrodes are better than other electrodes for

welding some of the following materials. Which ones? Mild
steel, high-carbon steel, wrought iron, high-sulphur steel, and
aluminum.

What welding process should give best results on mild steel
when available weldors have little experience?

If welding procedure does not give sufficient penetration, what
three changes might be made to effect better fusion?
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CHAPTER 7

FUNDAMENTALS OF METALLURGY

A knowledge of metallurgy is not essential for the design of a
welded product or for doing a welding job, but it will help make both
of these tasks easier and more understandable. A complete discussion
of ferrous metallurgy would fill many books and is far beyond the re-
quirements of most people engaged in any phase of welding. For this
reason only the barest fundamentals of the subject will be presented
in the next few chapters. The mastering of these fundamentals, how-
ever, will enable the weldor to understand a great many things that
happen during a welding operation.

The metallurgical interest of those engaged in welding centers
around the effects of heat. It was shown in Chapters 2 and 3 that the
changing of the amounts of alloying elements in a metal changes its
physical and mechanical properties. It is also known that these prop-
erties may be changed by heating and cooling. In welding there is
heating and cooling; so will the properties of the metal be changed?
Can these changes be avoided? Controlled? Limited?

The answers to these questions and many others on metals and
their behavior during heating and cooling are found in the basic fun-
damentals of metallurgy. A study of metallurgy likewise reveals how
metals are put together and what makes them stay together. It tells
about the structure of metals.

Microscopic Study of Metals

The surface of a metal gives no indication of its makeup; but, if the
metal is broken, the fracture will show a granular appearance. The
grains may be large enough to be seen readily, or they may be so
small that a magnifying glass is needed to show their presence.

A high-magnification examination of a fracture will show little,
for the rough surface cannot be brought into focus. Some parts will
be too near and other parts too far. Animal and plant tissues are ex-
amined by preparing thin slices and allowing light to shine through
the sample into the microscope. Metal samples are examined by light
that is reflected from a polished surface. The metal specimen is pre-
pared by grinding a flat surface. This is polished with finer and finer
abrasives until a secratch-free mirror surface is obtained.

In the polished condition, the grains can be seen when the sample
is examined through a high-powered metallurgical microscope. At a
magnification of 100 diameters (0.01 in. magnified to 1.0 in.), desig-
nated as 100x, a sample of fine-grained steel may show little more
than a smooth, structureless field unless the sample contains foreign
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Fig. 7-1. A photomicrograph of steel hav-
ing dirty inclusions (black spots). Magnifi-
cation 100x.

matter or holes. Higher magnification is usually required to provide
much detailed information about the internal structure of higher-
alloyed steels.

Fig. 7-1 is a photomicrograph (photograph taken through a micro-
scope) of a sample of dirty metal at a magnification of 100x. The black
spots are holes or pits left after the non-metallic material fell or was
pulled out during the polishing (modern polishing techniques will
not pull out the non-metallic inclusions). No grains are seen because

Fig. 7-2. Steps in preparing a photomicrograph. (A) Froctured edge of metal. (B) En-
larged section of edge, 100x. (C) Section of edge after polishing, 100x. (D) Section
of polished edge after etching, 100x. (E) Surface of polished and etched edge, 100x.
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the polishing has smeared over the surface a thin film of metal that
covers the grain boundaries and other surface details. To see the
grains, it is necessary to treat the sample with a suitable etching re-
agent that will dissolve this film. A solution of 5% nitric acid in alco-
hol (called nital) is an etchant frequently used for carbon steel.

Fig. 7-2 E is drawn from a photomicrograph of low-carbon steel.
Grain boundaries are seen as black lines and some of the grains are
darkened. By changing the angle at which light falls on the speci-
men, it can be shown that the darkening is caused by differences in the
depth of the etching. Each grain is a crystal of metal, and the etching
rate and depth depend on the angle at which the grain is turned or
oriented. Grains cut parallel to a face etch smooth, while those cut at
an angle may etch to give a rough and darker looking surface.

A magnification of 100x is usually enough to show the grains in
pure metals; higher magnifications will not reveal any further sub-
divisions of the metal grains or crystals. Magnifications up to 50,000x
are possible with the electron microscope. For most metallurgical
examinations, however, a magnification of 100x to 500x is sufficient,
depending upon grain size in the specific material.

Nature has formed nearly all of the solids in the earth by crystal-
lization, either from the liquid state or from a water solution. The
rounded, dull pebbles found in a handful of gravel are made up of
crystals—either single crystals like feldspar or quartz, or many small
crystals like granite.

A microscopic examination of some alloys will show nearly perfect
crystals surrounded by the metal alloy. When the alloy first started to
cool, some metal compounds separated out of solution, forming tiny
crystals. These crystals grew in size as more and more of the com-
pound became available with the lowering temperature. Finally,
the remaining metal alloy, called the matrix, solidified around the
crystals,

Fig. 7-3. This tungsten carbide alloy is
82% tungsten, 12% cobalt and 4% car-
bon. At 250x magnification the tungsten
carbide crystals appear as triangular prisms.
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Figure 7-3 is a section of a tungsten-carbon-cobalt alloy. Crystals
of tungsten carbide have formed in the tungsten-cobalt matrix and
there was enough room so that many could grow without interference.
If the carbon content had been lower, there would be less tungsten
carbide formed and the crystals would have had even more room to
grow without interference.

Tungsten carbide crystals are triangular prisms, and it is interest-
ing to note that the triangles, squares, rectangles and five-sided figures
can all be formed by sections of a triangular prism.
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Fig. 7-4. A diagrammatic represento-
b tion of the formation of seed crystals,
1 their growth and the final grains
each with its individual orientation.

Single crystals (unit cells) have been prepared by tedious labora-
tory procedures. It is difficult to produce them because when iron
and other metals solidify, the crystals grow so rapidly that they inter-
fere with each other, resulting in crystals, or grains, of irregular shape.
Fig. 7-4 is a diagrammatic representation of the formation of the seed
crystals, their growth, and the final grains each with its individual
orientation.

Ferrous Metals and Their Alloying Elements

Since 95% of today’s welding is done with ferrous alloys, this dis-
cussion will center about ferrous materials.

Ferrous alloys are so called because their major constituent is
“ferrum” which is the Latin name for iron. The most common of
ferrous alloys are the cast irons and steels. These are alloys of iron
and carbon and other chemical elements which may be present to
impart definite properties or as an impurity.

Plain carbon steels, or carbon steels as they are generally called,
are alloys of iron and carbon containing these two elements and only
traces of others.
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As other chemical elements such as aluminum, chromium and
cobalt are added to the simple carbon-iron alloys, these steels become
more complex. The addition of alloying elements often influences the
grain structure and structural characteristics of a metal. Some of the
elements, such as phosphorus and sulphur, are found in nearly all
steels. Other elements may appear in a limited group of special-alloy
steels. The alloying elements, listed alphabetically rather than in the
order of their importance, are: '

Aluminum—is extensively used as a deoxidizer in steel production.
As such, it is an effective purifier. Aluminum also lessens grain
growth by forming dispersed oxides or nitrides.

Carbon—is the principal hardening agent in steel. In most cases,
alloy steels containing carbon up to about 0.20% are hardened by car-
burization. Alloy steels containing over 0.2077 carbon are generally
considered heat-treatable steels, and they are heat treated by quench-
ing and drawing to obtain increased strength. In some cases, these
steels are used in their as-rolled condition. In most alloy steels, car-
bon has about the same effect upon hardness as it does in the plain-
carbon steels.

Chromium—has many functions as an ingredient in alloy steels. It
is a hardening element, and it also tends to increase the strength of the
steel. In higher percentages, say from 12 to 309, chromium tends to
increase the corrosion resistance and oxidation resistance of the steel.
This holds true at both high and low temperatures. Because of this
vauable property, chromium is one of the basic ingredients in the
stainless steels. It is also one of the basic ingredients of steels that are
to be used at high temperatures where resistance to oxidation is de-
sired. There is little loss of strength in chromium steels at tempera-
tures up to 900 F.

Cobalt—is added to steel for which high strength and/or high
hardness at high temperatures are desired. It imparts the quality
known as red hardness; i.e., the ability to remain hard when red-hot.

Copper—as an alloying agent in steel tends to improve its atmos-
pheric corrosion-resisting qualities. It also increases strength.

Columbium—improves the high-strength properties of heat-resist-
ing steel alloys. Its major service, however, is as a carbide stabilizer in
the austenitic grades of stainless steels. This will be discussed in the
chapter on stainless-steel welding.

Manganese—is indispensable to all steelmaking. In percentages
up to about 0.80%, manganese is generally intended to combine with
sulphur to offset embrittlement and hot shortness. In higher percent-
ages, 1 to 159, manganese increases the toughness and also the hard-
ening ability of the metal.

Molybdenum—tends to increase the hardness and the endurance
limits of steel. It likewise contributes to deep hardening. It decreases
the tendency toward high-temperature creep, which is the slow
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stretching of a steel under stress at high temperatures. Molybdenum
also increases the corrosion-resistant qualities of stainless types of
alloy steel and prevents temper embrittlement of low-chrome alloys.
Generally, it is used in comparatively small quantities, ranging from
about 0.10 to 4.00%.

Nickel—increases the strength and toughness of a steel at low
temperatures. It is generally added in quantities from 1 to 4%, al-
though in some nickel-steels the nickel content will run as high as
367 or more. No matter what the percentage, the addition of nickel
will increase the strength without decreasing the toughness of the
steel; there are, however, instances where the addition of nickel pro-
motes embrittlement when heated.

Steels with 24% or more nickel are non-magnetiec.

A steel with 36% nickel has a very small coefficient of expansion
when heated up to 900 F. In the lower range of nickel—up to about
47,—it is usually estimated that the tensile strength is increased about
6,000 psi for each additional 1% of nickel.

Nitrogen—is generally found combined with other elements as a
nitride. Nitrides usually have a detrimental effect. Nitrogen is use-
ful, however, for the stabilization of austenite and for the lessening of
grain growth in some stainless steels.

Oxygen—forms iron oxide (rust), which is not desirable and
makes welding difficult. In steelmaking, it is used to burn out excess
carbon and to shorten melting time. Oxygen is essential in oxya-
cetylene welding and cutting.

Phosphorus—is one of the elements found in all steels. In high
percentages, it is considered an impurity. In low percentages, how-
ever, it improves the machinability of a steel, whether high carbon or
low carbon. The phosphorus content is usually restricted to about
0.05%, particularly so in steels in the higher carbon ranges. Phos-
phorus slightly improves the strength and corrosion resistance of low-
carbon steel.

Sulphur—like phosphorus, is always present in steels, generally
as an impurity. The sulphur content of steel may range up to 0.3,
but it is usually held below 0.069%. A sulphur content of 0.1 to 0.15%
materially improves machining qualities. A high sulphur content
may produce poor weldability due to hot short cracking and severe
porosity. The tendency to cracking and porosity may be overcome
by using a low-hydrogen electrode.

Silicon—is added to the molten steel bath to control the oxygen
content of the steel. This function is known as deoxidizing. In high
percentages, silicon is used to produce certain magnetic character-
istics in steel used for electrical magnetic applications. Its addition
tends to improve oxidation resistance and increases the hardenability
of steels carrying non-graphitizing elements. Silicon also contributes
to the strength of low-alloy steels.

@Seismicisolation: -


https://telegram.me/seismicisolation

FUNDAMENTALS OF METALLURGY 113

Tantalum—is sometimes added to steel to increase its hardness by
the formation of carbides.

Titanium—is another deoxidizer. It is also useful in restricting
the effects of nitrogen and carbon since it readily combines with these
elements. Titanium will lessen grain growth and may be used to pre-
vent steel from hardening. Like columbium, titanium is used to
stabilize austenitic stainless steels.

Tungsten—has a very important job to do in tool steels, which
must retain hardness at high temperatures. When used in amounts
of from 17 to 2097 (and in combination with other alloys), tungsten
produces a steel having the quality of red-hardness. Tungsten is also
used in certain heat-resistant steels where the retention of strength
at high temperatures is important. Tungsten is usually used in combi-
nation with chromium or other alloying agents. Used in relatively
small quantities, it tends to produce a fine, dense grain structure.

Vanadium—tends to produce a fine grain structure during the
heat-treating process. Because of this, vanadium often eliminates the
bad effects of overheating. Vanadium also tends to promote harden-
ability; it causes a marked secondary hardness that resists tempering.

Zirconium—is a powerful deoxidizer but is not used for this pur-
pose in steel unless combined with other deoxidizing elements. Hs
principal use in steel is to prevent age hardening and blue brittleness.

Structure of Metals

Though the alloying elements may change the structure of metals,
their characteristics are due to two structural factors: (1) the atoms
making up the metal and (2) the manner in which the atoms are ar-
ranged. An examination of metals, however, even under the most
powerful microscope will not reveal atoms. All that can be seen are
grains or crystals.

The smallest grain that we can see under the microscope is, of
course, made up of a very large number of atoms. If the biggest atoms
known to scientists were arranged side-by-side in a straight line, it
would take about 25,000,000 of them to make an inch. Anything so
small as an arrangement of 9 or 14 atoms must remain forever invis-
ible, even under the electron microscope. How, then, do we know
that such patterns exist? From the shape of the crystals that we can
see, it is logical to assume that their shape must be due to the arrange-
ment of atoms that make up the ultimate units of the grain. The
accuracy of this assumption has been proved by the application of
x-ray analysis to crystalline structure, However, we are getting be-
yond the scope of this book.

While the addition of alloying elements forms a complex steel, the
study of metallurgy is complex enough when confined to simple
carbon steel; so, the alloys discussed will be those of iron and carbon
only. An idea of the structure of an 0.83% C (carbon) steel may be
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obtained from Fig. 7-5. This sketch is a schematic magnification up
to 35 million times larger than when viewed by the eye. Such a
magnifieation of the crystalline structure may be obtained only by
x-ray diffraction, though powerful microscopes can produce 1000
times (1000x) and 2500x magnifications using ordinary light.

First magnification
1000 times larger
than when viewed by
naked eye

Polished surface
of specimen

Crystals
iﬁglﬂ grow as more
Y and more
centered cube atoms arran-

\ //“ T i ge themselves
- in the requ-
lar pattern.

Second magnification Third magnification
2500 times larger 35 million times larger
than when viewed by than when viewed by
naked eye noked eye

Fig. 7-5. Schematic magnification of a steel containing about 0.83% carbon to give
on idea of manner in which the constituents arrange themselves. The third magnifica-
fion is incomplete but shows how iron atoms are arranged as a crystal forms. The lines
joining atoms are merely to help in visualizing the arrangement.

What Are Grains?

What are grains, and why do they grow? Grains, or the crystals
of a metal, have-almost any external shape. Like salt or snow, a metal
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is a crystalline substance, but the erystals of commercial metals and
alloys are commonly referred to as grains. Grains are in general
regular in shape and, though they may vary in size, the grains of a
particular metal are always similar in angular pattern to each other.

A grain'’s internal atomic structure, however, is based upon the
space-lattice of the particular metal.

All grains or crystals are composed of atoms bound together in a
definite pattern or structure. This atomic structure is called the
space-lattice. The space-lattice arrangement of atoms determines the
shape of the crystalline structure, just as the arrangement of bricks
determines the shape of a building. The atoms in a grain are spaced a
definite distance from one another, and this spacing cannot be changed.
Hence, metallurgists often think of these atoms as being held together
by imaginary lines. These lines do not actually exist, but they help us
to more easily visualize the arrangement of atoms,

Space-Lattice Types

It has been found that there are 14 possible space-lattice types.
However, we need know only three: (1) body-centered cubic, Fig.
7-6; (2) face-centered cubic, Fig. 7-T; and (3) hexagonal close-
packed, diagrammed in Fig. 7.-8. Most metals crystallize into one of
these three types. Some metals (iron is one) have two space-lattice
structures.

Fig. 7-7. Face-centered cubic atom arrangement.
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Fig. 7-8. Hexagonal close packed atom arrangement.

The body-centered cubic lattice takes 9 atoms—one at each corner
of the cube and one in the center of the cube. The face-centered cubic
lattice requires 14 atoms—one at each corner of the cube and one in
the center of each of the six square faces. The hexagonal close-packed
lattice takes 17 atoms—one at each of six corners on each of the two
end faces, one in the center of each of the two end faces, and three
equally spaced between the two end faces.

The body-centered cubic form is generally assumed by iron, chro-
mium, columbium, molybdenum, tungsten and vanadium. The face-
centered cubic form is assembled by aluminum, copper, gold, lead,
nickel, platinum and silver. Among the metals having a close-packed
hexagonal form are cadmium, cobalt, magnesium, titanium and zine.

The atoms in an 0.837 C steel are in a body-centered cubic form at
temperatures below 1333 F, Fig. 7-5. Above that temperature, the
critical temperature, the grains assume a face-centered cubic form,
Fig. 7-9. In pure iron, the atoms are arranged in body-centered cubic
form at room temperature. Above about 1670 F, iron has a face-
centered cubic structure. Some high-alloy steels have a face-centered
cubic form at all temperatures. This change from one type of space-
lattice to another takes place while the metal is in a solid state and
does not change density or volume. Since there are nine atoms in
the body-centered cubic unit and 14 in the face-centered cubic unit,
there is rearrangement of atoms within the grain. This shifting of
atoms is referred to as an allotropic change.

Metals with body-centered cubic grains are higher in yield
strength and lower in cold working properties than metals with the
face-centered cubic pattern.

By comparing the grain structures of the two schematic sketches,
Fig. 7-5 and Fig. 7-9, it will be seen that they are different. The bar of
Fig. 7-5 is at a temperature below 1333 F and as a consequence is
composed of ferrite (pure iron) and cementite (iron carbide). This
grain structure is called pearlite and is best shown in the 2500x mag-
nification. In Fig. 7-9 the structure is austenite, a condition existing
in an 0.83% C steel above 1333 F.
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Pearlitic Structure
Pearlite grains are composed of alternate plates of soft, duectile,
pure iron and hard, brittle iron carbide. In steel, all the carbon is in
the form of iron carbide, unless other elements are present. If there
are other elements, there may be carbides of these elements as well.
When a steel has about 0.83% carbon, all the grains are pearlite
(body-centered cubic) and it is known as a eutectoid mixture. If
less than 0.83% carbon, the structure will be composed of ferrite (pure

First magnification
1000 times larger
than when viewed by
naked eye

Polished surface
of specimen

'g;‘t'w}:z'm:fybﬁ.'-.'m A

] = "'1' .‘-

LA OO/
efiel)

Single face
centered

and more
atoms arran-

Third magnification

Second magnification

2500 times larger 35 million times larger
than when viewed by than when viewed by
noked eye noked eye

Fig. 7-9. Steels heated above the critical temperature are, of course, too hot to be
polished, efched or viewed through a microscope. Some alloys, however, retain their
austenitic (face-centered cubic) arrangement after cooling to room temperature. Any
work, such as forging, on austenitic steel would change the shope of the grain.
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iron) and pearlite grains, Fig. 7-10. If above 0.83% carbon, there
would be a structure of pearlite grains surrounded by iron carbide,
Fig. 7-11.

Fig. 7-10. Steel having less than 0.83% Fig. 7-11. Steel having more than 0.83%
carbon has o structure composed of fer- carbon has o structure of peorlite sur-
rite and pearlite. rounded by iron carbide.

Austenitic Structure

As this eutectoidal mixture (0.83% C) steel is heated above 1333 F,
the grains of pearlite change from a body-centered cubic (9 atoms)
arrangement to a face-centered (14 atoms) cubic structure to form
grains of austenite. As the steel passes through the critical temper-
ature (1333 F), and the above mentioned rearrangement takes place,
the iron carbide separates into iron and carbon. The carbon then goes
into solution in the iron to become evenly distributed throughout the
alloy. This action takes place while the metal is in the solid state and
is referred to as a solid solution.

How Do Grains Grow?

A few paragraphs back, we discussed seed crystals—each of which
is a single or unit cell. As molten metal cools in a mold, a large
number of these seed crystals will first form at scattered locations in
those areas of the mass where the temperature is falling most quickly.
Almost immediately, additional cells of the crystal will begin to form
on the seed. If the crystal structure is body-centered cubic, the seed
cell will share four atoms on one face with the second cell. See Figs.
7-5 and 7-9. Simultaneously, molten metal closer to the center of the
mass is cooling sufficiently for new seed crystals to form.

This growth of the crystal continues along three-dimensional lines
from the original seed, thereby forming the space-lattice. In the case
of a metal, the crystals are often called grains. Their growth tends to
extend principally in a direction perpendicular to a chilled surface;
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however, there are other forces that prevent all of the grains from
being so oriented.

Each grain grows until it meets another growing grain. If the
two are oriented along parallel lines, they usually join together as
one larger grain. If the grains are not oriented similarly, there can
be no perfect wedding of the two. The intersection of two such
grains is therefore irregular in outline and is called the grain boundary.

When austenite is first formed, the grains are small. If the steel is
held at a high temperature, however, these grains will become larger.
The higher the temperature (below the melting point), the faster
the grains will grow.

The rate at which the austenite grains become larger at a given
temperature depends on the chemical content of the steel, and on the
melting, casting and rolling practice used in its manufacture. Steels
may be ordered to grain-size specifications, according to the numbers:
-3, -2, -1, 0, 1 and on up to 12. The grain-size number tells us the
number of grains per sq in. the steel will have after it has been given
a specified heat treatment to cause grain growth, Fig. 7-12. A steel of
No. 1 grain size, for example, will have only about one grain per sq
in. at a magnification of 100 diameters, while a steel of No. 8 grain
size will have about 100 grains per sq in. at the same magnification.

Coarse-grained steels are desired for some uses, and fine-grained
steels for others. However, a coarse-grained steel can be heat treated
to secure a fine-grained product, and a fine-grained steel can be heat
treated to produce coarse grains.

Why Metals Stretch

The surface of a metal can be observed while the metal is
stretched. Looking through a microscope at a polished and etched
sample, we see that as the metal is stretched a slipping or shearing
takes place between the grains. The grains elongate parallel to each
grain, but the lines in different grains are at various angles to each
other. These lines are called slip lines. When two or more parallel
lines are near together in the same grain, they are called slip bands.
They appear because, during the stressing, a part of a grain slid upon
another part. This forms a step, which appears in the microscope as a
line across the grain. The surfaces that slid or slipped are called slip
planes.

The angle of the slip planes depends upon the way the grain is
turned. The grains do not seem to be weakened by the slipping. As
the stressing is continued, additional slip lines form instead of more
slip taking place where the slip or sliding first started, as you might
expect. Failure finally occurs by the slip continuing until some of the
grains slide off of each other and by actual fracture through the other
grains. Failure in pure metals is not likely to occur at the grain
boundaries.
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Fig. 7-12. Grain size is determined by the number of grains per sq in. after steel has
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3838 S5 SBRES

No load Small load Higher load

Fig. 7-13. Metal aotoms in a grain. When stressed, a small amount of the atoms move
out of position but will return when the stress is removed. Higher stress will cause the
atoms to slide over and ossume a new position with new partners.

In Chapter 2 on mechanical properties, it is stated that all metals
have elastic properties; that is, they will return to their original di-
mensions after a small load is removed. The small load causes the
atoms to move a little from their perfect cubic arrangement, but
they will drop back to their original positions when the load is re-
moved. When the load is high enough to cause permanent deforma-
tion, a layer of atoms will move past their partners and then drop into
new positions with new partners, Fig. 7-13.

Making Metals Strong

Physicists, who have calculated the forces that hold atoms together,
tell us that metals should be many times as strong as we find them to
be by tensile testing. We know that small wires have a higher
strength than larger test pieces because they are more uniformly
loaded, and we also know that the strength of a metal increases as
the grains are made smaller. If all the grains of a metal could be made
to line up in the ideal direction, and if we could load them all uni-
formly, then indeed we might have metals of super strength.

This is not possible—as yet. We can, however, greatly increase
the strength of a metal or alloy by cold working. As an example, cold-
worked pure copper has a tensile strength of over 50,000 psi; before
cold working the tensile strength is only 30,000 psi. Since the metal’s
hardness also is increased by cold working, the material is often said
to be work-hardened.

Cold stressing of a metal causes the grains to yield by internal
slippage. Once slippage has taken place, the atoms seem to adhere
more strongly at the new plane than ever. We know this is so because
a greater force is required to cause more slippage at the new plane.
In some manner, the grains have been strengthened by the stressing.
One way of accounting for it is to assume that each grain has some
planes that will slide easily, making the metal soft and easily stretched.
Stretching the metal “takes up the slack,” and the grains become more
resistant to deformation.

On the practical side, metals may be made both stronger and
harder by stretching, pounding or otherwise subjecting them to a
form of cold working. Sometimes the cold working is done deliber-
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ately, as when wire is cold drawn to make it stronger. Sometimes it
is accidental and its effects are unwanted. A part being formed into
shape, for example, may be so hardened by cold working that it must
be softened by annealing in order to complete the processing.

The effects of cold working can always be completely removed by
heat. Heating first results in a realignment that relieves the unequal
stresses in the cold-worked metal. Higher heating causes recrystal-
lization: the distorted and elongated crystals disappear and are re-
placed by small and uniform but irregularly shaped crystals. Heating
at a higher temperature or heating for a longer time allows these
small erystals to combine and become larger.

When cold-worked pure copper is heated to 300 F, it recrystallizes
and is softened; whereupon the tensile strength drops from 50,000 to
30,000 psi. Iron that has been cold worked will recrystallize at tem-
peratures above 1000 F.

The recrystallization of metals that have been cold worked is not to
be confused with the transformation of iron when it is heated above
1670 F. When iron recrystallizes below the transformation tempera-
ture, there is only a gradual growth of new crystals. At the trans-
formation temperature a total rearrangement of the atoms takes
place quickly, resulting in an absorption of heat, change in volume and
an entirely new (austenitic) grain structure.

Iron is the only common metal that transforms in this manner.

Effect of Hot Working on Grain Size

Rolling, forging or any kind of hot working breaks up the austenite
grains and makes them smaller. Cold working such as drawing,
forming or peening will make the ferrite and pearlite grains smaller
by elongating or distorting them; however, the steels tend to become
hardened and embrittled by the cold working before there has been
much grain refinement.

A steel forging will have a fine grain as the result of being heated
to forging temperature (2000 to 2200 F) and then forged while the
steel cools until the austenite starts to transform. If the hot working
is stopped appreciably above the transformation temperature, the
grains of austenite will grow while the steel cools to the critical
range; then, when the steel has returned to room temperature, the
grains will still be large.

A fine-grained steel has a much higher impact strength than a
coarse-grained steel. Quenching of austenite shortly after it has
formed on heating gives a fine-grained product. Heating steel for a
long time in the austenite range or overheating steel allows the aus-
tenite grains to grow. Then both the quenched product and the slowly
cooled steel will be coarse-grained. However, coarse-grained struc-
tures are desired for some uses because they will harden to a greater
depth than fine-grain steels.
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Definitions of New Words

Allotropie change. The shifting of atoms relative to one another,
resulting in a change in the state or structure of a material. Certain
metals are allotropic in that their atoms can rearrange from one crystal
structure to another at certain critical temperatures, each structure
having distinct properties and stable within definite limits of temper-
ature and pressure.

Austenite. A solid solution of carbon or iron-carbide in face-
centered cubic iron.

Cementite. Iron-carbide (FeyC) conmstituent of steel and cast iron.
It is hard and brittle.

Creep. The slow deformation (for example, elongation) of a metal
under prolonged stress. Not to be confused with that deformation
which results immediately upon application of a stress.

Critical temperature. See “transformation temperature.”

Eutectoid mixture. A mixture of two or more constituents, formed
on cooling from a solid solution, to which state it can return again
when heated.

Ferrite. Body-centered cubic iron, which is soft and ductile.

Grain boundaries. The irregular separations of adjacent crystals
that are oriented in different directions and therefore cannot join in
a continuation of the basic lattice pattern.

Matrixz. The principal, physically continuous metallic constituent
in which crystals or free atoms of other constituents are embedded.
It serves as a binder, holding the entire mass together.

Orientation. The principal direction in which a crystal has de-
veloped, relative to a polished surface or some other reference
plane.

Pearlite. A continuous granular mixture composed of alternate
plates or layers of (pure iron) ferrite and (iron-carbide) cementite.

Photomicrograph. A photograph taken through a microscope,
showing a greatly enlarged area and revealing structural details not
visible to the naked eye.

Seed crystals. Solitary crystal units, or unit cells (often a single
cube), which are formed first as metals cool and which are repetitive
in three dimensions. The growth of the crystal extends outward from
this original seed crystal.

Slip bands. Bands, visible under a microscope, stretching across a
deformed polished surface and caused by numerous closely spaced
parallel slip lines.

Slip lines. The parallel lines, visible under a microscope, on a
specimen that has been polished and then deformed. Lines show the
strain along slip planes which permitted the deformation to take place.

Slip plane. The plane within a crystal along which one layer of
atoms slip, under stress, relative to another layer of atoms.
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Solid solution. A continuous crystal in which one metal remains
dissolved within another, without interruption of the atomic structure
of that metal.

Space lattice. The definite geometric pattern or structure in which
atoms arrange themselves, and in which a basic cell is repeated along
three-dimensional lines. Each solid erystal (or “grain,” if atoms are of
a metal element) develops around such a space lattice,

Transformation temperature. The temperature at which a metal
changes from one type of structure to another. This is usually differ-
ent when heat is being added than when heat is being taken away.
And usually, the transformation starts at one temperature and is com-
pleted at a slightly higher or lower point.

Review Questions

1. Why does a highly polished sample of iron fail to show the
grain structure when examined microscopically?

2. How many iron atoms are there per unit cube in the body-
centered crystals? Face-centered crystals? Hint—Note the
number of unit cubes shared by each iron atom.

3. Why are the grains (crystals) in iron irregular in shape instead
of being cubic?

4. Metals are made stronger by cold working. Can metals be
made weaker by cold working?

9. Explain by sketches how a grain of metal can:

a. Stretch elastically by slipping through the grains.
b. Yield elastically by slipping through the grains.
c. Fail elastically by slipping through the grains.

6. Define or describe: (a) Austenite (b) Pearlite (¢) Ferrite
(d) Cementite

7. Which of the above will be found in a slowly cooled sample of
low carbon steel? 0.83% carbon steel? 1.09 carbon steel?

8. How does carbon in steel affect the tensile strength? Yield
strength? Ductility?

9. At what temperature does iron transform from one erystal
structure to another? How about 0.83%¢ carbon steel?

10. Name an alloying element that is often used in steels to restrict
grain growth. Name another one used to provide high strength
at high temperatures.
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CHAPTER 8

METALLURGY AND HEAT TREATING

Heat is conducted through metals much more rapidly than it is
through air or water. Even so it has been found that steel does not
change its temperature uniformly when heated or cooled. Because
certain changes take place in steel at various temperatures, there are
times when its temperature will remain constant, even though heat is
added or taken away at a uniform rate.

When a pan of cold water is placed over a gas flame, the tempera-
ture increases uniformly. If temperature readings of the water are
taken every minute and the values of both temperature and time are
plotted on a graph, we get a sloped curve, Fig. 8-1. But when the
water reaches the boiling point, the temperature remains constant as
long as any water remains. This appears in Fig. 8-1 as a flattening out
of the curve.

Figure 8-2 is a graph of the change in temperature of water as it is
cooled slowly. The solid line shows that ice starts to form as soon as
the freezing temperature was reached. Sometimes water can be
cooled below 32 F without freezing; such water is said to be super-
cooled. Stirring supercooled water or adding a grain of sand may start
the crystallization (freezing). The addition of a particle of ice will be
sure to cause the water to begin to freeze. This bit of added ice is
known as a seed crystal.
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Fig. B-1. A time-temperature curve of water heating.
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The temperature of the supercooled water (broken line in Fig.
8-2) actually increases from a few degrees below freezing to 32 F
when the ice crystals begin to form. This is because heat is given off
when water changes from the liquid to the solid state. When super-
cooled water starts to freeze, the ice crystals that form give off enough
heat to warm the remaining water to 32 F'; freezing then proceeds as
it did with the water that started to freeze at 32 F.
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Fig. 8-2. A time-temperature curve of water cooling.

Having observed the cooling of water, let us now see how iron
cools. Molten pure iron is cooled slowly in a well-insulated crucible.
During this process, temperature readings are taken at closely-spaced
time intervals. At the same time, the condition of the iron is noted.
The first unusual condition is noted at 2780 F, Fig. 8-3. At this point,
the molten iron has cooled enough for crystals to begin to form. The
freezing action proceeds rapidly; and, as soon as the iron has become
completely solid, the temperature again falls.

At 2550 F, a slight lag in the falling temperature indicates another
change is taking place in the solid iron—a change from delta iron to
gamma iron. In delta iron the atoms are arranged in a body-centered
cubic structure (Fig. 7-6), and in gamma iron the same atoms have
rearranged themselves into face-centered cubic erystals (Fig. 7-7).

The temperature again falls and as it reaches 1670 F, it once more
remains constant for a short time. At this point, atoms of the gamma
iron shift back into the form of body-centered cubic erystals, which
are characteristic of alpha iron.

The temperature at which a change in the erystalline structure
takes place is called the critical or transformation temperature. While
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Time
Fig. 8-3. What happens to the temperature of molten iron as it is uniformly cooled.

this change takes place, the movement of atoms gives off energy in the
form of heat which tends to offset the normal fall in temperature and
keep it constant until the transformation is about completed.

In heating iron the transformation takes place in a reverse manner.
As the crystalline structure is rearranged, however, heat is absorbed
instead of given off. Hence the transformation point on heating iron
is higher than the transformation point when iron is cooled.
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At 1415 F there is another change in the cooling iron. It is at this
point that the magnetic properties return. Above 1415 F, iron is not
attracted by a magnet; below this temperature it is attracted. The
Curie point is the temperature at which the change occurs in iron,
cobalt and nickel, the only magnetic metals.

How Steels Solidify

We have now learned that pure molten iron solidifies or freezes at
2780 F to form a solid mass of grains (erystals) and that additional
changes take place in the atomic arrangement and in the shape and
size of the grains as the iron continues to cool. Do the same changes
take place when the iron is alloyed with carbon to form a plain-carbon
steel?

Similar changes do take place when carbon is alloyed with the iron.
The changes on cooling or heating, however, are more complicated.
Following the cooling process of steel, step by step, will make these
changes easier to understand.

Step No. 1—Freezing Point. As previously explained, the main
constituents of a carbon steel are carbon and iron. The carbon is uni-
formly dissolved in the molten steel in the same manner that salt is
dissolved in a salt solution. When salt is put into solution in water, the
temperature at which the water freezes is lowered. Salt water does
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Fig. 8-4. The freezing temperature of iren-carbon combinations lowers as the carbon
content increases up to 4.3% carbon.
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Fig. 8-5. Iron-carbon alloys and their solidification temperatures.

not freeze at 32 F, the freezing point of pure water. Similarly, when
carbon is in solution in molten iron, the effect is to lower the temper-
ature at which the solution freezes. For this reason, carbon steel
solidifies at a lower temperature than pure iron. The more carbon
there is in solution, the lower will be the temperature at which freez-
ing starts (except for alloys with more than 4.39 carbon). Figure 8-4
shows the temperatures at which various alloys of carbon and iron
start to freeze.

Step No. 2—Mushy Stage. Pure iron freezes at 2780 F, and the
temperature of the freezing iron remains constant until all of the iron
is solidified. When carbon is present, however, the alloy continues to
get colder as the freezing or solidification process continues.

Figure 8-5 repeats the Fig. 8-4 curve representing the temperatures
at which the steel begins to freeze. In addition, it shows a curve rep-
resenting the temperatures at which freezing is completed. This also
is in relation to the percentage of carbon content.

From the curves, we see that steel with a carbon content of 1.0%
starts to freeze at 2640 F. A few crystals form and, as the temperature
is lowered, these grow and others form. Then, at 2450 F the last of the
molten steel becomes solid.

Between temperatures of 2640 and 2450 F, the steel is in a condi-
tion that is part solid and part liquid; that is, tiny grains or erystals of
steel are floating in the molten steel. This condition is called the
mushy stage.
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As an example: Plumber’s wiping solder (a combination of 4077 tin
and 60°¢ lead) starts to form solid crystals in the liquid at about 460 F
and is wholly solid at about 360 F. While in this 100-degree range of
the mushy stage, the plastic mixture of solder can be formed and
wiped around a lead pipe or lead cable to produce a leakproof joint.
Steel is in a similar condition in the mushy stage and can be fused in
this temperature range.

Step No. 3—White-Hot Stage. When in the white-hot and light
yellow range of temperature (from solidification down to about 2000
F), iron will dissolve an appreciable amount of carbon. It is easy to
picture carbon dissolved in liquid iron because we are all familiar with
such liquid solutions as brine or salt dissolved in water. However, we
have no everyday example of a solid dissolved in another solid. You
do not get such a solid solution when brine freezes; when freezing of
brine occurs, the water separates out of the solution to freeze in the
form of salt-free ice. However, there is such a thing as a solid solu
tion, and it is extremely important to ferrous metallurgy. Because
iron is able to hold dissolved carbon when in the solid stage, iron-
carbon alloys can be heat treated to give a wide variety of properties.

The solid solution of carbon in iron is known as austenite, named
after the English metallurgist Sir W. Austen. Under the microscope,
austenite looks like a pure metal rather than an alloy.

A strip of white-hot carbon steel when examined at high magnifi-
cation* reveals only one constituent—the grains of austenite (remem-
ber Fig. 7-9). If the carbon were not in solution, the steel would be a
mixture and we could distinguish the grains of iron from the grains of
carbon and from grains of an iron-carbon compound.

A clear understanding of the metallurgy of welding steel depends
upon a clear understanding of the solid solution, austenite.

We have seen that at a temperature above 1670 F, iron atoms are
arranged in a face-centered (14 atoms) cubic structure. When the
atoms are arranged in this form, there is space between them for some
carbon atoms. This is not true, however, with the body-centered (9
atoms) cubic structure, the usual iron arrangement at room tempera-
ture. Then there is not enough space between the iron atoms for the
carbon atoms. Now we can see why carbon is soluble in hot iron but
is not soluble in cold iron. The carbon atoms can readily move about
in the austenite; the higher the temperature the more readily the
carbon can move.

If a low-carbon steel bar is packed in charcoal or other material
containing carbon, and heated to about 2000 F, the surface of the bar
will absorb carbon which will migrate toward the center of the bar.
After 24 hours of heating, an appreciable amount of earbon will have
penetrated to a depth of 2 in. into the bar. Refer to Fig. 8-6.

*Special equipment and technique are required to examine a metal at a high temperature.
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Step No. 4—White-Hot to Room Temperature. The changes
that take place as carbon steel cools from white-hot to room tempera-
ture will depend upon the amount of carbon in the steel. The cooling
of a steel with 0.83%¢ carbon, one with less than 0.83%¢ carbon and one
with more than 0.83¢ carbon will be discussed in detail. There is a
significant reason for the figure of 0.8396 carbon as was shown in
Chapter 7.

1.0
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When Steel Is Cooled Slowly

0.839¢ Carbon content results in a steel's existing in the liquid
state above 2670 F. As the molten steel cools, solidification starts at
2670 F. At 2500 F, solidification is complete, with all of the carbon
dissolved in the iron. (If the cooling is excessively slow, carbon-rich
areas develop at the grain boundaries where the final freezing occurs.)
Between 2500 and 1333 F, the face-centered cubic arrangement allows
the carbon atoms to remain tucked away between the iron atoms.

When this solid solution (austenite) has cooled to 1333 F, the iron
atoms begin to shift to form a new arrangement (body-centered
cubic) that has no room for carbon atoms. The growing crystals of
ferrite (pure iron) squeeze the carbon out of solution to the grain
boundaries. Each of these freed carbon atoms then unites with three
iron atoms to produce the chemical compound: iron carbide, FeC.
This compound is called cementite.

The cementite crystals arrange themselves in thin parallel plates
sandwiched between layers of ferrite erystals. The resulting structure
of cementite and ferrite is called pearlite. The name pearlite was
chosen because the structure when magnified resembles the mother-
of-pearl found in a shell, which also has a multiple-layer structure.

This entire transformation from austenite to pearlite occurs during
a very narrow temperature range at about 1333 F. The levelling of
temperature at this point until transformation is complete is due to
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the release of heat by the shifting of the atoms. Another change oc-
curring at 1333 F is that of the metal becoming magnetic.

Less than 0.839 Carbon. A steel containing 0.30% carbon will be
taken as an example for the cooling of steel with less than 0.83%
carbon.

The 0.307- carbon steel starts to freeze at a higher temperature
than does 0.837 carbon steel, and solidification is complete at a higher
temperature. The austenite starts to transform at 1500 F, changing
into body-centered cubic erystals of ferrite. As carbon is squeezed out
of solution, it is redissolved by the austenite that has not yet trans-
formed, for this austenite is not saturated with carbon and can readily
take more carbon into solution. As the temperature falls lower, and
more austenite transforms, the ferrite crystals become larger and
more numerous. The rejected carbon continues to enrich the untrans-
formed austenite. Finally, the remaining austenite has its carbon con-
tent increased to 0.83%. At about 1333 F, this last austenite changes
to pearlite, just like the 0.83°% carbon steel already discussed.

The microstructure of slowly cooled low-carbon steel (Fig. 8-T)
shows the ferrite appearing white, and the pearlite dark or black.
Since the 0.839¢ carbon steel has a microstructure made up of 1009
pearlite, you no doubt have realized that pearlite always contains
0.837¢ carbon. Even the small amount of pearlite found in 0.10%%
carbon steel thus has 0.839% carbon.

More than 0.83% Carbon. As an example, we will take a steel with
1.2% carbon. By following down the 1.2% carbon line on Fig. 8-5, we
find that this steel starts freezing at 2600 F' and that the freezing is
complete at 2400 F. The austenite grains in steel are very small at
first, but they combine with each other to become larger as the tem-
perature drops. When the temperature has fallen to 1550 F, the solu-

Fig. 8-7. Slowly-cocled steel has ferrite (white) and peorlite (black), as shown in the
photomicrograph at left. A close-up of the pearlite, at right, reveals its “laminated”
structure: alternating plates of ferrite and cementite,
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bility of carbon in austenite has been lowered to where the austenite
cannot hold al the carbon in solution. Some of the carbon is rejected,
and it combines with iron to form cementite (iron carbide). With
continued lowering of the temperature, more cementite is formed.
At about 1333 F, the remaining austenite has a carbon content of
0.83% and transforms to pearlite, Fig. 8-8.

Fig. 8-8. Pearlite formed from ous-
tenite at about 1333 F.

To summarize (Fig. 8-9):

In cooling, steel of exactly. 0.837% carbon transforms entirely to
pearlite.

In cooling, steel of less than 0.83% carbon transforms to ferrite and
pearlite. The pearlite has exactly 0.83% carbon; the ferrite is pure iron.

In cooling, steel of more than 0.83% carbon transforms to cementite
and pearlite. As before, the pearlite has exactly 0.83% carbon; the
cementite is an iron-carbide compound.

The more detailed iron-carbon diagram (Fig. 8-10) shows the
temperatures at which austenite starts to decompose, forming ferrite
or cementite, plotted against the carbon content of the steel. The
temperature at which this transformation begins is called the upper
critical temperature.

The diagram also shows the temperature at which all of the aus-
tenite is transformed. The last austenite, in both low-carbon and
high-carbon steel, transforms into pearlite at about 1333 F. This last
austenite contains exactly 0.83% carbon. The temperature at which
transformation ends is called the lower critical temperature. Tem-
peratures between the upper and lower limits cover the transforma-
tion range.

Within the transformation range, the low-carbon steel has been
forming ferrite, using up iron and thereby increasing the carbon con-
tent of the untransformed austenite. The high-carbon steel has been
forming cementite, using up carbon and thus lowering the carbon
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Fig. 8-9. Steel of 0.83% carbon transforms to pearlite at about 1333 F. The lower
the carbon content below 0.83%, the greater the amount of ferrite will be. The high-
er the carbon content cbove 0.83%, the greater the amount of cementite will be.

content of the remaining austenite. The result of both types of change
is that the austenite finally reaches a carbon content of 0.83% carbon
and transforms into pearlite at 1333 F.

These curves and transformation temperatures apply to carbon
steel that is being slowly cooled. When the steel is heated slowly, the
changes take place in the reverse order, as you would expect, but not
at the same points. The transformation or critical temperatures are
somewhat higher upon heating than the temperatures when the steel
is cooling.

When the rate of cooling is increased, the transformation tempera-
tures are lowered. These temperatures are also lowered by some of
the alloying elements used in steel.

What Happens When Steel Is Quenched

The opposite of slow cooling is quenching—rapid cooling from a
high temperature. We have just discussed the structures of carbon
steels as they are cooled at slow rates from the molten condition.
These are equilibrium conditions, for enough time is allowed for the
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changes that take place to proceed uniformly and without interference.

If a hot, concentrated sugar solution is cooled slowly, large sugar
crystals (rock candy) result. What happens if the solution is cooled
quickly? The ecrystals will be much smaller, and they will start
forming at a lower temperature than when the solution is cooled
slowly.

Now let a piece of carbon steel be cooled at a fast rate. The usual
changes are delayed, and the resulting structures and properties of
these structures are entirely different than when the metal is slowly
cooled.

When freezing slowly, steel produces large crystals of austenite.
After solidification, the erystals become still larger, and the carbon
shifts from the higher carbon areas to those of lower carbon content.
Rapidly cooled steel does not have time to form large austenite crys-
tals or time for the carbon and other elements to segregate. As a re-
sult, the metal at a temperature above 2000 F is a mass of very small
austenite grains with carbon uniformly distributed.

In order to produce ferrite, pearlite and cementite, when austenite
is cooled, the carbon must physically move through the austenite. To
make pearlite with fine laminations, the carbon has to migrate only a
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Fig. 8-10. By combining dota on solidification temperaotures and critical ranges (Fig.
8-5) and phase changes (Fig. B-9), the iron-carbon diagrom is ebtoined.
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Fig. B-11. Examples of transformation in eutectoid steel (0.83% carbon) ot 500 F,
1500x. (A) 400 seconds, transformation begins. (B) 500 seconds, 25% tronsformed.
{C) B850 seconds, 50% transformed. (D) 900 seconds, 75% ftransformed. (E) 2500 sec-
onds, 100% transformed to martensite.
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few millionths of an inch, but when coarse-grained ferrite is formed,
the carbon really has to move.

When carbon steel is quickly cooled from the 10077 austenitic state,
the carbon simply does not have time to go where it ought to go. It is,
literally, “frozen” in or near its original position in the austenite, pre-
venting the segregation that is required to make ferrite, cementite
and pearlite.

The structure that is formed when carbon steel is rapidly cooled is
named martensite. (Fig. 8-11). Under the microscope, martensite
shows needlelike crystals in a darker and not well defined matrix.
Martensite is the constituent that gives quenched steel its high
strength and high hardness.

Martensite is usually produced by quenching high-carbon steel in
water. It may, however, be produced from 0.20°/ carbon steel (a low-
carbon steel) by very rapid cooling, such as by quenching in iced
brine.

Quick cooling of a carbon steel results in no changes in the aus-
tenite until at about 300 F, when the iron changes from the face-
centered atomic structure to the body-centered structure. The iron
(ferrite) does not have room now for the carbon. When steel is slowly
cooled, the ferrite gradually pushes out the carbon and it accumulates
to form pearlite or cementite. When the transformation takes place at
300 F, however, the carbon cannot move between the iron atoms. The
expelled carbon atoms stay where they were pushed out. Such action
must result in a distortion or bulging of the normal crystalline struc-
ture of the iron. The distorted or strained condition is thought to
produce the higher strength and hardness of the martensite.

How is this possible? Without going into technical details, let us
think of a deck of cards being shuffled. Clean cards slide over each
other easily. If, however, there is a grain of sharp sand on each one of
the cards, the deck has a high resistance to slipping. Like the grains
of sand, the carbon atoms (pushed out between the iron atoms) act
as keys to prevent one plane of iron atoms from slipping over the ad-
jacent plane.

The curve in Fig. 8-12 gives the maximum hardness obtained by
cooling steels of various carbon contents very fast. Tests with alloy
steels give much the same hardness as the carbon steels. This shows
it is the carbon content that determines maximum hardness to be
obtained by quenching steel. The high-carbon steels and the alloy
steels did not require the extreme cooling rates that were needed to
secure maximum hardness with the low-carbon steels.

Carbon steels are softest when they are cooled very slowly. As the
cooling rate is increased, the steel becomes harder due to the finer
grain structure. The ferrite and the pearlite grains are smaller, and
the laminations in the pearlite are closer together. At a rate of cooling
that is almost fast enough to form martensite, the pearlite laminations
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Fig. 8-12. Effect of the carbon content on the maximum hardness obtained by water
quenching.

may be so fine that they cannot be seen with an ordinary microscope.
This structure, however, has been identified as pearlite by the use of
the electron microscope, Fig. 8-13.

With further increase in the rate of cooling, martensite is produced
in increasing percentages. When the cooling is fast enough to give
100%% martensite (this is called the critical cooling rate), we obtain
the steel’s maximum hardness.

We have now discussed the formation of ferrite, cementite, pearlite
and martensite. It may be interesting to see how these compare in
mechanical properties, Table 8-1.

Heat-Treating Processes

We have talked a great deal about heat treatment without explain-
ing just what we mean by the term. The truth is that heat treatment
is not a simple process but a whole group of procedures, some more or
less complicated.

Table 8-1. Properties of Ferrous Crystal Structures

TENSILE
HARDNESS | BRINELL STRENGTH REMARKS
HARDNESS PSI
Ferrite Soft 90 40,000 Slowly cooled steel of
less than 0.83% C
Cementite Very hard 600-700 Too brittle | Slowly cooled steel of
to determine over 0.83% C
Pearlite Medium 250-300 125,000 to Slowly cooled steel
150,000 of 0.83% C
Martensite Hard 400-700 200,000 Quickly cooled steels
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Stress relieving—is a form of heat treatment well known to every
weldor who has to work with high-carbon, medium-carbon or alloy
steels. It consists of the uniform heating of the welded structure to a
temperature sufficient to relieve the major portion of the stresses
created by the welding heat. This treatment is also used to relieve
stresses caused by machining or cold working. The stress-relieving
temperature is always below the critical range, and stress relieving is
followed by a uniform cooling. Stress relieving must not be confused
with other forms of heat treatment such as annealing and normalizing.

Annealing—is used to soften steel so that it can be more readily
machined and cold worked, to refine the grain, and to remove stresses.
The steel is heated to about 100 F above the transformation range and
held there long enough for the carbon to distribute itself uniformly
throughout the austenite. This may require a number of hours for
some steels. The steel is cooled in the furnace or buried in ashes,
cinders, lime, or some other insulating material that will insure a

._I‘(:. _.

Fig. 8-13. Pearlite in steel, magnification 10,000 diameters, photogrophed by an elec-
tron microscope.
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sufficiently slow rate of cooling. The structure of annealed steel is

made up of grains of pearlite with grains of ferrite if the carbon is less
than 0.837%.

Normalizing—is faster than annealing. In this process, the steel is
heated to about 100 F above the transformation range, held there only
briefly, and then cooled in air. This process also refines the grain and
is frequently used before quench hardening. Many steels are used
in the normalized condition. Annealing may make low-carbon steels
too soft and gummy for fast machining, while normalizing makes the
steel just hard enough to machine freely, leaving a surface free from
tears.

Spheroidizing—renders high-carbon steels even softer and more
readily machinable than annealing. The steel is heated to just below
the transformation range for a number of hours and slow cooled
throughout the upper part of the cooling range. The cementite collects
into tiny globular or spherical-shaped particles, leaving a matrix of
ferrite. There are other methods of producing spherical cementite,
but they all involve heating of the steel just below or just in the trans-
formation range. After the part is machined, the steel is reheated to
put the carbides into solution in the austenite. It may then be hard-
ened by quenching.

Quenching—is the rapid cooling of a metallic object from an ele-
vated temperature by immersion in or blanketing with a liquid, gas
or solid medium that absorbs the heat or conducts it away. The speed
with which the object is transferred from its heat source to the
quenching medium and the efficiency of the quenching medium in
removing heat, both affect the cooling rate. The cooling rate and the

length of time the object is in the quenching medium control the
depth of hardness.

Quench hardening—is a process in which the steel is first heated at
about 100 F above the transformation range and held there long
enough for the center to be fully transformed to austenite. Overheat-
ing and prolonged heating should be avoided because they cause
grain growth. Quench hardening is then accomplished by quickly
cooling the steel by immersing it in water, oil or some other medium.
Other cooling methods may be used; for example, a liquid jet or
spray; or thin steel can be quickly cooled by pressing it between two
copper plates. In full hardening, the rate of cooling and duration of
time in the quenching medium converts the austenite to martensite
all the way through to the center.

It is customary to follow the quenching with a tempering treat-
ment to reduce the possibility of stress cracks. For this, the work is
taken from the quench and put immediately into the tempering
furnace.
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Tempering—is a process in which a hardened steel is reheated to
some point below the transformation range and cooled either in air or
water. This relieves internal stress and toughens the metal, but also
somewhat reduces the hardness. The degree of hardness desired
governs the temperature to which the steel is reheated.

Martempering—is a process for obtaining exceptional mechanical
properties in small high-carbon steel parts. The steel is heated as for
quench hardening to produce a uniform austenite structure, and is
then immersed in a liquid bath of salt or metal held at a constant tem-
perature at the upper limit of the martensitic transformation range.
The part is kept in the bath long enough for the temperature to be-
come uniform throughout the workpiece. It is then removed from the
bath and air-cooled. The product is a form of martensite with a hard-
ness of about 50 Rockwell C but very much more ductile than the
martensite formed by ordinary quenching and tempering to the same
hardness. Warpage and distortion are minimized by this process.

Case hardening—is any process of hardening a metallic object so that
the surface layer or case is made substantially harder than the interior
or core. Typical processes employed for case hardening are carburiz-
ing and quenching, cyaniding, nitriding, induction hardening and
flame hardening.

Carburizing—is a process of adding carbon to a solid ferrous alloy.
This is done by heating the object in contact with a carbon material—
solid, liquid or gas—to a temperature above the transformation range
and holding it at that temperature. Carburizing is generally followed
by quenching to produce a hardened case. Soaking the object in the
carbon material under heat allows the carbon atoms to migrate to-
ward the center of the piece, permitting a more uniform distribution of
properties.

Cyaniding—is a process of case hardening a ferrous alloy object by
heating in molten cyanide, thus causing the alloy to absorb carbon and

nitrogen simultaneously. This is usually followed by quenching to
produce a harder, deeper case.

Nitriding—is a process of case hardening a ferrous alloy of suitable
composition by absorption of nitrogen. This is done by heating in an

atmosphere of ammonia, or in contact with other material containing
nitrogen.

Induction hardening—is a process of hardening (case or full) a
metallic object by heating it within an alternating magnetic field to a

temperature within or above the transformation range, and then
quenching.

Flame hardening—is a process of local hardening or case hardening
by exposure to a continuously moving oxyacetylene or other flame,
followed immediately by a quenching jet of water, air or nitrogen.
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Partially Hardened Steels

Carbon steel is rarely used in the fully hardened condition; that
is, quenched in a manner to make it all martensite. In this state, the
steel is too brittle and may be harder than is required. There are
three ways to treat carbon steel so that it will be partially hardened.

The first method is to heat the steel for an appreciable time just
below the upper critical temperature, where it is a mixture of both
ferrite and austenite. After this heating, the part is quickly cooled.
The ferrite remains as ferrite, and only the austenite transforms to
martensite. Hence, the steel has soft grains of ferrite embedded in a
hard and brittle network of martensite. Hardness tests show medium
hardness values, but the steel has neither high ductility nor high im-
pact strength. If the hard martensitic grains were in a network of
the softer ferrite, the ductility would be greatly increased without
impairing the hardness.

The second method of partially hardening a steel is to heat it
properly above the critical temperature, but to cool it less rapidly than
the critical cooling rate (the rate that is fast enough to give 1007
martensite). This procedure results in a steel with a hardness depend-
ing on the cooling rate. A medium cooling speed gives a fine-grained
structure of pearlite and some martensite. Faster cooling results in
more martensite with a structure that appears as a dark background
when examined through a microscope. The resulting steel has good
mechanical properties, but the properties are not uniform because the
surface of the part will have a higher hardness and lower ductility
than the center of the part. To finish with the desired hardness, the
cooling rate must be accurately controlled. This rate must be adjusted
when there are changes in the carbon content of the metal treated.

The third, and more widely used, technique is to temper the carbon
steel after it has been quenched to yield 1009 martensite. This proce-
dure is less expensive and gives more reliable results. The tempering
is accomplished by reheating to a temperature below the transforma-
tion temperature (usually below 1000 F). This reheating is called
tempering or sometimes drawing (not to be confused with the draw-
ing of steel wire through dies). It results in the best possible com-
promise for tensile strength, elongation, reduction of area, and impact
strength.

Steel that has been quenched to be 100/ martensitic is at its maxi-
mum hardness and tensile strength but is low in ductility and may be
stressed internally. The tempering lowers the hardness and the
strength of the steel but at the same time raises the ductility and
lowers the internal stresses.

Heating in boiling water will appreciably toughen hardened carbon
tool steel, but higher tempering temperatures are commonly em-
ployed. This is commonly 300-400 F. These relatively low tempera-
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tures do not change the martensite structure, but they do reduce the
internal stresses and also may allow a little readjustment of the atomic
structure. Higher temperatures result in the disappearance of the
needlelike martensite structure and the formation of another structure
that, for simplicity, is called tempered martensite.

Carbon steels may be cooled slowly from the tempering tempera-
ture, or they may be quickly cooled by water quenching. Either
method will result in the same final mechanical properties and struc-
ture. However, parts with both thin and heavy sections should be
cooled slowly to eliminate the possibility of new stresses that may
cause distortion or cracking.

Heat Treatment of a Cold Chisel

The common cold chisel can serve as a simple example of an actual
heat-treat problem. A properly heat-treated cold chisel has an edge
that is hard and strong enough to cut and chip mild steel without the
edge bending or upsetting. The edge, however, is also ductile enough
to resist chipping or nicking. The head of the chisel should be soft
enough so that it will not chip when hit with a hammer. It must not
be so soft that it will mushroom when hit.

When a cold chisel is made of high-carbon steel, 0.80 to 0.90%
carbon for example, here is the proper procedure for heat treating it:

1. Heat the tapered portion of the chisel (the cutting end), to
about 1425 F, a cherry red. Check the temperature by a magnet;
an 0.839% high-carbon steel is not attracted by a magnet when it
is heated above 1333 F.

2. Quench the cutting end of the chisel in cold water. Hold the
chisel vertically and about an inch deep in the water. Move it
up and down slightly so that there will be a gradual change from
the quenched end to the non-quenched body.

3. When the color has gone and the violent steaming has ceased,

~ remove the chisel from the water and clean off the oxide from
the cutting end with a file. As the heat retained in the shank of
the chisel transfers to the cutting end, the cleaned bright edge
will show the temper colors that indicate its temperature.

4. When the color tint is purple, put all of the chisel under water
and swish it around until it is cold. The purple color forms at
about 550 F. If a tougher edge is needed (of course at the
sacrifice of some hardness), the final cooling should be delayed
until the edge has reheated past the purple to the bright blue
(about 600 F).

The Effect of Quenching on Hardness

The Rockwell hardness is roughly proportional to the strength of
the steel, but the hardness will not indicate the ductility, brittleness,
impact strength or the resistance to cracking or shattering.
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There is not much change in hardness between a quenched (hard-
ened) steel as tempered at 200 F, and one tempered at 400 F, but the
400 F temper appreciably increases the impact strength.

Steel can be heat treated to a hardness of 40 Rockwell C (380
Brinell) in two ways: (1) by tempering the quenched steel at about
600 F, or (2) by quenching the steel from just the right temperature,
somewhere around 1300 F. In the first case, the structure will be made
up of hard, tough tempered martensite; in the second case, we will
have a mixture of hard and brittle martensite and the softer and
weaker pearlite. All mechanical properties except hardness will be
much lower when the second method is followed.

We can obtain maximum hardness either by quenching from 1450
F or by quenching from 2200 F. As explained before, the steel
quenched from the higher temperature will have a coarser grain and
less resistance to chipping or cracking (even after tempering) than
the steel that was quenched from the lower temperature.

A carbon-steel rod over 1% in. in diameter will not be completely
hardened at the center when it is water quenched. The fact that car-
bon steel does not harden all the way through a thick section makes it
a highly desirable material for tools such as axes and hammers that
must have a hard edge or surface and a softer, more ductile body.

Definitions of New Words

Case. A thin layer of metal below the surface having composition,
structure or properties distinctly different from the main body, or
core, of the part.

Core. The innermost mass of metal having composition, structure
or properties distinctly different from the outer or surface metal,
known as the case.

Critical cooling rate. A rate of cooling that is fast enough to trans-
form austenite into 100°% martensite.

Curie point. The temperature at which a cooling metal (iron,
nickel or cobalt or an alloy of these) becomes magnetic. At temper-
atures above this point, the normally magnetic material is non-
magnetic.

Freezing. The solidification of a hot liquid metal. In the case of
pure iron, this starts and ends at the same temperature. With the
addition of carbon, freezing starts at one temperature and ends at a
lower temperature.

Lower critical temperature. The temperature at which an alloy
completes its transformation from one solid structure to another, as
it cools.

Martensite. A structure resulting from transformation of aus-
tenite at a temperature considerably below the usual range, achieved
by rapid cooling. It is made up of ultra-hard, needle-like crystals that
are a supersaturated solid solution of carbon in iron.
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Mushy stage. The elevated temperature range during which a
metal or alloy is essentially a liquid with a varying content of solid
crystals.

Overheating. Sufficient exposure of a metal to an extremely high
temperature for an undesirable coarse grain structure to develop. The
structure often can be corrected by suitable heat treatment, cold
working, or a combination of these,

Soaking. Prolonged heating of a metal at a selected temperature.

Supercooled. The condition of a material that has been cooled at
such a rate that it is still liquid at a temperature below its normal
freezing point. In the case of a metallic material, this effect may also
be the result of certain alloying elements.

Transformation range. Unless otherwise specified, the temperature
range during which a metal when cooled is changing from one type of
crystal structure to the structure it will have permanently at room
temperature.

Upper critical temperature, The temperature at which an alloy
begins to transform from one solid structure to another, as it cools.

Review Questions

1. What simple method can be used to check the temperature of
a piece of iron at about 1415 F?

2. The melting temperature of low carbon steel is about—
2250 F? 2550 F? 2780 F? 3005 F?

3. A steel with 0.83% carbon transforms completely within a
very narrow range at 1333 F. Does a steel with 0.40% carbon
start to transform at a higher or lower temperature? How
about a steel with 0.909% carbon content?

4. When a 0.409% carbon steel is slowly cooled to room tempera-
ture, what is the nature of its crystal structure: austenite,
ferrite, pearlite, cementite, or martensite?

5. If annealed SAE 1040 steel is heated to 1000 F and quenched
in water, will it become harder, softer, or will there be no
appreciable change in hardness?

6. When quenching a heated steel, what controls the depth of
hardness?

7. When steel is cooled so that the austenite changes to marten-
site, during the transition is there expansion, contraction, or no
appreciable change?

8. What undesirable properties would a steel casting have if it
were taken out of the sand mold a short time after pouring
while it was at 1600 F and quenched in water?

9. Some hatchets have a hard edge and surface with softer steel
in the body. What grain size and what heat treatment should
be used to give this harder surface and softer interior?

@Seismicisolation: -


https://telegram.me/seismicisolation

@Seismicisolation: -


https://telegram.me/seismicisolation

CHAPTER 9

METALLURGY AND WELDING

By this time, you have probably come to agree that we can better
understand the problems encountered in welding if we know some-
thing about metallurgy. In previous chapters, we studied the effects
of heat on the ferrous or iron-based metals. The metallurgical effects
of welding are the effects of heat. Whether the welds are made by a
gas flame, a metal are, or electrical resistance, the effects on the parent
metal are due to heat.

Every fusion welding operation involves a logical sequence of
thermal or heat events. These include: (1) heating of the metal;
(2) manipulation of the electrode or torch flame to deposit weld
metal; (3) cooling of the weld deposit as well as the base metal; and
(4), in some instances, reheating of the entire structure for stress-
relieving purposes.

In every weld, the metal immediately under the flame or arc is in
a molten state; the welded section is in the process of cooling off; and
the section to be welded has not yet been heated and so is compara-
tively cool. These various conditions are encountered at the very
same instant, Fig. 9-1.

As a result of welding, the structure of the welded ferrous metal
may become martensitic, pearlitic or even austenitic in nature. The
weldor who knows metallurgy can predict which structure will be
found when the weld has cooled. It is most important to know this
because the final condition of the structure after welding is the one
that determines the strength, hardness, ductility, resistance to impaect,
resistance to corrosion and similar mechanical and physical properties
of the metal. All these properties may be affected by conditions that
exist during the welding operation, so it is well to become acquainted
with possible difficulties and see how they may be avoided.

To avoid confusion, this discussion will be confined to steel. The
effects of heating and cooling will not necessarily be the same for the
non-ferrous metals and alloys. In some cases, a considerable differ-
ence in temperature ranges and other characteristics exist.

The arc welding of steel involves very high temperatures. The
resultant weld is essentially cast steel. Since the base metal very close
to the weld is comparatively cool, a considerable variation in the
grain structure develops within the weld area. The iron-carbon di-
agram, Fig. 8-10, shows how the rate at which the weld cools will
alter the grain structure in both the weld itself and the immediately
adjacent base metal, known technically as the heat-affected zone.
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Fig. 9-1. There is a great variation in the temperature of baose metal during metal arc
welding. The shaded area “Melt” is the molten weld pool. Area A is metal heated to
mushy stage.

Danger from the Air

Unless extreme care to shield the weld metal is exercised during
welding, the possibility exists that oxygen or nitrogen or both will be
absorbed from the air. What either of these gases can do to weld
metal is pitiful. An oxide or nitride coating will form along the grain
boundaries. Oxidation along the grain boundaries greatly weakens
the weld metal, and greatly reduces the impact strength and also the
fatigue resistance of the welded part. Nitrogen forms iron nitrides in
chemical composition with the iron, and these make the weld extreme-
ly brittle.

The extent to which oxides and nitrides penetrate a steel will
depend upon the type of steel, the temperature to which it is heated
and the length of time it is held at this temperature. Extreme care
should be exercised to prevent the penetration of air into high-tem-
perature welding regions. The most satisfactory way to prevent oxide
or nitride contamination in metal-arc welding is to make sure that the
electrode has a coating that provides adequate shielding. The arc
and weld metal may also be shielded by carbon dioxide (CO.) or
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vapor. In Tig or Mig welding (inert-gas-arc welding), the inert gas
will provide the shielding. With submerged-arc welding, the molten
flux that covers the arc does the job. Fluxes or a reducing flame pro-
vide the needed protection during gas welding.

When the oxyacetylene torch is used for cutting, it is desirable to
oxidize the steel. It is rapid oxidation that makes it possible for the
flame to sever steel.

Besides oxygen or nitrogen, another gas absorbed during welding
may have harmful effects on some types of metals and alloys. This gas
is hydrogen, and usually comes from moisture in the electrode coating
or from the use of hydrogen in the welding flame. The presence of
hydrogen in the weld metal will weaken the structure and lead to
cracking of the weld. Hydrogen is a contributing cause of underbead
cracking. To avoid this harmful weld defect, use low-hydrogen elec-
trodes of the E-xx15, E-xx16 and E-xx18 series.

Heat-Affected Zone

Figure 9-2 shows the close relationship that exists between thermal
conditions, grain structure and hardness in the arc weld. So that this
relationship might be clearly established, a photomicrograph of a sec-
tion through a welded 0.25%: carbon steel plate has been inserted in
an iron-carbon diagram. This diagram was split on the 0.259¢ carbon
line and opened up to allow insertion of the photomicrograph.

The photomicrograph is of a single automatic weld bead. The bead
as deposited on the 1 in. plate produced a heat-affected zone that ex-
tended for about 15 in. adjacent to the weld. This zone shows a vari-
ation in grain structure (starting at the bottom) from the normal
base metal structure into a band of finer grain structure between the
lower and upper critical temperature points and then to a coarse over-
heated grain structure adjacent to the weld.

The extent of the change in the grain structure depends upon the
maximum temperature to which the metal is subjected, the length of
time this temperature exists, the composition of the steel, and the rate
of cooling. The cooling rate will not only affect grain size but it will
also affect physical properties.

As a rule, faster cooling rates produce a slightly harder, less ductile
and stronger steel. For low-carbon steels, the relatively small differ-
ences found in practice make insignificant changes in these values.
However, with higher carbon content in appreciable amounts of alloy-
ing material, the effect may become serious.

The speed of welding and the rate of heat input into the joint
effects change in structure and hardness. On a given mass of base
metal, at a given temperature, a small bead deposited at high speed
produces a greater hardening than a larger bead deposited at a higher
heat input per unit length of joint. This is because small high speed
beads cool more rapidly than the larger high heat beads.
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Fig. 9-2. Relation of thermal conditions, structure and hardness in arc welding mild
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The effect that heat from welding has on the base metal determines
to a great degree the weldability of a metal and its usefulness in fabri-
cation. A metal that is sensitive to heat conditions or heat changes, as
in the case of high-carbon and some alloy steels, may require heat
treatment both before and after welding.

Admixture or Pick-Up

When you weld a base metal with a filler metal of different compo-
sition, the two metals will naturally mix and blend together in the
molten weld pool. Consequently, the weld metal will be a mixture of
two materials. It will not necessarily be an average of them, however.

The amount of base metal picked up in the molten weld pool varies
greatly relative to the amount of deposited electrode metal. Some
welds are made up principally of base metal, while others are pri-
marily deposited electrode metal. The specific process of welding, the
rate of electrode travel, the current selected, the width of the joint,
the base metal composition, the plate thickness—all these factors de-
termine the volume of base metal brought to a molten temperature,
and therefore the amount of base metal pick-up or admixture into the
weld.

In some cases, the deposited metal and the base metal are suffi-
ciently alike in composition that the amount of admixture is of little
significance. At other times, admixture iz an advantage in that the
weld metal is made stronger or otherwise improved by a pick-up of
carbon or other needed elements from the base metal.

Unfortunately, under some conditions alloying elements or chem-
ical combinations of the base metal tend to concentrate—to precipi-
tate, or to segregate during the heating and cooling cycle and reform
into stringers or other arrangements that harden, embrittle, weaken
or otherwise cause inferior welds. Sometimes, the stringer itself is a
source of weakness. At other times, the segregation of an element or
its loss into the slag or atmosphere “starves” the newly formed weld
microstructure of elements needed for certain physical properties.

In general, admixture should be limited unless the metals and the
processes involved justify a procedure that calls for a specific amount
of pick-up. This is discussed further in later chapters on the welding
of specific metal groups. To minimize the effects of pick-up, electrode
coatings or fluxes are often treated with alloying elements that bring
the deposited metal up to the desired composition. These alloying ele-
ments replace those that might be destroyed or lost to either parent
metal or weld metal during the high-temperature welding operation.

Carbide Precipitation

Sometimes, because of rapid cooling, steels, particularly stainless
steels, are not given time to go through all of the temperature changes
indicated in the iron-carbon diagram. As a result, a concentration of
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the solid solution (austenite) is retained at a temperature where it
simply has no business existing. This being against nature, so to speak,
the dissolved elements will eventually recrystallize. This type of re-
crystallization is known as aging. Suppose, however, the metal is
reheated before recrystallization can occur. In this event, the carbon
will erystallize out of the austenite as iron carbide. This phenomena
is known as carbide precipitation.

Stainless steels of the nickel-chromium variety are austenitic in
nature even at room temperatures. When such steels are heated, as by
welding operations, carbide precipitation is apt to occur. The car-
bides, or carbon compounds, are chromium as well as iron. When
chromium is used up in this way, in chemical union with the pre-
cipitated carbon, the remaining austenite is deficient in the chromium
element. The result is a serious reduction in the corrosion-resisting
properties of the stainless steel.

Fig. 9-3. Ordinary austenitic stainless steels are
subject to excessive corbide precipitation in o
readily visible zone paorallel to the weld bead.
Carbide precipitation is avoided by using o sta-
bilized filler metal to weld a stabilized or ELC
stainless steel.

When the carbides are precipitated in stainless steel, they appear
mainly at the grain boundaries. If subjected to corrosion, the carbides
along the grain boundaries will be attacked readily. Severe corrosive
conditions will cause the grains to lose their coherence and the steel
to fail.

In making a weld on stainless, there will always be a region some
distance back from the weld where the base metal will be at the exact
temperature of the precipitation range: 800-1500 F (Fig. 9-3). Con-
sequently, the stainless qualities of the structure will be lost unless
steps are taken to prevent precipitation.

Austenitic stainless steels may be stabilized against carbide pre-
cipitation by the addition of elements known as stabilizers. Such
elements are columbium and titanium. These elements have a ready
affinity for carbon; they will grab and hold fast the carbon that might
otherwise have been attracted to the chromium. Moreover, both
titanium and columbium carbide resemble stainless steel itself in hav-
ing high resistance to corrosion. Stabilized stainless steels, therefore,
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will not fail under the combination of heat and corrosive attack.
Austenitic stainless steels also are available in several grades with
extra low carbon (ELC). Since there is less carbon, the possibility of
chromium migration to the grain boundaries is minimized.

It is well to remember that the stabilized and ELC austenitic steels
will resist carbide precipitation. If the welded stainless is to be sub-
jected to corrosive conditions, particularly at elevated temperatures,
the base metal should be a stabilized steel and it should be welded
with electrodes or filler rods that have also been stabilized.

Crater Cracks

In some instances, both arc welds and gas welds develop crater
cracks. These come from hot shrinkage. The crater cools rapidly
while the remainder of the bead is cooling slowly. Since the crater
solidifies from all sides toward the center, the conditions are favor-
able to shrinkage cracks, Fig. 9-4. Such crater cracks may lead to
failures under stress—brittle failures since there is an inclination
towards fracture without deformation. The remedy is to manipulate
the electrode to fill up the craters when you are welding.

An
- M
P (=

by hot shrinkage. At top is a radial
or transverse crack; at center is a

star crack; at bottom is a longitu- L
i 3@@@@
M

Blowholes, Gas Pockets and Inclusions

Other common welding defects known as blowholes, gas pockets
and inclusions involve problems of electrode manipulation rather than
metallurgy. These difficulties are created because of the weldor's
failure to retain the molten weld pool for sufficient time to float en-
trapped gas, slag and other forms of material.

A blowhole or gas pocket represents a bubble of gas in the liquid
weld metal. A gas pocket is one that did not reach the surface before
the metal began to freeze. Consequently, the gas remains entrapped
in the solidified metal.

Some gases, particularly hydrogen, are absorbed by the molten
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metal and are then given off as the metal begins to cool. If the metal
is in a molten condition, the gas bubbles make their way to the surface
and disappear. If the bubbles are trapped in the growing grains of
solid metal, blowholes are the result.

Blowholes are particularly prevalent in steels high in sulphur. In
this case the entrapped gas is either sulphur dioxide or hydrogen
sulphide, the hydrogen being supplied from moisture, the fuel gas (in
gas welding), the electrode coating or the hydrogen atmosphere that
surrounds the weld in atomic-hydrogen welding.

Blowholes may be minimized in the weld area by using a contin-
uous welding technique so that the weld metal will solidify continu-
ously. Most welding operators, through practice, learn to develop
welding techniques that will produce a relatively gas-free weld. One
of the secrets of such a technique is to keep the molten weld pool at
the temperature necessary for the rapid release of absorbed gases. At
the same time an unbroken protective atmosphere must be provided
over the pool. Modern electrode coatings aid in this problem, for they
contain scavenging elements that cleanse the weld pool while it is in
molten condition.

Inclusions of slag and other foreign particles in the weld present a
type of problem similar to gas pockets and blowholes. These inclu-
sions tend to weaken the weld. Slag is frequently entrapped because
of the operator’s failure to manipulate torch, filler rod or electrode so
as to maintain a molten condition long enough to float out all the

-

Fig. 9-5. Poor fusion and slag inclusions are usually the results of poor welding tech-
nigue. Cross-section through weld, ot left, shows entropped slag. Pheote at right shows
a weld broken open, revealing slag inclusion.

foreign material. Ordinarily, the liquid slag freezes and forms a pro-
tective coating for the weld deposit. On some occasions, however,
because of the force of the flame or arc, it is blown into the molten
weld pool. The pool freezes before the slag particle or particles can
float to the top, thus producing a defective weld. See Fig. 9-5.

Slag inclusions are more common in welds made in the overhead
position. The lower density of the slag tends to keep it afloat on the
weld pool. In overhead welding, the weld pool first forms at the
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narrow part of the vee, which is uppermost in the weld. Since the
pool tends to drip if kept molten too long, the weldor works to have it
solidify as rapidly as possible. As a result, inclusions are frequent.
This problem in overhead welding can be overcome by using gase-
ous, non-slagging types of electrodes.

Faulty plate preparation contributes to slag inclusions. If edges
of V-joints are bevelled at too steep an angle and the gap between
plates is too small, the weld metal bridges the gap and leaves a pocket
at the root in which slag tends to collect. If back of joint is accessible,
slag can be removed by back gouging; however, if this operation is
omitted, the result is a defective weld. With a J-joint or U-joint,
improper arc manipulation may burn back the inside corners and
form pockets that can entrap slag or gases.

In repair of a broken surface, a groove along the break line should
be burned out or ground so as to provide clean surfaces properly
angled and spaced. Failure to do so may leave an overhang of base
metal or an unfilled crack that can entrap slag or gases.

Surfaces to be welded should be thoroughly cleaned of scale, dirt,
paint, lubricants, and other chemicals that might contribute to forma-
tion of gas or dirt inclusions in the weld.

Welds that contain blowholes, gas pockets and inclusions may
develop other defects upon hot work. By the action of hot working,
the basic defects are exaggerated to form larger defects. For example,
if a piece of weld metal containing a blowhole is rolled, the tendency
is to flatten and elongate the hole. This develops a long fibrous defect
running in the same direction as the piece that is rolled. Such a condi-
tion, known as a lamination, will reduce the strength of the metal,
particularly in directions at right angles to the lamination.

Definitions of New Words

Admixture. The interchange of filler metal and base metal during
welding, resulting in weld metal of composition borrowed from both.
Limited admixture is necessary to complete metallurgical union across
the joint.

Aging. The recrystallization that occurs over an extended period
of time, resulting from austenite or other normally elevated-temper-
ature structure being retained at a temperature and under conditions
where it has no permanent stability. The result may be a change in
properties or dimension. Under some circumstances, aging can be
advantageous.

Blowhole. A defect in metal caused by hot metal cooling too rapid-
ly when excessive gaseous content is present. Specifically, in welding,
a gas pocket in the weld metal, resulting from the hot metal solidifying
without all of the gases having escaped to the surface.

Crater cracks. Cracks across the weld bead crater, resulting from
hot shrinkage.
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Heat-affected zone. The portion of the base metal, adjacent to a
weld, the structure or properties of which have been altered by the
heat of welding.

Hot shrinkage. A condition where the thin weld crater cools rapid-
ly while the remainder of the bead cools more slowly. Since metal
contracts or shrinks as it cools, and shrinkage in the crater area is re-
strained by the larger bead, the weld metal at the crater is stressed
excessively and may crack.

Lamination, An elongated defect in a finished metal product, re-
sulting from the rolling of a welded or other part containing a blow-
hole. Actually, the blowhole is stretched out in the direction of
rolling.

Pick-up. The absorption of base metal by the weld metal as the
result of admixture. Usually used specifically in reference to the mi-
gration of carbon or other critical alloying elements from the base
metal into the weld metal. Depending upon the materials involved,
this can be an asset and not a liability.

Segregation. The tendency of alloying elements, under certain
heat conditions, to separate from the main ecrystalline constituent
during transformation and to migrate and collect at the grain boun-
daries. There they often combine into undesirable compounds.

Stringers. The tendency of segregated atoms of alloying elements
or their compounds to attach to one another in thread-like chains.

Review Questions

1. What is the cause of pick-up? How can it be avoided? Why is
pick-up undesirable?

2. What is meant when it is said a metal is aging? Is this a
desirable quality?

3. Why does 18-8 stainless steel sometimes rust after being
welded?

4. Is slag entrapment more likely to occur with gas welding than
metal-arc welding? Explain.

What causes crater cracks and how can they be avoided?

What effect does an inclusion have on the strength of the weld?
How does slag become trapped in the weld?

What is meant by the heat-affected zone?

Give the sequence of thermal events occurring in every weld.

10. What dangers lurk in the atmosphere so far as welding is
concerned?

W= e
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CHAPTER 10

WELDING LOW-CARBON STEEL

First a word about that marvelous construction material: ferrous
metal with a carbon content of less than 0.30°%. This is low-carbon or
mild steel. Low-carbon steel has built our great bridges and our sky-
scrapers, and more of it is being produced today than all other types
of steel plus aluminum and magnesium.

Low-carbon steel will stand rough treatment and abuse. It can be
bent double or deep drawn. We can punch holes in it or notch it and
still use it safely. Furthermore, it can be heated red hot, or even white
hot, and quenched in cold water without appreciable embrittlement.

Low-carbon steel can be welded by any of the welding processes.
Selection of the process and welding procedure to give a balance of
low cost and high weld performance should take into consideration
such factors as the thickness of the metal to be welded, joint design,
welding position, and production required.

In welding the high-alloy steels and some of the non-ferrous mate-
rials, there is less of a selection to be made and the applicable welding
processes result in wider differences in cost and weld performance. In
contrast, selection of process for welding low-carbon steel is more dif-
ficult because of the wider choice and the smaller differences that exist.
Selection of the best process is usually even more important, however,
because of the widespread use of low-carbon steel and the great vol-
ume of welding in this category, and because assembly cost often is an
important factor in a fabricated product’s remaining competitive. A
few cents saving per foot of weld takes on real importance when multi-
plied by many thousands of feet.

When welding low-carbon steel, it is not at all difficult to duplicate
or better the properties of the base metal in the weld metal.

All carbon steels are readily arc welded. Strange as it may seem,
however, if the carbon content is too low, they are not suited to high
speed production welding. This is generally true of those steels having
less than 0.13% carbon and 0.409 manganese. They tend to develop a
slight increase in internal porosity in the weld metal. Low-carbon
steels, however, range up to 0.30% carbon and have ideal welding
quality. These steels require only the mormal welding precautions
recommended for good welding practice, that is, good setup, clean sur-
faces, etc.

Representative mechanical properties of a low-carbon steel having
about 0.20% carbon are given in Table 10-1. Steels with lower carbon
content, say about 0.139%, have lower tensile strength and hardness but
higher ductility and impact strength. At this lower end of the carbon
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Table 10-1. Typical Properties of Cast Carbon Steel
0.20% carbon (1 in. sq. test specimens)

NORMALIZED |
FULL? & TEMPERED
AS-CAST ANNEALED |[NORMALIZED®| AT 1,200 F

Ult. Tensile
strength, psi 65,000 68,000 70,000 69,000
Yield
point, psi 35,000 36,000 38,000 37,000
Elongation
in 2 in., % 30 30 30 32
Reduction of
area, % 50 52 53 55
Brinell
Hardness 140 140 145 140
Charpy
Impact, ft-lb 20 25 22 37
Fatigue .
limit, psi__ | 32,000 35,000

QUENCHED
IN WATER
AND TEM-
PERED AT
1,200 F

75,000

45,000

32

65

150

42

'Full annealed. Treatment-heated to 1,650 F, held at temperature for five hours and then
cooted in the furnace.

*Normalized treatment. Heated to 1,650 F and cooled in still air. These properties are in-
cluded to show that low-carbon steel is not appreciably influenced by heat treatment.

Table 10-2. Typical Properties—Weld Metal and Base Metal
(using coated electrode)

MILD STEEL

WELD METAL BASE METAL
Ultimate strength, psi 60-75,000 55-70,000
Yield point, psi 50-60,000 30-32,000
Elongation in 2 in, 17.0-40.0 30.0-40.0
Elongation-free bend, % 20.0-35.0 _—
Reduction of area, % 35.0-65.0 60.0-70.0
Density, grams/cm® 7.80-7.85 7.85
Endurance limit, psi 26-36,000 26-30,000
Impact (lzod), ft-1b 40-70 50-80
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Table 10-3. Comparative Analyses—Filler Metal and Weld Metal
(using coated electrode)

FILLER METAL TYPICAL
ELEMENT, % (CORE WIRE) WELD METAL
Carbon 0.10-0.15 0.08-0.15
Manganese 0.40-0.60 0.30-0.50
Silicon 0.025 max. 0.05-0.30
Sulphur 0.040 max. 0.035 max.
Phosphorus 0.04 max. 0.035 max.
Oxygen 0.06 max. 0.04-0.10
Nitrogen 0.006 max. 0.01-0.03

range, there will be still less difference between the as-cast and the
heat-treated properties.

Steels within the low-carbon range (0.13 to 0.309 carbon) are rec-
ommended for use where extensive welding is required, provided the
analysis will meet the other physical requirements for the intended
service. A large percentage of tanks, piping, welded structural shapes,
machine bases and parts are made from these steels.

Shielded Metal-Arc Welding

A major portion of the welding of low-carbon steel is done by man-
ual arc welding. The mild-steel coated electrodes of the E-60xx series
may be used. These same electrodes may be used also for medium-
carbon steels where their strength and other properties meet service
requirements. Table 10-2 compares the properties of typical mild steel
base metal and weld metal, using a suitable coated electrode. Table
10-3 compares the chemical compositions of filler metal and weld metal,
when using a mild-steel coated electrode.

Submerged-Arc Welding

Automatic and semi-automatic submerged-arc welding processes on
the low-carbon steels produce welds that have mechanical properties
equal to those made by the best coated electrodes. In this process, as
was discussed in Chapter 6, a granular inert flux blankets the joint to
be welded, as a bare electrode wire is mechanically fed through the
welding head or nozzle. Extremely high welding currents are em-
ployed. The current carried in relation to the cross-sectional area of
the electrode is often six times as great as in manual arc welding. Thus,
the melting rate of the electrode is proportionately greater and the
speed of welding faster.
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The higher currents used in high-speed production welding result in
considerable admixture of base metal with the deposited metal. This
permits use of minimum filler metal and provides weld metal virtually
identical with the plate being welded. If the base metal has any alloy-
ing element in higher than preferred percentage, the flux used in the
submerged-arc process can be altered to include balancing elements.

With submerged arc, no groove preparation is needed for two-pass
butt joints in steel up to %3 in. thick. For many applications the com-
plete penetration of T joints is possible without groove preparation on
material up to 34 in. thick.

The quality of both the automatic and semi-automatic submerged-
arc welding deposit is extremely high because it is protected from oxi-
dation by molten flux.

inert-Arc Welding

In the inert-gas-arc welding processes, helium or argon gas is em-
ployed as a gaseous shield to blanket the weld. Although indispensa-
ble for some applications of aluminum, magnesium, stainless steel and
other materials, inert-arc welding is often less economical than another
process for the welding of low-carbon steel. It is, however, practical
to consider for a broad range of production welding applications.

Inert-gas shielding is used in both consumable electrode welding
(MIG) and non-consumable electrode welding (TIG) of low-carbon
steel. TIG welding is used with 20-gage or lighter steel, while MIG is
more suited to heavier material and production welding of all fillets.

Both TIG and MIG are most economical in making joints on mate-
rials where little or no filler is needed. The use of filler slows up the
welding process considerably.

CO. and Vapor Shielding

Carbon dioxide (CO.) is applied as a shielding medium in the metal-
arc welding of low-carbon steel where improved speed, better pene-
tration, and improved soundness of weld are desired. The electrode
wire is usually a mild steel composition. Because the arc is somewhat
difficult to control, the electrode selected should incorporate deoxi-
dizers in order to ensure a sound weld. Excellent results are obtained
by using a flux-cored mild steel electrode.

Vapor-shielded arc welding is a high speed process for production
of quality welds on carbon steels, and its performance often surpasses
that of other automatic and semi-automatic processes. Weldors with
relatively little experience can turn out sound, strong welds with good
appearance, using this process. Even though the arc is shielded from
atmospheric contamination, it is fully visible permitting easy follow of
the joint. When cracking due to high sulphur in the base metal has
been a problem, the vapor-shielded process is even more effective than
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CO. MIG welding in producing sound welds. It is also more effective
than submerged-arc welding when complete removal of surface oil is
impractical.

Oxyacetylene Welding

An oxyacetylene weld in low-carbon steel is usually made with a
neutral flame (neither excess acetylene nor excess oxygen) and a low-
carbon steel filler rod. Solid weld metal may be deposited that has
properties comparable with the parent metal. With a carburizing flame
(excess acetylene), a higher speed is obtained, because the parent
metal is not fused: it is only heated hot enough for the surface to begin
to sweat or start to melt in the presence of the carburizing gas. The
welding rod is melted and cast against this prepared surface. The
added metal picks up some carbon from the excess-acetylene flame, so
the resulting weld will have a slightly higher strength but a lower duc-
tility than a weld made with the conventional neutral flame.

A third type of flame is the excess-oxygen or oxidizing flame. It has
a very limited use and may be harmful to the weld metal. This type
of flame is characterized by excessive foaming and sparking of metal.

Oxyacetylene and other types of gas welding are relatively slow,
considering the capabilities of other processes, even in the repair weld-
ing of mild steel castings.

Resistance Welding

In flash welding, the completed weld contains no metal that was actu-
ally melted. If high pressures are used for the final upsetting, even
metal heated appreciably below the melting point will be forced out
into the flash, which is removed later. Flash welds put a minimum of
total heat into the parent metal, have no molten metal to solidify and
utilize applied energy very efficiently. The mechanical properties of
flash welds closely approach the properties of the base metal. If the
base metal is annealed low-carbon steel, the weld will have a little
higher strength and be somewhat lower in ductility. In order to have
the properties match more closely, the weld may be given another pulse
of current in the welding machine for tempering or annealing (post-
weld heating).

In spot welding, a small amount of metal is melted but so fast that
the metal a short distance away from the weld is not appreciably
heated. Seam welding may be thought of as continuous spot welding:
one spot is welded immediately adjacent to and slightly overlapping
another. The result is a continuous seam.

Although some portable equipment is available, resistance welding
is considered as limited generally to applications where work can be
brought to the machine. Its greatest range of usefulness is in the join-
ing of light-gage sheet or strip materials. The upset and butt varia-
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tions of the process are limited largely to high production on heavier
stock.

Thermit Welding

In making a thermit weld in low-carbon steel, the heat causes some
annealing and grain growth in the parent metal, and the slowly cooled
weld metal will have large coarse grains. With low-carbon steel, this
generally does not matter. Thermit is more of a casting procedure
than any other welding process. The properties of low-carbon steel in
the cast condition are similar to the annealed properties and nearly as
high as the heat-treated properties. See Table 10-1. Hence, the joint
usually gives satisfactory service.

Forge Welding

The blacksmith type of forge weld requires the steel to be heated to
about 2500 F. Then the parts are progressively pounded together so
that the scale and oxide will be worked out of the joint. Low-carbon
steel pipe is sometimes lap or butt welded by a roll-forge welding proc-
ess in the mill. These welds are strong enough for many purposes, but
the mechanical properties of the weld do not equal those of the base
metal because it's impossible to work all of the slag and oxide out of
the joint.

Welding in Cold Weather

There is nothing difficult about welding steel with less than 0.30%
carbon. This steel will take all kinds of mistreatment without expe-
riencing any bad effects on its mechanical and physical properties.

The cooling rates after welding at room temperature allow the for-
mation of ferrite. The ferrite is soft enough to prevent undue harden-
ing and has enough ductility to prevent any stresses high enough to
cause cracking.

If steel of 0.15 to 0.209 carbon steel is welded at zero temperature
or even below freezing by the metal-arc process, the unusually quick
cooling may result in excessive hardening of the parent metal near the
weld and may cause cracking. Hence, if you have to make a weld out-
doors when the thermometer is at zero, warm or preheat the parts to
avoid trouble. Preheating is discussed in Chapter 11 on the welding of
medium-carbon steels.

The arc should not be struck intentionally or accidentally on the
base metal outside of the groove, even on a plate edge. These “hot
spots” are especially susceptible to the start of cracks, and may cause
ultimate fracture in service. Low-hydrogen electrodes should be used.
The sum of these suggestions is to be extra careful to prevent cracks
from starting when welding in cold weather.
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Elements that Affect Weldability

Our discussion up to this point has assumed that our low-carbon steel
was of good welding quality. Certain elements may alter this condi-
tion materially and necessitate the adoption of a special welding proce-
dure. Let’s see what these elements are.

Nitrogen—is found in all steel and may be as high as 0.030% in
Bessemer steel. In this percentage it has no noticeable effect on weld
metal properties.

Hydrogen—can cause steel to crack as it cools from the molten state.
The small amount of hydrogen that might remain in cast or rolled steel
has no significant effect on welding. Steel just removed from an acid
pickling tank or a plating bath may give off enough hydrogen during
welding to cause some porosity; after a few hours, however, not enough
hydrogen is left to give difficulty.

Phosphorus—in amounts less than 0.309 has little effect on the
weldability of low-carbon steel. Most low-carbon steels contain only
0.01 to 0.02 phosphorus, but as much as 0.129% phosphorus is used in
low-carbon, low-alloy, high-tensile steels. The phosphorus strengthens
these steels, but the same amount in higher carbon steels would make
them brittle. Low welding currents and fast travel are recommended
for welding the high-phosphorus, low-carbon steels to reduce the pos-
sibility of iron phosphide segregation.

Sulphur—in amounts up to 0.035% has no harmful effect on weld-
ability. If, however, the sulphur is segregated in bands, cracked and
porous welds may result. Free machining, low-carbon steels may con-
tain as much as 0.33% sulphur, and these are satisfactorily welded with
the low-hydrogen type of electrodes such as E-6018. Welds made in
this relatively high-sulphur steel with other types of shielded-arc elec-
trodes are porous and are prone to crack.

Selenium—used in a few steels to improve machinability, has the
same effect on weldability as sulphur.

Silicon—in the usual amounts found in steel (0.15 to 0.359), in con-
junction with normal manganese content, usually assists in producing
sound welds. On the high side (0.359%) there is a strong tendency
toward surface holes, especially when using E-6010 and E-6011 elec-
trodes.

Aluminum—may also be present as alumina (aluminum oxide) in
steel. The small amount (only a few hundredths of 19%) used in alu-
minum-treated steels does not affect weldability. Larger amounts may
form a surface film of aluminum oxide that gives difficulty when gas
welding.

Oxygen—if present, is in the form of iron oxide (rust). It promotes
shrinkage cracking, lowers the ductility of the steel and causes porous
welds.

Other elements that may be found in carbon steel may increase the
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hardenability and in some instances, affect the weldability. Chapters
7 and 13 discuss the effect of larger amounts of the alloying elements.

In most cases, the mild steel being welded is thin enough that the
welding heat penetrates through the full thickness of metal. Only the
cold metal to the side of the weld bead tends to draw heat from the
weld metal. When welding thick sections, however, the greater mass
of metal has drawn off heat at a sufficient rate to have a quenching
effect. This in itself may result in ecracks. When welding thick sections
of a mild steel that has a high percentage of a crack-promoting ele-
ment, the possible problems are increased. When welding under these
conditions, low-hydrogen electrodes with iron powder coatings are
desirable.

Effects of Expansion and Contraction

In the previous pages, we have discussed the effect of welding heat
on the structure and mechanical properties without consideration of
the stresses that are involved when steel is heated and cooled. Heat
causes steel to expand; cooling allows it to contract. The heating and
cooling stresses are important for all types of welding, heat-treating
and other operations. Let’s try to learn something about them.

W WL P
\:H-_b _-"'/,’ - Fig. 10-1. Stresses coused by
41. -—— heating a spot on a steel plate
-ﬂ.\'« are both compressive and ten-

sile.

Heat a spot on a smooth, flat plate of metal (Fig. 10-1). The metal
that is heated expands and exerts a force on the metal around it; how-
ever, the metal around the heated spot is largely unyielding and the
heated metal is forced to expand upward into the air. But it is still in
compression, as engineers say, and the metal around it is also in com-
pression. Outside the metal in compression is another ring of metal
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that is in tension, thereby tending to balance the compressive forces.

The heated metal is stressed beyond its yield point in compression
and bulges upward. As it cools, the compressive forces decrease until
they reach a zero value while the metal is still hot. But shrinkage con-
tinues during the additional cooling to room temperature, and tension
stresses develop around the spot. The tensile stresses acting on the
surface of the unheated plate draw this area toward the heated area
and produce misalignment.

o

Fig. 10-2. The effects of heating on a steel bar. Left, straight bar. Center, heating
causes bending os one side expands faster. Right, bend reverses on cooling.

The effect of heating the surface of steel may be readily demon-
strated by placing a bar of steel in a vise (use a piece about 1 in. wide,
15 in. thick and about 2 ft long). See Fig. 10-2. The 1-in. face near
the vise is heated for a few seconds with a gas torch. The free end of
the bar bends away from the heat source. When the flame is removed,
the bar begins to straighten out as the metal cools. It continues with
further cooling until there is a reverse and permanent bend in the bar.
Thus, you don’t always get what you started with when you heat metal
and allow it to cool.

The heated area expands in all directions. In expanding, some of its
force is expended by bending the bar; some is relieved by expanding
away from the surface of the metal; and some remains in the hot metal
as a compressive force. The heated metal has expanded beyond its
elastic limit in compression. When the metal cools, the spot shrinks
and bends the bar back, but since the metal has taken a permanent set
in compression, it shrinks to a shorter length than it had originally.
Hence, the final result is a bent bar. Of course, if the heating is pro-
longed until the heat is conducted throughout the bar, the stresses will
be equalized and the bar will not bend during cooling.
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To straighten a bent bar by heating, we heat it on the convex side.
To straighten a bar by peening, we peen it on the concave side.

In order to understand the mechanism of expansion and contraction,
the following physical laws should be remembered:

1. Metals expand when heated and contract when cooled.

2. Steel is elastic when stressed to a point slightly below its yield
point. An elastic body is defined as one that tends to return to
its original size and shape when the distorting force is removed—
the classic example, of course, being a rubber band. If steel is
stressed beyond the yield point, it “yields”, resulting in a plastic
flow of metal and a permanent deformation.

3. If a piece of low-carbon steel is {ully restricted from expanding
longitudinally, an increase of only 200 F will cause it to be stressed
beyond its yield point. A plastic flow of metal will take place.

4, The yield point of steel changes with the temperature, and it is
quite low at the higher temperatures. As an example, the vield
point may be 40,000 psi at room temperature and 5,000 to 10,000
psi at 1200 F.

Law number 3 will be further explained: In the temperature range
from 32 to 500 F, steel increases in length by a fixed amount (coeffi-
cient of expansion) when it is heated one degree of Fahrenheit. Thus,
if a piece of steel one inch long is heated so that it is 200 F hotter than
it was, its increase in length would be 200 X 0.000007 = 0.0014 in.

Now in Chapter 2 it was stated that for steel

stress
deformation
So, to produce a deformation of 0.0014 in., the stress must be
30,000,000 x 0.0014 (deformation) — 42,000 psi

This means, simply, that it takes a force of 42,000 Ib, acting on every
square inch of surface, to cause a one-inch strip of steel to shorten or
lengthen by 0.0014 in. If the steel is heated 200 F and held so that it
cannot elongate, that is exactly the same as placing a load of 42,000 psi
on it. The yield point of low-carbon steel is 30,000 to 35,000 psi, so the
load of 42,000 psi will exceed the yield point and cause a permanent
deformation.

Methods for Stress Control

When a bead of weld metal is deposited on a plate of metal, we have
to allow for contraction of the weld metal as well as expansion and
final contraction of the base metal. Any type of weld distorts the par-
ent metal and leaves stresses in both the weld and the base metal. But
the distortion and the stresses may be controlled by: (1) keeping them
small or (2) having them act in a direction that will do no harm.

A few of the many ways to accomplish these results are:

= 30,000,000 psi (modulus of elasticity)
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® Start with the two members out of line so that they will be in line
when the welding is completed.

®* Prestress the parts to allow for the distortion.

® Allow the weld to expand and contract freely in two directions,
which will reduce the stresses in the third direction.

® Choose the proper type of welding.

®* Avoid overwelding (depositing too much weld metal).

¢ Use the proper speed of welding, and the best welding sequence or
procedure.

® Preheat or postheat. Postheating is often called stress relieving.

Fig. 10-3, Close-up of a-c arc shows good metal transfer with an absence of arc blow.

Low-carbon steel has such a high duectility that it is not harmed by
being stressed above its yield point. Hence, it is not weakened by any
stresses that are left in it after welding.

The distortion and the stresses that are caused by welding have been
overemphasized. Perhaps this is due to our zeal to make our welds
stronger than the parent metal rather than to make them just strong
enough to do the job. So, frequently after a weldment fails, we ask,
“Where did it break?”, when the question should be, “At what load did
it fail?” In many cases, if the critical section had been machined out
of solid metal, the failure would have taken place at a load lower than
that which caused the welded joint to fail.

Any hot or cold-rolled metal and any cast metal unless it has been
given a complete anneal contains tension and compression stresses. A
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large sheet of steel may have straight edges, but if it is sheared into
strips, the strips will not all be straight. If an I-beam is sawed longitu-
dinally through the web section, the two T-sections formed will be bent
outward, showing that the web was formerly in tension. Annealing
relieves the stresses, but the very act of stress relief results in some
distortion. The quenching of steel both distorts it and leaves it stressed.

For practical means of reducing distortion during welding the reader
should consult a book on welding procedure. The Procedure Handbook
of Are Welding, published by The Lincoln Electric Co., has a good dis-
cussion on the “Prevention and Control of Distortion.”

Review Questions
1. A fine-grain fracture in steel makes us think of a hardened steel.
Can a steel be fine-grain steel and be soft?
What part of the weld zone has the largest size grains?
Is there any objection to coarse grains in a weldment?
Why can low-carbon steel be punched without fear of breakage?

Why is a neutral flame desirable for the oxyacetylene welding of
low-carbon steel?

6. What advantages are offered by the vapor-shielded-arc process
in welding low-carbon steel?

Why isn't a forge weld as strong as other types of welds?
How does hydrogen affect a weld? Sulphur?

9. How may a welding sequence be used to control expansion and
contraction?

10. List five ways to control stresses that might be set up by welding.

Sl ol

o =3
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CHAPTER 11

WELDING MEDIUM-CARBON STEEL

“Medium-carbon” generally refers to a steel that contains 0.30 to
0.45%% carbon and no other elements in amounts high enough to appre-
ciably affect its properties. As the carbon content of a steel is increased
above 0.309 it becomes more difficult to weld. This means that the
carbon content of medium-carbon steels may be high enough to change
the welding properties in some instances.

The basic welding recommendations, unless otherwise specified, have
been established with mild steel specifically in mind. Other metals
require exceptions to, or modifications of, the basic procedures. In
general, the higher the carbon content over the 0.30%% line, the more
the welding current and deposition rate may have to be reduced rela-
tive to the basic recommendations for mild steel.

Let’s be more specific and see what happens when a bead of weld
metal is deposited on a plate of 0.40°¢ carbon steel. The welding rod
or electrode is about 0.107¢ carbon steel, and the welding may be by
the oxyacetylene, the shielded-metal-arc (coated electrode), the inert-
arc, the vapor-shielded-are or the submerged-are process.

Metal deposited by the shielded-arc process is of a higher quality
than commercial steel. As the metal passes through the are it is
superheated and deposits in such a fluid state that slag and other
nonmetallic particles float out of the deposit.

In all of the electric-arc processes, the deposited metal is protected
from the air when it is molten. The various processes, however, differ
in the amount of heat, the concentration of heat, and the rate at which
the heat is supplied. The results are:

1. A difference in deposition rate (melting of the welding rod or

electrode).

2. A difference in penetration (melting of the parent metal).

3. A difference in distribution of the heat in the metal plate.

Any one of the welding methods mentioned can be varied to change
the deposition rate and the penetration through a wide range. The
heat distribution in the plate can also be varied. The metallurgical
changes involved are basically the same in all of these welding methods.

Using ordinary welding procedures, oxyacetylene welding melts
less of the base metal but heats more of it. Submerged-arc welding, on
the other hand, melts more of the base metal but heats less of it. How
is this possible? Well, the oxyacetylene flame spreads out the heat and
the submerged arc concentrates the heat. Other welding methods
produce results between these two extremes.

169
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Chemical Analysis of the Deposited Metal

By definition, the deposited metal is the metal that is melted off the
welding rod or electrode; it is not the bead that is formed by the
mixture of the metal from the welding rod or electrode and the melted
base metal. As there is always some melting of the parent metal, it
might seem impossible to get a sample of pure deposited metal for
analysis. If we build up a multiple-layer weld, however, deposited
metal may be obtained that will contain only a trace of the base
material.

For example, let’s assume the plate being welded contains 0.40%
carbon and the metal deposited from the welding rod or electrode has
no carbon (it does have carbon but assuming none will simplify the
calculations). A typical welding procedure would result in 1 1lb of
plate metal being melted for each 3 Ib of deposited metal. Obviously,
the carbon content of the bead metal will be 0.409 ¥ Vi or 0.10%. A
second bead will melt one-fourth of the 0.109% carbon steel, and the
carbon content will be 0.109% X Y or 0.025%. With the same condi-
tions, the third bead would have 0.00069 carbon, and the fourth bead
would not have enough carbon to detect by ordinary analysis.

The analysis of the deposited metal is usually furnished by electrode
manufacturers, and the analysis of the weld is either calculated or
actually determined. In practical work, it is the mechanical properties
of the weld that are important, so it is well to supplement any chemical
analysis by making actual tests to see that the weld will do the job
for which it is intended.

Figure 11-1 shows how a multiple-layer pad of weld metal built up
with a low-carbon electrode on a medium-carbon steel plate changes
in steps from the medium carbon in the plate to the low carbon in the
last deposit. It is assumed that the deposited metal contains 0.10%
carbon and that the admixture of parent metal is 50%; that is, for each
pound of metal deposited, one pound of the base metal is melted.

ssf—1
0.10% C~, 2,1l L
s, 1=
. onop g3
012% o14% 32T
017 % 0.25% = 11
1 L [ i
0 010 0.20 0.30 0.40
0,
04096 C Carbon, %

Fig. 11-1. Each additional layer of weld metol deposited on a 0.40% corbon steel
plate, as shown at left, will have a progressively lower carbon content.
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On medium-carbon steels, a 5077 admixture of parent metal is
usually within safe limits. But on high-carbon steels such as 0.60%/
carbon, an admixture of this degree usually results in weld metal
structure that is too brittle.

Some welding codes for high-strength welding of medium-carbon
steel specify that the first bead should be applied with a low-carbon
steel electrode (E-60xx type) and subsequent layers with an electrode
designed for higher-strength weld metal (E-80xx or E-90xx type).
Figure 11-2 shows how advantage can be taken of admixture in making
a weld. In this example, the first bead or root pass in a V- or U-type
butt joint picks up a larger percentage of the medium-carbon base
metal than do subsequent layers. Because of this pick-up, the bead
will have a strength equivalent to that ordinarily obtained with a
higher tensile strength electrode. Hence, the completed weld has the
required strength plus a higher ductility than would be obtained by
using only electrodes of the E-80xx type.

1 =

Fig. 11-2. More base metal is melted and mixed with the first loyer than any of the
other layers.

Steel that is deposited by the oxyacetylene, shielded-are, vapor-
shielded-arc or inert-arc processes is substantially the same in chemical
analysis as the original welding rod or electrode, for the latter is just
melted and allowed to drop or run into the molten puddle. The
oxyacetylene flame can be adjusted to be carburizing, which will add
carbon to the deposited metal; to be oxidizing (poor practice), which
will slightly lower the carbon; or to be neutral (the flame generally
used), which will not affect the carbon content.

Heating and Cooling Cycle

A bead of weld formed by an E-6010 electrode on a 0.40% carbon
steel plate will be taken as our example for discussion. The heating
and the cooling would be more gradual if the deposit were made with
the oxyacetylene torch, and these thermal changes would occur at a
faster rate if the weld were made by the submerged-arc process. The
rate of temperature change (gradient) would be exceptionally steep if
a strip of steel were spot welded to the steel plate.

If, prior to welding, our 0.40°: carbon steel plate is heat treated to
make it very hard (done by heating followed quickly by rapid quench-
ing), sudden localized heating as occurs in welding may cause the cold
plate to crack. In its hardened condition, it does not have enough
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ductility to withstand the stresses resulting from the unequal heating.
Ordinarily, however, the carbon-steel plate on which a weld is to be
placed is not fully hardened. The precautions taken to prevent the
harm caused by fast cooling will also generally eliminate any trouble
because of fast heating.

What affects the rate at which a weld cools? This can’t be answered
by a single statement. In estimating the cooling rate of the weld bead
and the plate metal, it is necessary to take into consideration the
following factors:

The amount of heat that is added.

The rate at which the heat is added.

The size of the area to which heat is added.

The size and shape of the piece or pieces to be welded.

The initial temperature of the base metal.

All factors that affect the rate at which heat leaves the welded
plate—air temperature, air velocity, insulating layer of slag over
the weld bead, etc.

S ER B R0 ba

.

Fig. 11-3. The greater the volume of weld metal, the higher the base metal temper-
ature.

In Fig. 11-3, we have three 1,000-lb bars (A, B and C) grooved to
receive weld metal. These bars are at room temperature. Assume that
molten low-carbon steel is poured quickly into the grooves and that
the bars are insulated so that no heat can escape. When the bars have
reached maximum temperature, the increase in temperature at the
bottom of each bar is given in Table 11-1.

In each of these examples, the steel bar just below the molten steel
will be heated to near the melting point. Bar A will have a consider-
able portion of the bar heated above the upper critical temperature for
the steel, and this will cool slowly. Bar C will have only a thin zone
heated above the critical temperature, and this will cool very fast; as
fast as it would if cooled by water quenching.

If the steel bars are about 0.40%% carbon, bar A will have a zone of
coarse-grained steel right under the notch as a result of grain growth
in the overheated and slowly cooled section. Progressing outward from
the overheated zone, the grains become smaller until metal is reached
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Table 11-1, Effect of Weld Metal Volume On Base Metal Temperature

BAR A BAR B BAR C

Bar weight 1,000 Ib 1,000 ib 1,000 b

Molten steel added 100 Ib 10 Ib 1lb

Amount bar is heated 500 F 50 F 5F
above initial temperature

that was heated to exactly the transformation temperature; this is
the refined zone, in which the grains are very small. Below this is the
transition zone where transformation had just started, and last
is the metal that was only heated to a tempering temperature. If the
bar had been originally annealed, there would not be much difference
in the hardness from the notch to the bottom of the bar, providing it
was cooled slowly. Mechanical tests would show lower ductility and
impact strength for the coarse-grained portion of the bar.

Let’s go back to bar C, and see what has happened. It will have a
very thin overheated portion (not heated long enough to result in
grain growth) which joins the thin layer that was heated just above
the critical. This metal cooled so quickly that it became hardened. It
is also stressed because it passed through the transformation tempera-
ture on fast cooling and expanded while the metal just below it did not
transform.

Please remember from Chapter 8 that the austenite in steel trans-
forms at a relatively low temperature when it is quickly cooled. In the
case of Bar C, the austenite in the 0.40% carbon steel would transform
at about 400 F to a structure containing martensite, the hardest con-
stituent possible to obtain in carbon steel. Now at 400 F, steel is not
anywhere near as ductile and yielding as it is at red heat, so a localized
and partial transformation results in high stresses. When these stresses
are high enough, further cooling cracks the needlelike crystals of
martensite. These cracks may progress to form large underbead cracks
along the fusion line.

You can soften the martensite by tempering and so reduce the
stresses; but once cracks have formed, you'll have to heat to the melt-
ing point to rejoin the cracked crystals. Sometimes the hardened and
stressed zone doesn’t crack until after the metal has been at room
temperature a few hours. This sort of cracking can be eliminated by
an immediate tempering. When crack-susceptible steel is heat treated,
it is customary to place the parts in the tempering furnace just as soon
as they are taken from the quenching bath.

Figure 11-4 shows the varying grain structures for a bead of low-
carbon weld metal deposited on an annealed or normalized plate of
medium-carbon steel, A survey of hardness readings taken from the
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weld metal to the original structure (unaffected by heat) is given in
Fig. 11-5.

Metal that was molien Fusion line
/ ~ Coarse grains
| Refined zone
% o
\
AR o Transition zone
'-II‘. "\\\.\ i/ N Ay I Ty
‘.-’ b b paw T " :"‘ i ;‘" T L
Onglnul structure unaffected
it..r‘ ‘I"' Tt wlaag e -_l_-Al

Fig. 11-4. Cross-section of o weld bead on 0.40% carbon steel.

The hardest part of the hardened zone is just below the fusion line
for two reasons: First, this metal passes more quickly through the
temperature (about 1300 F) where the softer constituent pearlite
starts to form; and secondly, this metal has been at a higher tempera-
ture resulting in coarser grains. A coarse-grained structure tends to
harden more readily than does a fine-grained portion.

If the weld is not to be machined and maximum ductility is not
needed, the hardened zone may not be objectionable. In some cases,
it may even be desired. It could just as well be named the strengthened
zone. But this zone is in ill repute because it sometimes keeps bad
company; namely, residual stresses and cracks. Let’s see what can be
done about controlling it.

If this plate had been hardened before welding, the metal just below
the transition zone would be heated to a tempering temperature and

i
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Fig. 11-5. Chart of a hardness survey across weld shown in Fig. 11-4,
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thereby softened, having the structure of tempered martensite.

Heat travels through a metal like water flows into a ditch. They
both flow downhill: water from a high elevation to a lower one, and
heat from a high temperature to a lower one. The steeper the ditch, the
faster the water will flow; and the greater the temperature difference
between two steel parts, the faster the heat will flow.

Procedures to Control the Hardness

When the thin high hardness zone in the base metal at the weld does
present problems, you can reduce and control it by one of three basic
approaches. The first (and usually the most economical) is by con-
trolled heating during the welding procedure. The second is by pre-
heating the base metal in addition to controlled heating during the
welding procedure. The third is by preheating the base metal, con-
trolled heating during the welding procedure, and postheating or tem-
pering. The second and third approaches require extra handling,
additional operations, and extra equipment; these of course add up to
extra cost.

Our first approach is preferred as long as satisfactory results are
obtained. And they usually are when welding medium-carbon steels.
The principle is to heat a large volume of the base metal during
welding. This slows up the rate of cooling and prevents the formation
of sharply defined zones of crystalline structure. The two chief ways
to heat a large volume is by arc welding with high current at low
speed or by making multiple-pass arc welds.

Let’s take these one at a time. When arc welding, a larger volume
of metal can be heated by using a high welding current. Also, advanc-
ing the electrode slowly heats completely through the section being
welded. This practice should be weighed carefully against the addi-
tional cost of preheating but lower welding cost (because of the faster
welding speed permitted by preheating). Select the most economical
method to suit the application. High welding current and slow travel
will give a relatively high admixture, which might be a disadvantage
on some applications.

It may be advisable and possible to make a wider or U-type groove
to accommodate a multiple-pass, metal-arc weld. Each pass tends to
preheat the base metal that will be affected when depositing the next
layer. And the heat from the next pass will temper the hardness of the
base metal adjacent to the first bead. By the time the last layer is
applied, a sufficient mass of the work material will probably be hot
enough to prevent any appreciable hardening. This wouldn't neces-
sarily hold true on a long joint.

Preheating and Tempering

Preheating of the work to be welded applies to various welding
processes and may constitute a separate operation. For example: When
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metal-are welding a 0.30¢¢ carbon steel, preheating the base metal to
only 200 F' and keeping it there during the welding process will slow
up the cooling rate enough to practically eliminate the hardening.

After welding, you can temper the weldment (welded assembly) by
heating it in a furnace; or, the heat-affected zone may be locally heated
with a gas torch, in an induction coil, or by other means.

Three rules of thumb can help in determining the need for preheat-
ing carbon steel for metal-arc welding:

1. Less than 0.20% carbon—preheating is not required on plate

under 1 in. thick, and only rarely on plate over 1 in. thick.

2. 0.20 to 0.40% carbon—preheating is never required on plate under

¥ in. thick, and sometimes on plate over % in. thick.

3. Over 0.407 carbon—preheating is generally required on all plate

thicknesses.

The proper welding procedure, as mentioned before, can incorporate
the equivalent effect of preheating over a wide range of materials and
plate thicknesses.

Frequently a welded member must be machined later across the
weld, for appearance, for dimensional control, or for mating to other
parts of a larger assembly. The (if uncontrolled) maximum hardness
zone under the weld bead may be either too hard for the steel or cast
alloy cutting tools to cut, or damaging to a finish-machining grade of
sintered or cemented carbide if conditions are such that the tool enters
and leaves the hardness zone at high speed. If these conditions must be
met, a more shock-resistant grade of cemented carbide should be

5004
% Critical zone
der weld
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Fig. 11-6. Effects of preheat temperature on the final hardness of the critical under-
bead zone. The lower the hardness and the more uniform the hardness throughout the
machining cut, the longer will be the tool life ond the better the quality of machined
surface.
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selected. When the weld is to be machined, preheating prior to welding
is desirable, The effects of preheating, in terms of reduced underbead
hardness and better machinability, are shown by Fig. 11-6.

In addition to lowering the hardness of the parent metal, preheating
has other advantages. It dries troublesome moisture from the surface
and out of any joints. It burns out any grease or oil, and makes
scale and other foreign matter easier to remove. Preheating also per-
mits the welding speed to be increased.

To review the numerous factors influencing hardness, the following
lists should be a guide:

Hardness is reduced by:

@ W oS ;RN

10.

Low-carbon and/or low-alloy content of the parent metal.
Fine-grained base metal.

Thin base material (no quench effect on weld metal).

Work hot when weld is started and kept hot during welding.
Weldment allowed to cool slowly after welding.

Heavy bead or weld layer at slow speed.

High welding current; slow travel.

Low-temperature heat source.

Slow rate of heat transfer (gas welding, forge welding).

Single-layer deposit.

Hardness is increased by:

gt W

® g =S

Pt
=

High-carbon and/or high-alloy content of parent metal.
Coarse-grained base metal.

Thick base material.

Work cold when welding is started, and no extra heat applied.
Weldment cooled quickly after welding.

Small weld beads (tack welds).

Low welding current; fast travel.

High-temperature heat source.

High rate of heat transfer (shielded-metal-are, submerged-arc
process).

Multiple-layer deposit.
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Definitions of New Words

Fusion line. The junction between the metal that has been melted
and the unmelted base metal.

Refined zone., The base metal zone of fine-grained austenitic struc-
ture below the coarse-grained zone, progressing away from the weld.
Metal in the refined zone was heated to the transformation temperature
just long enough to recrystallize as austenite, and then cooled before
the grains had time to grow.

Residual stresses. Internal stresses that exist in a metal at room
temperature as the result of (1) previous non-uniform heating and
expansion, or (2) a composite structure composed of a ductile con-
stituent and a brittle one.

Transition zone. The base metal zone of mixed structure, below the
refined zone, where only some of the grains have transformed to
austenite.

Review Questions

1. Explain what happens when a weld bead is deposited on a piece
of 0.407 carbon steel.

2. What is the effect upon the deposited weld metal of an oxyacety-
lene flame that is carburizing? Oxidizing?

3. Why is it that quick local heating may cause a hardened steel
plate to crack?

4. Explain what six factors determine the cooling rate of a weld.

5. In what part of the weld zone will the fine grain structure be
found?

6. Does the rapidity of cooling have any effect on the temperature
at which austenite transforms?

7. How may cracking in the hardened and stressed zone of a weld
be eliminated?

oo

Does tempering do any good once a crack has formed?

9, Describe the procedure for controlling hardness in the heat-
affected zone of the weld.

10. When should base metal be preheated prior to welding?
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CHAPTER 12

WELDING HIGH-CARBON STEEL

High-carbon steels (carbon 0.459% and higher) are usually called
“difficult to weld.” This statement is not wholly accurate. It would be
more nearly correct to say that these steels are impossible to weld by
mild-steel welding procedure, but are easy to weld by procedures and
methods recommended for high-carbon steels.

Some of the properties of high-carbon steels that make different
welding procedure necessary are these:

e High-carbon steel will not stretch as much as low-carbon steel,
and a higher load is required to make the high-carbon stretch a given
amount above the yield point, Fig. 12-1.

High carbon
“
&
& Low carbon
Fig. 12-1. High-carbon steel will not
stretch as much os low-carbon steel.
Strain

e Extremely high cooling rates are required to cause low-carbon
steel to harden. At a much slower cooling rate, high-carbon steel will

harden excessively.
e The transformation range is lower for the high-carbon steels re-

sulting in a deeper heat-affected zone.

e The high-carbon steel has enough carbon to react with other ele-
ments to form gases and has a different affinity for dissolved gases so
that welding under some conditions will give porous welds. There is
not enough carbon in low-carbon steel to cause this trouble.

179

@Seismicisolation: -


https://telegram.me/seismicisolation

180 METALS AND HOW TO WELD THEM

Welding Problems

Difficulties that may be encountered when welding steels with car-
bon over 0.45 are listed below. These problems are not too serious
when welding steel a little above 0.45%, but they become progressively
more important as the carbon content is increased.

1. Cracking of the weld metal. The cracks may be across the bead
(transverse), or they may be through the center of the bead (longitu-
dinal). Longitudinal cracks are more prevalent. Sometimes they do
not show on the surface of the bead, but the underportion of the bead
will be eracked.

2. Porosity in the weld metal.

3. Excessive hardening of the parent metal.

4. Cracking of the parent metal. This includes both underbead
cracking—cracks just under the fusion zone—and radial cracks that are
at the fusion zone and extend into the parent metal.

5. Excessive softening of the parent metal.

Since hardened high-carbon steel will not stretch very much with-
out failure, the expansion and contraction during welding are of special
importance. The contraction (shrinkage) of a weld bead on steel may
be compared to a cold low-carbon steel bow strung with a hot low-
carbon steel wire (Fig. 12-2). As the wire cools, it contracts, and the
bow and the wire must both yield in order to compensate for the con-
traction.

As the wire contracts, the stresses on wire and bow increase; and
the deflection (bending) of the bow plus the stretching of the wire
equal the difference between the length of the hot wire and the orig-
inal length of the wire.

Let’s assume that, after the wire has cooled to room temperature,
there has been enough contraction to stress both bow and wire to the
vield point. If they are now heated at 1000 or 1200 F, both will expand
and yield. The tight wire causes the bow to bend a little more and the
wire is stretched a little by the tension in the bow; then, when they are
cooled back to room temperature, both bow and wire have the same
dimensions as they did before heating, but the wire will not be as tight.
The heating to 1200 F has stress relieved the assembly.

The example of the bow and wire shows what happens when a low-
carbon steel is welded with a low-carbon electrode. The same illustra-
tion will be used to show the effects when high-carbon steel is welded.

In this instance, the high-carbon steel bow is strung with the hot
low-carbon steel wire. The wire cools and both bow and wire are
stressed. The bow bends elastically, but the stress does not reach the
vield point because the wire gives first. The low-carbon wire thus takes
most of the stretch, and the bow is only slightly bent. If the wire is
now cut, the bow springs back to its original shape.

Rule 1 for welding high-carbon steel: Avoid excessive penetration;
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Bow 7

Without restraint (original lengthl
WITE"1

Length of wire cooled 4"

Length of hot wire/

|
|
I
|
|
|
|

Bow strung with a hot wire

Wire has cooled

Amount wire stretched —

Fig. 12-2. The contraction of a weld bead on cold high-carbon steel may be com-
pared with a steel bow strung with a hot wire.

and keep the weld metal as low in carbon content as practical. The
deposit will then have maximum ductility. Otherwise, the high-carbon
steel being welded would be stressed too highly. Further deflection
beyond the yield point causes it to fail quickly.

From the bow and wire example, it is readily seen that a larger
wire would stress the bow more. If the bow is bent enough to yield,
the wire will not be stretched as greatly. Conversely, if a very small
wire is used, the wire will have to carry all of the extension.

The low-hydrogen group of electrodes, which also have iron-pow-
dered type coatings, provide sound ductile welds on high-carbon steel
with minimum penetration. These electrodes also eliminate a major
cause of cracking because of their low hydrogen content and their good
slagging characteristics.

Of course some penetration is necessary. With some of the highest
carbon steels (over 1.09), the minimum safe penetration to produce a
sound weld may raise the carbon content of the deposited metal to a
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25-20 Stainless

X/

Fig. 12-3. Very high-carbon steel (1.0% C or higher) can be welded by first surfacing
with stainless steel.

point too high to be sufficiently ductile to withstand contraction stress-
es. Under these conditions a ductile and tough weld may be obtained
by welding with a 259 chromium and 209 nickel electrode. This elec-
trode has shallow penetrating characteristics and the deposit is still
ductile even after picking up some carbon from the base metal. This
electrode (called 25-20 stainless and numbered E-310-15) deposits weld
metal that remains in the ductile austenitic state. It is so highly alloyed
that it does not transform into martensite or other hard structures even
when it is very quickly cooled.

The weld may be completed with the stainless electrode. If it is a
large weld, the surfaces of the parent metal may be coated or “but-
tered” with a layer of the stainless deposit and then the weld completed
with an electrode of lower cost (Fig. 12-3).

In addition to having a high duectility, the 25-20 deposit also has a
low yield point, which makes it an ideal cushioning material. It will
stretch a lot without overstressing the high-carbon steel. The tensile
strength is high 80,000 to 90,000 psi.

Rule 2 for welding high-carbon steel: Go slow enough to deposit a
substantial bead or layer of weld metal, but on wide welds weave
rather than make parallel stringer beads. Avoid thin weld cross-sec-
tions. A thin concave fillet weld between two rigid members is likely
to crack (Fig. 12-4). Crater cracks, as mentioned in Chapter 9, occur
in a similar way. Also known as hot cracks, these originate in the con-
cave crater often left by the weldor at the end of a weld bead. The
stresses concentrate in the metal that is last to freeze. If it's a crater,
the thinness of the weld metal offers little resistance to the stress.

Any weld on a high-carbon steel should be well rounded (built up
by using shorter arc length), and no single bead in a multi-layer weld
should be finished with a crater. The crater that tends to develop at

Fig. 124. A thin concave fillet
weld between two rigid members
is likely 1o crack.
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the end of a weld should be filled in immediately, and the weld ended
on top of the finished bead instead of on plate metal.

When welding in a groove or a fillet, it is the first or root bead that
is most susceptible to cracking. Even though the surface of the weld is
crack-free, the underportion of the bead or a lower weld layer may be
cracked. Surface or toe cracks may be found by magnetic inspection
with iron powder, while a more comprehensive check may be made by
chipping out the underside, by breaking the weld, or by radiographic
(gamma or x-ray) or ultrasonic inspection.

We have heard the statement, “Yes, that first bead is cracked all
right, but I will burn to the bottom of the crack with the next layer.”
It is seldom possible to melt completely through a lower layer to elim-
inate a crack. It more frequently will follow up at least part way into
the second bead (Fig. 12-5), and in service may lead to early failure of
the weld. The only answer is to prevent root cracks in the first place.

Fig. 12-5. A cracked first bead generally carries up into the second loyer of weld
metal.

How do root cracks happen? It is the first or root bead that picks
up the most carbon from the parent metal and thus is more crack sen-
sitive than following layers. As the weld metal cools, it shrinks. The
restraint provided by the colder base metal places the weld metal under
tension. Where this condition is most severe, tensile stresses at the root
of the joint are biaxial (two-directional). As a result, the smaller root
bead may crack and this crack may then or later propagate (grow) on
up into subsequent layers of the weld metal.

Root cracks and other weld cracks are avoided by one or more of
the following steps: preheating or process heating of the base metal,
use of a more ductile weld metal, change of joint design, uniform gap
separating plates at the groove, and leaving members being welded
free to move as the weld cools.

On the higher carbon steels where even a low admixture results in
considerable carbon pick-up by the first bead, stress relieving of the
joint is advisable before the weldment is put into service.

Cracking of any kind in the weld metal, during welding or in later
service, is more likely with higher carbon content and with apprecia-
ble gas inclusions. We'll discuss the latter under the general term of
“porosity.”
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Porosity in the Weld Metal

Porosity is not yet fully understood by metallurgists. There are
times when a fine well-distributed porosity—usually not visible to the
naked eye—adds to the ductility of the base metal or the weld metal.
However, any set of conditions that cause appreciably-sized, isolated
or grouped gas pockets or blowholes may cause trouble in the welding
of high-carbon steel, or may lower the notch toughness of the weld
metal.

Molten high-carbon steel readily absorbs hydrogen, ecarbon monox-
ide, and other gases to which it is exposed. These gases are much less
soluble in the solid metal crystals and so are expelled as the metal
freezes. If they collect at the grain boundaries, they may be a source
of weld weakness under some service conditions. The problem is in-
creased by the presence of any high percentage of sulphur, phosphorus
or silicon, which enter into combination with the gaseous elements.

Weld in such a way that the surface of the deposited metal will
solidify last and so that the weld will solidify slowly. Any gas will thus
be given time and an avenue of escape.

Metal-arc welding with bare electrodes allows the weld metal to
absorb oxygen and nitrogen from the air. The oxygen reacts with the
carbon in the steel to form carbon monoxide. These holes may be kept
small and few in quantity by avoiding the excessive puddling which
gives the molten metal time to absorb enough oxygen to produce por-
ous welds.

Standard shielded-arc electrodes (organic coating) E-6010, E-6011,
ete. produce an atmosphere around the arc that contains hydrogen, a
notable contributor to the formation of holes in the weld metal. When
using such electrodes, weld more slowly to allow the hydrogen time to
escape from the solidifying weld metal.

The low-hydrogen types of electrodes E-6016 and E-6018 and the
higher tensile strength grades will make solid welds on high-carbon
steel without using any special precautions. The submerged-arc proc-
ess will also produce solid welds in these steels. Both of these weld-
ing methods protect the weld metal by a layer of slag, and there is prac-
tically no hydrogen present to be absorbed by the weld metal.

Excessive Hardening of the Parent Metal

The factors that affect the hardness of the high-carbon base metal
are the same as those discussed under the section devoted to the weld-
ing of medium-carbon steel.

Any of the welding methods will result in a hard zone near the weld
if the cooling is too fast. In a brazed joint, the steel is not melted but it
is heated above the transformation temperature and slow cooling is
necessary to reduce the hardening.

To get the metal in the vicinity of a weld in high-carbon steel soft
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enough to machine readily, postheating is usually required. The degree
of preheat and the slow rate of cooling that are needed to prevent hard-
ening of the heat-affected zone may not be possible or may cost more
than a tempering or annealing heat treatment after welding.

Cracking of the Parent Metal

Cracking of the parent metal is probably the most serious problem
to be encountered in the welding of high-carbon steel. Cracks in the
weld metal can be seen, or at least readily detected, but the eracks in
the parent metal cannot be seen. If they are under a bead of weld, they
may elude magnetic-particle inspection or even the vigilant x-ray.

Hilg # é ‘[ %

Fig. 12-6. An underbead crack and radial cracks.

[o4

Figure 12-6 shows the two kinds of cracks. The underbead crack is
found following the contour of the fusion zone. The radially directed
crack usually runs from the fusion zone into the base metal.

The underbead type crack (also called hard crack) occurs when a
bead of weld metal is deposited on cold high-carbon steel. Two other
conditions are necessary: hydrogen, usually originating in the coating
of shielded-arc electrodes, and the formation of martensite in the base
metal along the fusion line. If the work is preheated or is welded so
that the weld cools slowly, the cracks do not form. If the weld is made
with an electrode having a low-hydrogen or hydrogen-free coating, the
zone of martensite formed on work not preheated is crack-free.

Hydrogen is very soluble in any liquid steel and is still more solu-
ble in molten high-carbon steel. As the steel solidifies, the hydrogen
is forced out of solution, diffuses through the steel, and escapes into the
air. At the transformation temperature there is a sudden reduction in
hydrogen solubility, resulting in an appreciable rejection of hydrogen
from the iron crystals. When the steel is cooled slowly, transformation
takes place slowly enough to permit the hydrogen to escape freely.
When the steel is cooled quickly, however, the hydrogen does not have
time to diffuse to the surface and puts an enormous stress on the metal
structure.

The presence of a large percentage of sulphur makes it even less
likely for the hydrogen to escape, since the hydrogen and sulphur com-
bine as hydrogen sulphide. The ductile portions of the metal yield to
the stress caused by the tiny bubbles of hydrogen and hydrogen sul-
phide, but the brittle martensitic crystals are likely to crack under the
pressure.
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The phenomenon may be compared to the experience of a deep sea
diver. At high underwater pressures, his blood dissolves nitrogen;
when he is raised slowly, the nitrogen slowly leaves the blood and dif-
fuses out through the lungs. If, however, the pressure on his body is
decreased quickly, by rapidly lifting him out of the water, the nitrogen
will come out of the blood to form dangerous and painful bubbles.
Helium mixed with oxygen has enabled divers to be taken to atmos-
pheric pressure safely in less time, for the helium diffuses out of the
body more quickly and the fatal bubbles are not formed.

Steelmakers are familiar with the cracks that are blamed on hy-
drogen. These cracks are called “flakes” and are found by examining a
fractured surface or etching a sample of the steel in hot hydrochloric
acid. One reason for the soaking treatment given to high-carbon steel
ingots is to hold the ingot at a high temperature long enough to allow
the excess hydrogen to diffuse out of the steel.

The low-hydrogen electrodes eliminate the underbead cracking due
to hydrogen, and allow high-carbon steels to be satisfactorily welded at
a much lower preheating temperature. But, we repeat, the low-hydro-
gen electrodes do not eliminate the hardened zone under the weld bead.

Stress cracks are usually at the toe of the weld, starting at the sur-
face and extending down into the base metal. Sometimes they are found
under the bead at right angles to the fusion line. They are also called
hot cracks, and those that are open to the air can be recognized by the
oxidized surface of the fracture. Stress cracks may look like under-
bead cracks, but they can be identified by their direction. The under-
bead cracks are in the hardened zone, and the stress cracks run across
the heat-affected zone.

Underbead cracks are not found in oxyacetylene or atomic-hydro-
gen welds, but the hot cracks occur more frequently in gas welding
than in metal-arc welding.

When the welded high-carbon steel plate is cooling, the stresses may
be higher than the ultimate strength of the steel at the elevated tem-
perature. A ductile low-carbon steel would yield and so reduce the
stress. But high-carbon steel is not as ductile, and so we have stress
cracking. Cracks of this type can occur with stainless-steel electrodes

S, ™ - s
.:\Q\\X\\\\\\ Heated metal expands After cooling mefal

contracts and crocks

Carbon arc heating
high carbon steel

Fig. 12-7. Crocks moy be formed by heating the surface of a metal of low ductility.
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and with the low-hydrogen electrodes, for they are not caused by hy-
drogen.

All you have to do to see a stress crack is to heat the surface of a
steel plate that has low ductility (Fig. 12-7). The heating causes local
expansion of the heated area. If the plate is thick, the plate will not
bend enough to relieve the expansion and the metal will upset, result-
ing in a raised bead. When the metal cools and contracts, it is not duc-
tile enough to stretch and a crack results.

You eliminate the stress cracks by providing means to reduce the
stress on the metal as it cools and contracts. If you can, reduce the
rigidity of the joint. ¥ this is not possible, heat or stretch restraining
members and allow them to return to their original length as the weld
cools. Preheating may be used to reduce the localized stresses at the
joint.

Fig. 12-8. A weld at (A) in o
rigid part will probably fail in
or near the weld unless the met-
al is ductile.

In Fig. 12-8, a weld in this rigid part of A will probably fail at or
near the weld if the metal is not sufficiently ductile. We certainly do
not wish to reduce the rigidity of the part by cutting the arms, B and C,
but we can heat these two arms and allow them to cool and contract as
the weld cools. Instead of heating B and C, a jack may be placed near
the center arm and the fracture expanded and then the jack loosened
after welding, to put the weld in compression thus compensating for the
contraction after cooling.

If member A is preheated, it will expand and increase the tension
in the weld after cooling.

When a weld like this is to be made with an oxyacetylene torch, it
may be advisable to water cool the part A on each side of the weld to
reduce the length of the heated area. As soon as the weld is completed,
the cooling should be stopped so that the weld and base metal will not
cool too quickly.

Excessive Softening of the Parent Metal

Annealed high-carbon steel will, of course, not be softened by any
kind of welding. High-carbon steel is used for its superior strength and
hardness, and in a finished part will be heat treated to secure these
properties. If the part is to be heat treated after welding, then we do
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not need to consider either softening or hardening of the base metal. If
the weld is to have the physical properties of the base metal, then the
filler metal must be properly selected. It need not necessarily be of the
same chemical analysis as the parent metal, but it must be one that
will have the required properties after the heat treatment that is given
the part.

Stainless steel is not a satisfactory filler metal if the weld is required
to be hard. If only the surface of the weld is required to be hard, the
weld may be finished with a material which will heat treat to the hard-

ness wanted or with an alloy which has the hardness as-deposited and
is not affected by heat treatment.

{ % % Fig. 12-9. The ability of a weld joint to

o bend depends on design.

It is impossible to weld a hardened high-carbon steel part without
some softening or at least change in the properties of the metal near the
weld. Gas welding heats the metal a considerable distance from the
weld, giving a large tempered or softened area. Metal-arc welding heats
less of the parent metal, but we are confronted with excessive harden-
ing of the part that is heated. Any preheating done will increase the
depth of the heat-affected and softened zone.

For best results, hardened high-carbon steel parts should be an-
nealed, welded in this more ductile condition and then heat treated to
the desired final hardness. This ideal procedure is not always possible,
particularly when welding is used to repair high-carbon steel parts.

Successful welding of hardened high-carbon steel requires a knowl-
edge of the service that is to be required and then the intelligent selec-
tion of the welding procedure and welding electrodes to make the weld
just strong enough, just tough enough, and with just as much softening
of the parent metal as will allow satisfactory service.

Use all the precautions practical, and preferably weld with a high-
chromium, high-nickel stainless-steel electrode. A small electrode and
intermittent welding will reduce the embrittling of the parent metal
due to grain growth and also will make the softened area smaller. If
possible, design the joint with the fusion zone at an angle to the prin-
cipal stresses (Fig. 12-9).

Summary of Preventive Welding

High-carbon steel is not as ductile as low-carbon steel and must be
cooled slowly. The possible welding difficulties are: (1) cracking of the
weld metal; (2) holes in the weld metal; (3) excessive hardening of the
base metal; (4) cracking of the base metal and (5) excessive softening
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of the base metal (in this case the base metal has been hardened before
welding) .

These welding difficulties can be eliminated or reduced by: (1) pre-
heating, (2) using low-hydrogen electrodes or stainless-steel electrodes;
(3) reducing cooling stresses on the welded joint; (4) annealing before
welding and (5) hardening and tempering after welding.

The cracking of the weld metal is controlled: (1) by reducing the
rigidity of the joint; (2) by reducing the penetration into the base metal
thereby obtaining a lower carbon and more ductile weld and (3) by
using a low-hydrogen electrode or a stainless-steel electrode which will
give a deposit of higher duetility.

The holes in the weld metal may be eliminated: (1) by puddling the
weld to work out the holes; (2) by reducing the penetration into the
base metal and (3) by using a welding process that is less likely to give
holes.

The hardening of the base metal is reduced: (1) by preheating; (2)
by using higher welding current and welding more slowly and (3) by
tempering after welding.

Cracking of the base metal is controlled: (1) by using low-hydrogen
or stainless-steel electrodes and (2) by the reduction of cooling stresses
on the welded joint.

Excessive softening of the base metal is reduced: (1) by elimination
of preheating; (2) by welding faster and with small electrodes or (3) by
heat treatment after welding.

The original properties of a hardened high-carbon steel cannot be
duplicated by welding alone. A final complete heat treatment is neces-
sary to get the weld and the base metal into the original condition, but
in most instances the hardened steel can be welded so that it will per-
form its necessary functions without the final heat treatment.

Definitions of New Words

Hard crack. See “underbead crack.”

Hot crack. Also known as “auto crack,” resulting from stress con-
centration in relatively thin weld metal that is last to freeze. Both root
cracks and crater cracks are forms of hot cracking.

Radial crack. A crack originating in the fusion zone and extending
into the base metal, usually at right angles to the line of fusion. This
type of crack is due to the high stresses involved in the cooling of a
rigid structure.

Root crack. A weld crack originating in the root bead, which is
usually smaller and of higher carbon content than subsequent beads.

Crack is caused by shrinkage of the hot weld metal as it cools, placing
the root bead under tension.

Stress crack. See “radial erack.”

Toe crack. A crack originating at the junction between the face of
the weld and the base metal. It may be any one of three types: (1)
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radial or stress crack, (2) underbead crack extending through the
hardened zone below the fusion line, or (3) the result of poor fusion
between the deposited filler metal and the base metal.

Underbead crack. A crack in the hardened base metal just under
the fusion line. It usually originates in the coarse-grained zone and is
caused by hydrogen released from the austenite as it transforms during
cooling. If cooling is rapid, the free hydrogen cannot escape to the
surface and exerts tremendous pressure on the hard martensite crys-
tals being formed. Underbead cracks occur parallel to the fusion line.

Review Questions

1.
2.

3.

What is the cause of underbead cracking?

Name the difficulties encountered in welding high-carbon steels.
What are the three methods used to control cracking of high-
carbon steel?

Preheating is recommended for overcoming some difficulties
when welding high-carbon steel but may cause others. Can you
name them?

What is the advantage of low-hydrogen electrodes?

Can welding take the place of a final heat treatment of high-
carbon steel?

What steps should be taken to avoid porosity in a high-carbon
weld?

Where do stress cracks usually start?
What are hot cracks?

Explain the steps necessary to obtain the best results when weld-
ing hardened high-carbon steel.
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CHAPTER 13

WELDING ALLOY STEELS

Low-carbon steels may be welded without close control, but the
alloy steels with their high mechanical properties are more tempera-
mental, Some of them must be treated like prima donnas in order to
bring out their outstanding properties. However, all alloy steels are
weldable.

Since welding is universally used in fabricating all types of pro-
ducts, steelmakers have had to consider weldability in developing
their steel analyses and manufacturing processes. Low-alloy steels
are now available that have even better welding properties than
straight medium-carbon steels as well as better mechanical properties.

The time may come when the present higher alloy steels will be
replaced by steels that do not require preheating or postheating for
welding. Advances are being made: molybdenum, for instance, is
being substituted for some other alloying elements to improve weld-
ability. Moreover, the low-hydrogen electrodes have lowered the pre-
heating temperatures required and in some cases have made preheat-
ing unnecessary.

Let’s briefly review some of the main principles of ferrous met-
allurgy. As a carbon steel is heated to a high temperature, depending
upon the amount of carbon present, it changes from a mixture of
ferrite (pure iron) and pearlite (an iron and iron-carbide mixture)
to a solid solution of carbide in gamma iron known as austenite. A
carbon steel is hardened by heating it to a point slightly above the
transformation temperature, and then cooling it very quickly as by
plunging it in water.

We have discussed, in Chapter 7, the effect that various alloying
elements have on the hardening of steel. Some alloy steels are fully
hardened when quenched in oil and others are alloyed so as to harden
when cooled more slowly in air. Some, such as stainless steels of the
chromium-nickel group and steels containing high manganese, remain
austenitic in structure, even at room temperature. These steels do not
undergo any change in the crystal structure of their iron content, and
therefore they do not have a critical temperature point during cooling.
They cannot be hardened by heat treatment. The austenitic stainless
and high-manganese steels, however, will be discussed in later
chapters.

The hardening of the parent metal under the weld may be over-
looked on some jobs. If additional layers of weld metal are to be
applied, the hardness will be reduced. If the whole part is given a
postweld annealing heat treatment, the hard zone will be eliminated.
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Excessive hardening of the parent metal is a danger sign, however,
especially if the weld is made with electrodes containing hydrogen
compounds in the coating, which includes all standard coated elec-
trodes with the exception of the low-hydrogen group.

As explained in the discussion of the welding of high-carbon steel,
underbead cracking can be expected if the parent metal is hardened
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to 50 Rockwell C or higher. The low-hydrogen electrodes eliminate
the underbead cracking but do not reduce the hardening of the parent
metal.

The tendency for cracking alongside of the weld increases with the
alloy and carbon content of the base metal and with the rate at which
the metal cools after welding.

In order to select the proper welding method and procedure for a
particular alloy steel, we need to know its chemical analysis and
properties.
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Low-carbon steel and low-carbon weld metal have high ductility,
from solidification on down to room temperature. They have relatively
low tensile strength, and hard zones and underbead cracking are
absent. These qualities make low-carbon steels easy to weld.

In welding, steels of low hardenability are preferred so that hard
and brittle zones will not be formed under the weld where the metal
cools very quickly. When steels of high hardenability are welded,
the rapid cooling and subsequent hardening may be prevented by
preheating. Figure 13-1 shows how the degree of preheat necessary
varies with respect to the total alloy content and the carbon content
of the steel.

If the alloy content is high and the carbon is low, there is no
appreciable hardening; in fact, the metal may be all alloy and may be
welded without hardening. As the carbon is increased, the alloy con-
tent of the steel must be lower for welding without preheating.

Some alloys, like austenitic nickel steel, can often be welded
without preheating, even though they have both high-carbon and
high-alloy contents. The transformation of the austenite has been
slowed up so much that it does not take place at all. The ductile and
non-hardenable austenite is an ideal welding material.

In this chapter, we will divide the welding of alloy steels into three
parts:

1. The surfacing of new and worn parts to combat wear, corrosion,
etc. (hardsurfacing) or to build up a part to a larger size or to
repair a machining error or a casting defect.

2. Welding alloy-steel parts together when the full strength or
other mechanical properties of the parent metal are not re-
quired.

3. Welding alloy-steel parts together when the parent metal’s me-
chanical properties, or even higher properties, are desired in
the weld.

Hardsurfacing and Build-Up

In the first class of work, hardsurfacing with or on alloy steel,
the strength of the bond between the surfacing metal and the parent
metal is not of major importance. As one example, a thermocouple
tube is surfaced with an alloy to prevent scaling and oxidation. The
bond strength is not at all important, for a shell of the resistant
alloy slipped over the tube would be adequate. A band of hardsur-
facing material welded around a tool joint or drill collar is not sub-
jected to tensile loading. The primary object is to resist abrasion,
but of course the hardsurfacing must be held on tight enough so
that it will not flake or chip off,

A worn shaft that is built up by welding does not require a high-
strength bond. Some bearings, in fact, are built up with sprayed-on
metal (metallizing), and this low-tensile-strength deposit is entirely
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satisfactory for this type of application.

True, high strength is sometimes necessary in built-up welds. A
good example is the building up of the worn tip of an oil-well drilling
bit. These bits are made of high-carbon steel. They should be pre-
heated to about 400 F when they are built up by the shielded-arc
process to prevent the formation of underbead cracks. A high-carbon
steel electrode or an alloy-steel electrode is used to shape the edge
and gage of the bit. This is then built up to the finished size with a
hardsurfacing electrode.

When building up a high-carbon or an alloy steel, the required
preheating temperature may be reduced or even eliminated by using
a low-hydrogen or a stainless 18-8 or higher alloy electrode. The de-
posits from these electrodes do not cause underbead cracks in the
high-carbon base metal. After the first layer is applied, and while
the work is still hot, the build-up is finished with any desired elec-
trode. The base metal under the first layer of weld will harden as
the weld cools, but the heat from the subsequent layers will temper
the hardened metal to give a strong and ductile structure.

When high-carbon steel is built up with the oxyacetylene process,
the steel will probably be preheated enough in welding to eliminate
underbead cracking or any undue hardening of the parent metal. But
on many jobs gas welding softens the parent metal too much, and the
longer the metal is held at a high temperature, the greater will be
the loss in impact strength because of grain growth. In such cases
the work should be heat treated after welding to reduce the grain
size and to obtain the specific mechanical properties needed.

In hardsurfacing, even though preheating is not always necessary
to avoid underbead cracking, the combination of surface material and
base metal may require preheating to prevent excessive shrinkage
stresses. Such stresses may cause cracks, spalling or peeling.

Automatic and semi-automatic submerged-arc welding is being
used for production hardsurfacing and in rebuilding extensive surface
areas. Various combinations of hardsurfacing fluxes and low- or
medium-carbon electrode wire give a wider range of surface properties.

The building up of wear-resistant surface layers by manual and
automatic methods will be more fully covered in a later chapter on
hardsurfacing (Chapter 18).

When Highest Strength Is Not Needed

Our second major class of work is the joining of alloy-steel parts
when the high mechanical properties of the parent metal need not be
cuplicated or exceeded in the joint itself. There are many reasons why
joints should not be made any stronger than is required. For instance.

1. Excessive strength is usually more expensive.

2. Excessive strength at one section of a member may result in

stress concentrations and overloading of other portions.
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Some joints are intentionally made weaker as a safety factor so
that, if overloading takes place, they will fail before more expensive
parts of the assembly can be damaged—just like the fuses in your
electric light circuit.

Soldering and brazing are metal-joining methods that are often
useful when full-strength properties are not required. Neither in-
volves melting of the base metal. Soft solder, which melts at a com-
paratively low temperature (between 250 and 500 F), is adequate
for sealing joints in thin steel and for low-strength joints. Going up
the temperature scale, the silver solders (silver-brazing alloys) melt
between 1200 and 1600 F' and can be used for joining hardened alloy
steels with only local effect on the heat-treated properties. The tensile
strength of the silver-soldered joint is rather high when it is prop-
erly made. The abutting surfaces must be finished to fit closely to-
gether and must be held in position until the brazing alloy solidifies.

Copper brazing of the alloy steels is commonly performed in a
furnace filled with an atmosphere of hydrogen or of hydrogen and
other suitable gases. This process is especially suitable for small
parts that can be assembled with snugly fitting joints. Let’s say that
a steel sleeve is to be copper brazed on a steel pipe. The parts are
machined so that the pipe makes a good tight fit in the sleeve, and
a copper wire is placed around the pipe at or near the sleeve. Heat-
ing in the controlled atmosphere of the furnace to about 2000 F melts
the copper. The copper spreads over the surface of the steel and is
“sucked” by capillary attraction into the minute spaces between the
sleeve and the pipe.

Copper furnace brazing is satisfactory for joining alloy steel to
carbon steel, high-carbon steel to east iron, or for any combination
of steels. Brazed parts can not be further heat treated without ap-
preciably weakening the strength of the joint. The copper braze has
a high shear strength and fairly high tensile strength when the con-
ditions are ideal, but it should not be used for butt joints when good
tensile properties are required.

Braze-welding and brazing will produce butt joints in carbon and
alloy steels with a tensile strength of 55,000 psi or more. It is neces-
sary to distinguish between these two terms. When the parts are
tightly fitted together, so that the alloy flows through the joint by
capillary attraction, the process is known as brazing. If the parts are
not closely fitted, so that a relatively large amount of filler metal is
used, the process is called braze-welding.

The most popular braze-welding alloy is a high-zine brass welding
rod applied by the oxyacetylene welding process. It melts at about
1650 F and is used on parts that are not to be heat treated. Braze-
welding is also done with the carbon-are and the tungsten-inert-arc
welding processes. The inert-arc process is particularly suited to
joining thin metals where it is rapidly replacing the carbon-arc method.
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Steel may be braze-welded with coated bronze electrodes that
conform to AWS Class E-CuSn-C. These electrodes, however, are
usually used for surfacing or for building up pads on steel, for braze-
welding cast iron, and for joining non-ferrous alloys. Copper-silicon
rods may be used to braze-weld thin steel.

In all of the soldering and brazing methods, there is practically
no melting of the steel, no penetration into the steel. The solders
and brazing materials form a thin alloy which “tins” the surface of
the steel. Since a surface adhesion is involved, it is necessary to
have clean bright metal for soldering and brazing.

Soldering and brazing methods of joining alloy steels are recom-
mended only when they will give all the required physical properties.

Fusion welding, also, can be used in joining alloy-steel parts
when the full strengths of the parent metal are not required. One
such method is resistance spot welding. This is not recommended,
however, when a high strength joint is needed. Spot welding will
compete with riveting and bolting but not with the various arc weld-
ing processes or resistance butt welding for a continuously strong
structural or machine member.

When high-carbon or hardenable-alloy steels are spot-welded, the
welds are tempered by passing a second shot of current through the
joint to delay the cooling. The tempering current is not as high as
the current used for the welding, and it is left on long enough to heat
the weld and the surrounding metal to a good tempering tempera-
ture, but not long enough to bring the metal again to the transforma-
tion point.

When the full tensile strength of the parent metal is not required
in the weld, alloy steels may be arc welded with low-carbon metal
electrodes normally used for welding mild steel. The resultant weld
has higher ductility in the as-welded condition than alloy-steel weld
metal would have. If the weld is completed in one pass, the pick-up
of alloying elements from the parent metal serves to somewhat in-
crease the tensile strength of the weld metal. However, the last layer
of a multipass weld does not pick up enough base metal to be appre-
ciably strengthened.

Additional strength can often be obtained by increasing the weld
cross-section. This would be true in the case of fillet welds but not
of butt welds.

Welds of Highest Mechanical Properties

Carbon or alloy steel deposited by shielded-arc welding has
higher mechanical properties than steel of the same analysis in a
casting, even after the casting has been heat treated. Properties of
the weld metal compare favorably with those of rolled steel tested
in the direction of rolling (properties are lower in the transverse
direction).

o @@Seismicisolation o


https://telegram.me/seismicisolation

WELDING ALLOY STEELS 197

To obtain these superior properties of the weld metal, the proper
welding method and technique must be used.

The welding of an oil-well casing is one of the outstanding ex-
amples where high-quality welds meet very rigid requirements. These
joints are made under adverse conditions. The casing is welded end
to end and lowered into the ground to line the hole that may be an
oil well. As one welding contractor puts it, “We are required to join
together, by welding, two vertical pieces of pipe having diameters
of from 534 to 185 in. or even larger; to carry the tensile stresses
developed by a vertical string of a mile or more of such pipe, the
compressive stresses developed by an equal depth of heavy mud, and
the impact of a drill stem within the pipe weighing 22 lbs per foot
and revolving at 250 rpm; to remain perfectly water- and gas-tight
under these stresses and pressures; to be smooth on the inside within
140 in.; and to hold the outside diameter at the weld as close as
possible to that of the pipe. In addition, we are expected to match
up the ends of the pipe perfectly and to align a piece of pipe stick-
ing 40 ft. up in the derrick, weighing perhaps a ton, with the casing
already in the hole. Bear in mind that all this must be done with
the maximum possible speed.”

Before the weld is cold, the slips are removed and the full length
of the welded casing in the hole is suspended by the weld as the
string of pipe is lowered preparatory to making the next weld. This
procedure gives each weld an immediate tensile test.

Most of the discussion in the following sections of this chapter
relate to the making of strength welds in the alloy steels. Some of
the recommendations, of course, apply to all welds.

Fig. 13-2. The root bead can often

be made with a low-hydrogen or $ s

stainless steel electrode. Staggering
subsequent layers assures good slag-
ging.

Preparing for Welding

Make sure that the surfaces to be welded are free from scale, rust,
oxidized metal, grease, oil, water, etc. Check the base metal for
cracks existing at the joint; alloy steel may be cracked by incorrect
grinding, torch cutting, or shearing.

The U-type joint, single or double, is preferred as it gives enough
room to apply and clean the first layer. It will permit use of a larger
electrode on the root bead. A U-type joint, however, may be more
costly to prepare and may require more weld metal. In the V-type
joint, the root pass is a very narrow layer and is more subject to
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weld cracks as a result of shrinkage stresses. If workpieces can’t be
preheated, the root bead might preferably be deposited from a low-
hydrogen electrode or a stainless steel electrode, which gives an even
more ductile deposit (Fig. 13-2). Naturally, the wider the area filled
by the first pass, the greater will be the preheating effect.

Care must normally be taken with alloy steels to control dis-
tortion. The parts may be clamped to restrain warping. This can
frequently be done without taking away the ability of the plates to
be pulled closer together by the weld metal as it contracts during
cooling. Or, the parts may be misaligned when set up for welding,
just enough to warp straight as the weld cools; or, weld metal may
be applied in a sequence that will keep the work from distorting.
Adopt a procedure by which the completed weld will not exceed the
maximum distortion allowed.

When welds are to be made in a rigid structure, adequate provi-
sion must be made for the inevitable contraction of the weld metal
and the heated parent metal as the assembly cools. The weld may
not be strong enough or ductile enough to resist the shrinkage until
the weldment can be stress relieved; so, expansion or contraction of
a portion of the member may be necessary. On a repair job, the
weld may be so located that the best procedure will be to cut a
restraining member that will be simple to weld, repair the original
failure, and then weld the piece which was cut.

Preheating: When and How Much

Alloy steels harden when they are heated to a high temperature
and are then cooled rapidly. When these steels are welded, harden-
ing and enbrittlement occur in the heat-affected zone parallel to the
line of fusion. Unless precautions are taken, such localized harden-
ing can be especially serious in the case of alloy steels because of
the formation of multiple constituents that differ greatly in the vol-
ume change as transformation takes place. Preheating delays the
cooling rate so that the parent metal near a weld will not harden
excessively. Other conditions that affect the cooling rate will be dis-
cussed under the heading of “Welding Variables”.

From these remarks, someone might think that preheating for
the purpose of reducing the cooling rate is of value only when weld-
ing alloy steel in the soft or annealed condition. This is not so. Slow-
ing down the cooling rate by preheating is also an important factor
in preventing weld cracks caused by shrinkage stresses. Such cracks
occur more frequently when welding steels in the hardened condi-
tion. A slower cooling rate permits stresses to be better distributed
throughout the weld and to be partially relieved by a stretching
of the weld metal while it is still hot.

Many weld failures have resulted from welding alloy steels with-
out preheating, It is dangerous to think that the first layer of weld
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does the preheating for subsequent passes, and that any cracks
occurring in the first layer or bead can be burned out during the
second pass. It is impossible for the arc on a second pass to pene-
trate deep enough to melt out any cracks in the root bead.

The amount of preheating required increases with the alloying
content of the base metal. Each element’s influence is somewhat

(R r
’ R
F - N E L Y
AT T e ®a e !(--';' :—
= : L % -
an b SRR P | 2 - & .
' e T ,\'?
; e 3
. o.",'_'._','.':".'.w" o
—-
-

Fig. 13-3, The Lincoln Welding Preheat Caleulator permits weldor to quickly find the
required preheat and interpass temperature.

different; 0.159 phosphorus, for example, demands as much of an
increase in preheat temperature as does 1.25% copper. However,
this is just about the maximum content of phosphorus you might
expect to find in an alloy steel, while copper might be present in
even greater ratio. Certain elements increase the hardenability of
the steel; that is, the cooling rate has to be slower in order for hard-
ening not to take place. In general, the alloying elements affect the
preheating required in the following order: manganese, chromium,
molybdenum, nickel, carbon, copper, silicon, vanadium, and phos-
phorus. The effect of these elements is cumulative.

The presence of sulphur is not considered in calculating the pre-
heating required. Although the presence of more than 0.0457¢ sul-
phur may cause “hot short” cracks, preheating does nothing to pre-
vent this.

The “Welding Preheat Calculator,” available from The Lincoln
Electric Co., provides an easy, fast way to calculate the approximate
preheat temperature required (Fig. 13-3). This assumes the weld-
or's knowing the chemical composition of the alloy he is welding.

Unless otherwise specified, the preheating temperatures recom-
mended by the Welding Preheat Calculator and in this book and other
literature apply to welds made manually with E-xx10, E-xx11,
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E-xx12, E-xx13, E-xx14, E-xx20, E-xx24 and E-xx27 electrodes.
The last four of these have iron-powder coatings and permit faster
deposition rates. Since hardening of the parent metal is a function
of time as well as temperature, a faster weld speed helps prevent
excessive hardening. The benefit isn’t appreciable, however, until the
operation is further improved by semi-automatic or automatic method.

Submerged-arc welding combines fast travel with slower cooling
under a blanket of flux and better protection against contamination
that would participate in crack formation. These advantages permit
preheat temperatures to be reduced by 200 to 300 degrees.

The low-hydrogen electrodes—E-xx15, E-xx16 and E-xx18—also
substantially reduce the preheating required. Dry low-hydrogen elec-
trodes are effective in preventing contamination of base and weld met-
al, and thus safeguard against underbead cracking. Also, they reduce
the nossibility of root bead cracks. These electrodes do not restrict
the hardening of the parent metal unless in combination with iron-
powder coatings, in which case the faster deposition rate gives less
heat effect.

Tungsten-inert-gas-shielded welding also offers fast deposition and
protection against underbead and weld cracking. In some cases the
use of low-hydrogen electrodes, TIG welding or submerged-arc weld-
ing entirely eliminates the need for preheating.

Stainless steel electrodes of 18-8 or higher alloy content offer
excellent ductility and will make crack-free welds at low preheat-
ing temperatures. However, their use may not be possible if the
weld metal is required to equal the parent metal in strength.

Preheating requirements for austenitic manganese steels, the stain-
less steels, and tool and die steels demand special consideration.
These materials are discussed separately in later chapters.

Preheating is always required when welding hardened alloy steel,
but the preheat temperature must never exceed that at which the
metal was previously tempered unless further heat treatment is pos-
sible. Minimum preheat temperatures are called for when use of
low-hydrogen electrodes, TIG welding, or submerged-arc welding
would seem to eliminate the need for preheating. The minimum pre-
heat temperature is governed partly by atmospheric temperature and
plate thickness. In general, the minimum temperature at which any
hardened metal should be welded is 70 F. On plate 34-in, thick, the
minimum is 150 F. On plate 1'%-in, thick, it is 300 F.

Heavier plate thicknesses always require more preheat than thin
plates. Restrained welds and confined welds, such as fillets, always
require more preheat than butt welds where plate ends are free
to move.

It is not enough to heat the steel to the proper preheating tem-
perature; the steel must be kept at this temperature until the weld
is completed. The interpass temperature—that at any point in the
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joint as the are reaches it—must be held at the same level as the
preheat temperature. If the joint is a very long one and the process
has relatively low heat input (as it should be when welding alloy
steel), additional heating between passes may be necessary. If the
joint is short or the heat input is relatively high (as with manual
welding), allowing the work to cool may be necessary before mak-
ing another pass.

The welding shop should be equipped for fast and economical
preheating. Schedule the work so that the jobs requiring preheating
can be heated by oven or hot plate while other things are being done.
The oxyacetylene torch, the carbon-are torch, or the single-carbon
arc will heat metal more quickly, but these methods are more ex-
pensive and require an operator’s full attention. Also, work cannot
be slowly and uniformly heated by torch and, with some alloys, may
damage the metal. Hardened alloys, especially, should not be pre-
heated by torch. With good heating equipment, the “difficult-to-
weld” steels are easy to weld.

For a large weldment, where local preheating would not be satis-
factory, a furnace can be built around it—using fire bricks, boiler
plate and sheet asbestos over the plates to keep the heat from es-
caping.

The exact preheat and interpass temperature required for a par-
ticular job necessarily depends on modifying the basic recommenda-
tions according to other conditions. These will be discussed under
“Welding Variables”,

Method for Quickly Testing for Preheat

There are occasions when it will be desirable to test a weld to
make certain the preheat applied is correct. At other times, it may
be necessary to establish whether any preheating is required. Or,
the chemical composition of the alloy may be unknown.

Fig. 13-4, A welded clip test
specimen faor derermnmng pre-

There are many laboratory tests to determine the preheating
temperature needed. For quick testing in the field or shop, the clip
test is most satisfactory. This test was eflectively used in the oil
fields to show weldors the importance of preheating SAE 3140 and
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SAE 4140 tool joints when welding them to the drill pipe. Sheeham
of the Portsmouth Navy Yard further developed the test to provide
a “spot check” suitable for use in a steel mill or a shipyard for de-
termining the weldability of steel plate. It is described as follows: *

“The clip test will be found very useful when an unknown steel
must be welded, and neither the time nor equipment are available
to make a complete investigation. The test is not adaptable for thin

<. & L

Fig. 13-5. How the clip test is made (ot left). If no underbead cracks are present,
failure will occur through the weld (center). The presence of underbead cracks will
cause failure by “pull-out” of parent metal (right).

.5:

steel, but it can be readily used on heavy sections down to 3 in.
thickness. Thick steel most frequently requires preheating.

“The clips or lugs to be welded onto the steel under test are
low-carbon steel plates 2 or 3 in. square and % in. thick. The clip
is fillet welded to the unknown steel as shown in Fig. 13-4. The weld
is made with the size and type of electrode and the welding current
and speed that will be used for the welding job. With a large elec-
trode and slow speed, it may be in order to use a thicker clip—23;
to 1 in. thick. Allow the weld to cool for five minutes, and then
break the lug off by pounding it, as in Fig. 13-5. If the lug bends
and after a number of blows finally fails through the weld, the test
indicates that the analysis of the steel, the temperature of the steel
before welding and the welding procedure are such that serious un-
derbead cracking is absent.

“To investigate further, the steel in question may be cooled below
room temperature, say to 30-40 F and the test repeated. A failure
in the weld again without pull-outs or visible cracks in the base
metal will give double assurance that the steel is weldable at room
temperature.”

A steel that requires preheating will fail on the clip test by “pull-
out” of some of the parent metal, provided a sound weld has been
made. Usually the pulled-out metal is bright, showing that the crack
did not extend to the surface or had not formed until after the metal
had cooled below the temperature at which temper colors form.

Increase the temperature of the steel by about 200 F (if it was

*From Luther, Jackson and Hartbower. “A Review and Summary of Weldability Testing of Carbon
and Low Alloy Steels”. The Welding Journal, July, 1946, Supplement. See also Naval Research
Laboratory Report No. M-2566 (May 1945},
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at 70 F, heat it to about 270 F), and repeat the test. If the test made
at 270 F pulls out the base metal, try a still higher preheat tem-
perature,

Precautions: A fillet weld made with a concave contour is not
satisfactory for this clip test, for the weld will fail too easily; the
weld may fail even when underbead cracks are present.

We have recommended only a five-minute wait after welding
before the lug is knocked off. A 24-hour wait will give more con-
sistent results since five minutes is not long enough for the steel
structure to change completely or for all of the cracking to take
place. However, when a quick test is needed the five-minute wait
is sufficiently reliable. As a safety factor, use a little higher preheat
than indicated by the test.

Should the tests indicate need for a preheat temperature that is
too high to be practicable for the particular welding job, use of a
low-hydrogen electrode (E-6015, E-6016 or E-6018) is suggested.
Make the test with the low-hydrogen electrode at a lower preheat.
This electrode will produce crack-free welds at about 300 F lower
preheat than is found necessary with electrodes that are not hydro-
gen-free,

Measuring Preheat and Interpass Temperatures

Instruments are available for measuring surface temperatures.
One such instrument has a wire coil, which is placed on the work;
within a few seconds the temperature may be read on the dial at
the handle end of the pyrometer. Preheat temperatures, however,
can be satisfactorily estimated without expensive instruments.

Several suppliers* offer materials that melt over comparatively
narrow ranges of temperatures. These indicators are furnished in
sticks, liquids or pellets. If a preheat temperature of, say, 400 F, is
wanted, the 400 F stick is scratched over the surface of the metal;
if it leaves a white line, the metal is not at 400 F. If a transparent
liquid line is formed, the metal is at or above the temperature printed
on the stick.

Some common items used as rough temperature indicators are
listed here:

1. Blue chalk: A mark made with carpenter’s blue chalk on hot

metal will turn whitish gray when the metal is above 625 F.
2. Red lumber-marking crayon: Its mark melts at about 615 F.
The red mark turns pink at about 635 F and turns a dirty
gray at about 650 F.

3. Solder: 50-50 solder (509 lead and 509 tin) starts melting
at 360 F and is completely molten at 420 F.

4. Pine stick: White pine stick chars at about 635 F (used to

determine the proper pouring temperature for some babbitts).

*The Tempil Corporation; Markal Company; and Curtiss-Wright Corporation,
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Another method for checking preheat temperatures is by temper
colors: The temperature and accompanying color that appears on a
freshly filed surface of carbon steel are given in Table 13-1.

Table 13-1. Temper Colors

TEMPERATURE, F COLOR

400 Faint straw
440 Straw

475 Deep straw
520 Bronze

540 Peacock

590 Full blue

640 Light blue

It should be noted that the presence of alloying elements in the
steel affects the colors formed, and some of the higher alloy steels
have no temper colors.

Welding Variables

The choice of welding process and electrode or other welding
material will be discussed after we first review some of the welding
variables that affect the mechanical properties of the weld.

A few paragraphs earlier, attention was drawn to the necessity
for slowing up the rate of cooling. Preheating was mentioned as the
most important factor in controlling the cooling rate of metal in
the heat-affected zone of the pieces welded. Table 13-2 lists all of
the major factors involved in determining the cooling rate of welds.

Preheating must never be excessive. Although a high alloy con-
tent may substantially elevate the upper critical or transformation
point, it has much less effect on the lower critical temperature at
which point transformation begins. Preheating (of annealed metal)
at temperatures approaching the critical range, excessive total heat
input, or holding the metal at high temperature will have bad re-
sults. (Preheating of hardened metal must not exceed prior temper-
ing range.) Low welding current combined with slow travel con-
tributes to the heat problem. Overheating increases grain growth
of parent metal near the weld, resulting in lower ductility and lower
strength.

If the weldment is to be later heat treated by heating above the
transformation range, any detrimental grain coarsening caused by
welding will be reduced.
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It is better to maintain preheat and interpass temperatures within
recommended limits, and to use higher welding current and fast
travel. These conditions permit the weld metal to cool through the
transformation range at a faster rate, thereby resulting in a stronger
joint,

Table 13-2. Factors Affecting Cooling of Welds

FACTORS THAT INCREASE FACTORS THAT DECREASE

THE COOLING RATE THE COOLING RATE
Cold parent metal Hot parent metal
Heavy sections Light sections
High speed welding Slow speed welding
{fast linear travel) (slow linear travel)
High welding current Low welding current (when

combined with slow travel)

Welds made without protective  Welds with a heavy layer

slag covering of heat-insulating slag
Parent metal with a high Parent metal with a low
thermal conductivity thermal conductivity
Welds in a fillet or in Welds on a flat plate or on
a deep groove the edge of a plate or bar
Local preheating on a large Preheating the entire member
member or a large area

Heavy beads are less susceptible to stress cracking and lead to
less distortion than do small beads. Also, multiple small beads that
extend the length of the joint have a serious cumulative shrinkage
effect. In a V-joint, for example, the greater shrinkage across the
face of the weld will increase tension on the root bead and may
cause it to crack. It should be noted, however, that very large beads
Fig. 13-6. Filling a lorge joint

with many small beads causes

accumulated shrinkoge stresses, B

distortion, and probable crack-
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produce a weld of lower impact strength. This effect is especially
pronounced where each bead is the full width of the groove.

If the plate is heavy enough, a U-joint or a double V-joint with
beads deposited alternately from both sides will help to balance the
stresses and reduce the possibility of root bead cracks. Again, avoid
a multiplicity of small beads that will cause high stresses to accumu-
late (Fig. 13-6).

Selection of Welding Process

Thin alloy steel sheets and small-diameter aireraft tubing can be
welded by the oxyacetylene process, using a low-carbon steel or
low-alloy steel filler rod. Making the weld thicker than the section
welded increases its over-all strength relative to that of the base
metal. Oxyacetylene welding, however, is usually too slow and over-
heats the parent metal.

High-quality joints are made economically in thin-gage alloy steel
by tungsten-inert-gas (TIG) arc welding, with or without the use
of filler metal. This process permits excellent concentration and
control of heat. It limits total heat input, holds distortion to a mini-
mum, and gives high-quality weld metal. When butt welding with-
out filler metal, there should be no root opening and copper back-up
bars should be used.

On heavier-gage metal, metal-inert-gas (MIG) welding may be
considered, although the total cost must be carefully evaluated. Both
TIG and MIG welding are readily mechanized and permit high travel
speeds. They are most applicable to production shop applications.
The inert-gas shielding of the arc prevents contamination from the
atmosphere and discourages loss of alloying elements in gaseous com-
pounds formed by reaction with oxygen.

Filler metals used with TIG and MIG welding are usually de-
oxidized low-alloy steel. These materials must be selected for good
deposition qualities. They are not necessarily of the same analysis
as the parent metal, but the resulting weld metal—which is filler
metal plus an admixture of parent metal—must have the properties
required at that point.

CO. MIG welding is used with some low-alloy steels. However,
the composition of the shielding gas allows oxidation with some
alloying elements. To some extent, balancing deoxidizers can be in-
troduced by the filler wire to prevent porosity. In general, this proc-
ess is less flexible and changing over from welding one alloy steel
to welding another may radically change the quality attained.

Joints are frequently made in alloy-steel bars and tubing by
resistance flash-butt welding. After heat treatment, the weld has
qualities as high as those of the original steel.

The submerged-arc process (Fig. 13-7) provides maximum flexi-
bility in the automatic or semi-automatic welding of alloy steels. This
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Fig. 13-7. Submerged-arc welding of alloy steels is fast and economical. The welds
produced are strong and sound. This process effectively prevents the occurrence of
stress cracks and underbeod crocks,

process can be used for making strength welds, for maximum-ductility
welds, or for hardsurfacing. It is used in welding light- or heavy-
gage materials. Standard granulated alloy fluxes are available that,
used in various combinations, cover a wide range of applications. The
process is readily changed over from welding one alloy steel to weld-
ing another.

In one widely used system, the agglomerated flux for submerged-
arc welding is compounded by blending primary fluxes to meet the
requirements of a specific class of work. Each primary flux is high
in chromium, molybdenum, vanadium, or nickel, or has no alloying
element. Other alloying elements can be added to the flux, but are
seldom necessary. The final compounding is usually done by the
supplier, but may be done by the user. The most practical way to
achieve maximum economy is to use a mild-steel electrode wire and
change the flux as required. In some cases, it has been desirable to
use a standard stainless steel or other high-alloy electrode. Consistent
weld metal composition is achieved by controlling the ratio between
flux and electrode melted, and between these and the base metal
that is melted.

Some applications of alloy steel (chromium-molybdenum steels for
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high-temperature service, for example) require weld metal having
essentially the same composition as the parent metal. This require-
ment is easily met by adjusting the flux composition. Usually the
composition of the weld metal does not need to be the same in order
to have the necessary mechanical properties. In most cases, it is ad-
visable to keep the carbon content of the weld metal less than 0.209
to help in avoiding weld cracks. This means increasing the alloy con-
tent of the flux so as to develop the yield strength, ultimate tensile
strength, or other properties needed.

Where automatic welding is impractical, excellent results are ob-
tained by shielded-metal-arc welding with manual coated electrodes.
This process accounts for most field welding of the alloy steels and
much of the shop welding of heavy sections (Fig. 13-8). Other proc-
esses are often more suitable for welding thin-gage sheets. A dis-
cussion of the selection of manual electrodes will best cover the ap-
plication of shielded-arc welding.

Fig. 13-8. Much of the fabicating of alloy steel weldments is done with the manual
coated electrodes.

Selection of Manual Electrodes

Mild-steel shielded-arc electrodes (E-60xx) may be used for
one-layer welds on chromium-molybdenum steels (SAE 4130) and
will give welds that compare with the strength of the normalized
steel. The weld metal picks up enough carbon and alloying elements
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Fig. 13-9. Airplane engine mount of SAE
4130 chromium-molybdenum steel, welded
with E-10013 electrode that gives a high
tensile strength weld.

from the base metal to give it the better properties. After heat treat-
ment, however, the parent metal has a higher tensile strength than
the weld.

For welds that will have properties after heat treatment to com-
pare with chromium-molybdenum steel, the higher strength E-100xx
electrodes are available (Fig. 13-9). The actual tensile strength of
the weld metal depends on the amount of carbon and alloy pick-up
from the base metal.

In the selection of a filler material for the welding of an alloy
steel, it is natural to request one that has the same chemical analysis
as the metal to be welded. There are many analyses of welding rods
available for oxyacetylene welding or TIG welding that can be melted
to produce alloy welds that will match the base metal chemically.
Shielded-metal-arc welding electrodes, however, are made in only
a few alloy-steel combinations, for the following reasons:

1. It is not necessary for the filler metal to match the analysis
of the parent metal in order for the weld metal to have com-
parable properties.

2. Satisfactory mechanical properties can be obtained with com-
binations of the available electrodes: using one (ductile) type
for the root pass or for “buttering” and another (high strength)
type for completing the fill.

3. The selected alloys result in weld metal of higher properties
than can be obtained with other alloys.

4. Electrodes would be much more expensive if it were necessary
to manufacture and stock an electrode to match chemically
each type of alloy steel.
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Fortunately, none of the alloys used in alloy steels and in the
electrodes for welding them are “poison” to each other. (We are not
including the austenitic stainless and high-manganese steels, which
will be discussed in subsequent chapters.) An electrode that deposits
a high-tensile molybdenum steel alloy may be used to weld a nickel
steel alloy; that part of the weld metal that alloys with the nickel
steel will have properties that compare favorably with both the par-
ent metal and with the deposited metal that is not appreciably alloyed.

On some welded and machined parts, the weld is required to have
the same color and finish as the base metal. One might think that the
chemical analysis of the weld metal must be the same as the parent
metal. This, however, is not always the case; if the two steels are
similar in hardness, they very often will be similar in color and in
surface finish.

Alloys used in high-tension welding electrodes must have superior
welding properties. Molybdenum, for instance, is one of the best
alloying elements for welding electrode core wire. Very little of the
molybdenum combines with the slag and little is lost by oxidation.
The molybdenum steels have a good combination of duectility and
strength throughout the temperature range from solidification down
to room temperature.

Fig. 13-10. When too high a welding current is used in vertical arc welding alloy
steels, the fillet will have the appearance of the one on the right. The desired appear-
ance of the finished fillet is on the left.
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In contrast, some alloy steels when cooling from the molten state
have low ductility at certain temperatures. If the steel is held in a
manner that prevents free contraction in this brittle range, hot cracks
develop. Certain nickel-alloy steels are unsatisfactory for use in
electrodes because of a hot cracking tendency as the weld shrinks
during cooling. For this reason, molybdenum-steel rods are much
better for welding SAE 3140 steel (chromium-nickel) than chromium-
nickel rods; this applies to both gas and shielded-arc welding.

To conclude this section on electrode selection, choose one of the
low-alloy electrodes: E-7T0xx, E-80xx, E-90xx, E-100xx, E-110xx, or
E-120xx. It is important to have as much ductility in the weld as
possible. The lowest strength electrode that meets strength require-
ments will provide maximum ductility in the weld.

The low-hydrogen electrodes (E-xx15, E-xx16 and E-xx18) are
preferred, particularly where experience with other electrodes has
been unsatisfactory due to underbead or weld cracking.

Frequently, the first layer in the bottom of the “V" or “U” is
deposited with a lower alloy electrode than is used for the balance
of the weld. It has been mentioned before that the first layer or
bead has its carbon and alloy content appreciably increased by ad-
mixture of the parent metal. This procedure will give the first layer
or bead about the same strength and hardness as the rest of the weld,
and also will reduce the possibility of the first bead’s cracking. In
this manner the weld will be more ductile than if a high-tensile type
electrode had been used throughout.

In welding some of the higher-carbon, low-alloy steels it may be
desirable to deposit the first layer or root bead from a lower-strength,
low-hydrogen electrode or a stainless steel electrode and then com-
plete the fill with a higher-strength electrode.

Heat-Treated High-Carbon Alloy Steels

Don't become too enthusiastic and think that any steel can be
welded without heat treatment and still end up with a weld job that
has all the properties of the original metal. A broken automobile
leaf spring may be welded and reinforced so that it will not fail, but
it will not have the flexibility of the original spring. If it is welded
without reinforcement, neither the weld nor the base metal near the
weld will have the same high vield strength as the original.

It is possible, but not practical, to machine or grind the weld to
the thickness of the spring leaf and then heat treat it so that the
welded portion has the strength and springiness of a new spring.

When a repair of this nature must be made, do not try to dupli-
cate the original properties. Instead, weld with an austenitic stain-
less-steel electrode and build up the weld enough to compensate for
the lower yield point of the stainless steel. Since a minimum amount
of preheat will be required, the amount of tempering of the metal
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on each side of the weld will also be at a minimum.

Stainless-steel electrodes provide a solution to many a welding
problem involving high-carbon plain or high-carbon alloy steels.
When the steel to be welded is prone to crack or seems to be full
of gas, a thin first bead of stainless steel may be deposited using a
technique that will give low penetration. The weld can then be
complete successfully with a high-tensile electrode.

Among very-high-carbon alloy steels, SAE 52100 steel (carbon
0.95-1.10°7 ; chromium 1.20-1.507/) is often classed as being not weld-
able. But we can weld it, provided service conditions are not too
severe. SAE 52100 to be used in leaf springs has been rolled and
forged to improve its mechanical properties in the direction the steel
is stressed, and has been given the ideal heat treatment for the job.

In welding this steel, we have to deposit a metal that will have
properties like the parent metal. The desired properties in the fusion
zone must be achieved without adversely affecting the properties
of the base metal in the heat-affected zone. Can we do it by preheat?
No, because the preheating necessary to prevent undue hardening
and embrittling of the heat-affected metal is higher than the tem-
perature used for tempering hardened springs. High preheating will
soften the spring and destroy its original properties.

We may compromise with one of the following procedures:

1. Use a low preheat, 200-250 F, and weld with a 25-20 stainless-
steel electrode. The weld metal will not be as strong as the
original metal, and there will be a hardened and brittle zone
at the edge of the weld, but the spring can be used for loads
up to a third or perhaps half of what it could take before.

2. Use high-tensile low-hydrogen electrode E-11016 or E-11018,
preheating the work to about 400 F. After welding, heat and
hand forge the weld; then give the job a complete spring heat
treatment. The heat-affected zone will have the original prop-
erties, but the weld will not have enough carbon to have the
hardness or yield strength of the base metal.

Heat-Treated Alloy Steels

Some of the low-alloy high-strength steels are normally welded
in the heat-treated condition and are placed in service without further
heat treatment unless stress relieving is essential. These steels come
from the mill as heat-treated materials and are not annealed except
under unusual circumstances. The weldability of these materials,
which have low carbon content, is far superior to that of the heat-
treated high-carbon alloy steels like SAE 52100.

T-1 is one of the most widely used steels in the low-alloy, high-
strength group. In many applications of T-1, the full properties of
the metal are needed throughout the section. To match the physical
properties of the parent metal, the weld metal must develop a mini-
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mum yield point of 90,000 psi and a minimum ultimate tensile strength
of 105,000 psi without the benefit of heat treatment. Also, the weld
metal must have good impact properties at low temperatures in both
the as-welded and stress-relieved conditions. Filler materials are se-
lected to produce weld metal to meet these requirements rather than
duplicate the parent metal composition. It is desirable to hold the
carbon content to a very low percentage, and to obtain the needed
strength by increasing other alloying elements.

Manual welding of this class steel is best done with a low-hydro-
gen electrode of highest strength, E-11018. In automatic submerged-
arc welding, a mild steel electrode is used with alloy flux that is high
in chromium and molybdenum content. MIG welding is used to
lesser extent, largely because of the premium-priced alloy steel elec-
trode that is used.

Regardless of the welding process used, avoid softening of the
parent metal in the heat-affected zone. Also, take care to prevent a
high build-up of internal stresses. Preheating is necessary, regard-
less of what other measures are taken. Preheating must be high
enough to assist in slowing up the cooling rate after welding, and
to relieve shrinkage stresses. However, preheating must not exceed
the previous tempering of the parent metal. T-1 does not lose any
appreciable hardness if temperatures exceed the prior tempering
point or even the critical point momentarily, but the total heat input
must be restricted so as to not risk any loss of the metal’s high initial
property values.

Preparation of joint surfaces by oxyacetylene torch should be done
carefully, to avoid overheating the metal. When possible, use a com-
bination of groove width and electrode diameter that permits stacking
one bead over another.

Beads should be deposited in a straight-line so that the full heat
of the arc does not dwell at any point along the groove. Weaving
the bead from side to side puts too much heat into the parent metal.
It is better to use multiple stringer beads, but be sure to let the tem-
perature between passes drop back to the preheat level. Also, re-
member that shrinkage stresses resulting from deposit of each bead
tend to accumulate. All the previously-discussed recommendations
for achieving sound welds on alloy steels should be observed.

On multiple-pass welds or when the weldment will be later stress-
relieved or otherwise heat treated, do not use electrodes or alloy
fluxes that contain vanadium.

Review Questions

1. What properties of alloy steels make special welding procedure
necessary? Are there any alloy steels that cannot be welded?

2. How can underbead cracking be detected by inspecting a weld?
3. Name some alloy-steel welding jobs that do not require welds
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as strong as the steel.

What procedure can be used to weld a medium-carbon alloy
steel without preheating?

Maximum hardening of steel occurs when the steel has been
heated above the transformation temperature and then quickly
cooled. Through what temperature range is it necessary that
the steel be quickly cooled to secure maximum hardness:
From transformation temperature to room temperature?

From 1300 to 1200 F?
From 1100 to 900 F?

Name some methods for measuring the preheating temperature
of steel.

Describe the “clip test” for weldability.

Which of the following variables will decrease the hardening
of the parent metal near a weld:
Fast travel speed or slow travel speed?
Welding with a small electrode or welding with a large
electrode?
Welding in a deep groove or welding on a flat plate?
High preheat or low preheat?

When welding heat-treated alloy steels, what is wrong with
weaving a bead?

Why are low-hydrogen electrodes preferred for most manual
welding of alloy steels?
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CHAPTER 14

WELDING CAST IRON

It is unfortunate that the name “cast iron” refers to such a wide
variety of products. Some are rough, brittle and weak castings:
window sash weights, for example, or counterweights for elevators
and washing machines, and large housings where neither strength
nor appearance is of great importance. Others are strong, high-
quality castings: railroad wheels, crankshafts, cylinder blocks, fan
and pulley hubs, and apparatus for use under conditions of severe
heat, corrosion or fluid pressure. Many of these castings are made
by precision molding processes capable of holding extremely close
tolerances and with little or no surface scale.

Some of the castings are made by merely pouring the molten iron
into a sand mold, depending upon gravity and the fluidity of the hot
metal to carry it into all extremities of the mold. Other castings (of
relatively small size) are turned over and over during the pouring
of molten iron so as to eliminate internal cavities of any kind.

The characteristics for which gray cast iron is best known are
especially pronounced in the lower-strength range (20,000-30,000 psi
ultimate tensile strength). A typical gray iron of 20,000 psi tensile
strength may have compressive strength of 80,000 psi; however, its
impact properties are quite low. The modulus of elasticity in tension
will be 10 to 14 million psi, only slightly more than 14 that of any
steel. Higher strength gray irons have improved rigidity, but even
a grade of 60,000 psi tensile strength will only have a modulus of 20
to 24 million psi. Regardless of the grade, the yield point of gray
cast iron is virtually the same as its ultimate tensile strength and
elongation cannot be measured by methods that are conventional
for steel. Elongation is considered to be in the neighborhood of 0.006
in./in. This nearly complete lack of ductility is one of the major
reasons why gray iron is difficult to weld.

Gray cast iron is usually said to have good machinability. It is,
however, a very abrasive material. In the case of sand castings, the
sand inclusions at the outer surfaces of the casting are especially
destructive to cutting tools. Ultra-hard chill spots are also commonly
encountered, Gray cast iron can seldom be economically machined
at speeds over 300 surface feet per minute. Most steels are com-
monly machined at substantially higher speeds, and at higher rates
of metal removal.

If needed, a high-alloy cast iron with tensile strength as high
as 120,000 psi can be obtained. Other quality cast irons are so dis-
tinctive they are seldom referred to as such. Malleable iron and

215

o @@Seismicisolation; o


https://telegram.me/seismicisolation

216 METALS AND HOW TO WELD THEM

nodular iron, for example, are not very often called cast irons by
the people who use them. However, these are all premium-priced
materials.

Despite the advancements made in casting processes and metal-
lurgy, all-steel weldments are making substantial inroads in com-
petition with iron castings. This is especially true in medium and
large size products. Some advantages of all-steel weldments over
cast iron are high strength-to-weight ratio, excellent rigidity, good
dimensional stability without extensive aging, ease of field erection,
lower shipping costs, and simplified repair. These advantages of steel
usually add up to lower total cost, especially in competition with the
premium-priced malleable irons, nodular irons and alloyed cast irons.
Even so, cast iron is still important to design engineers and is used
to advantage in many products.

What Is Cast Iron?

Cast iron is an alloy of iron, carbon and silicon. The carbon con-
tent is usually between 2.0 and 4.0%, and the silicon 0.90 to 2.80%.
(Silicon content in the white irons range much lower.) All cast irons
have more carbon than can be dissolved in the austenite when the
alloy is heated above the transformation temperature. This excess
carbon is present as graphite in gray iron, and as cementite (iron
carbide) in white cast iron. When these materials are cooled to room
temperature, the carbon remains in the same condition—as graphite
or cementite.

Other elements commonly present in cast iron include sulphur,
usually from 0.05 to 0.80%; phosphorus, from 0.07 to 0.609%; and
manganese, from 0.50 to 1.00%. The elements copper, nickel, alumi-
num, titanium, vanadium, molybdenum, chromium and magnesium
are added to provide special properties to certain grades. The ad-
dition of magnesium gives members of a major class of cast irons,
the nodular or ductile irons, ductility ranging from 2-7% elongation
for the high-strength grades (120,000 psi tensile) to 10-257: elongation
for the lower-strength grades (60,000 psi tensile). Even these figures
do not compare with steel. Hot-rolled SAE 1045 steel with an ulti-
mate tensile strength of 120,000 psi has 109 minimum elongation, and
hot-rolled SAE 1021 with an ultimate tensile strength of 61,000 psi
features 24%¢ minimum elongation.

Types of Cast Iron

Gray cast iron—contains carbon in the pearlite structure and as
graphite flakes. Pearlite is a laminated arrangement of ferrite (pure
iron) and cementite (iron carbide). The microstructure (Fig. 14-1)
reveals areas of ferrite, pearlite, and the flakes of graphite or pure
carbon. The properties of the gray iron vary with the amount, size
and shape of the graphite and with the relative amounts of pearlite
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Fig. 14-1. The microstructure of
gray cast iron reveals areas of
ferrite, pearlite and flakes of
graphite (pure carbon).

and ferrite. Slow cooling and a silicon content of from 1.0 to 3.0%
cause the carbon atoms that do not form pearlite to precipitate (to
separate during transformation, and gather) as flakes of graphite.

The carbon in solution, as in pearlite, is often referred to as com-
bined carbon. The carbon in graphitic form is called free carbon. The
ratio of combined carbon to free carbon greatly affects mechanical
properties of the alloy. The lower the ratio, the lower the hardness.

Silicon in gray cast iron serves several purposes. Some of the
silicon that is added to the charge in the ecasting furnace acts as a
deoxidizer. Most importantly, silicon promotes a higher ratio of
graphite and limits the possibility of a hard, brittle surface layer of
chilled iron. Phosphorus is usually present as an impurity but also
helps to remove hydrogen. Also, it is valuable in achieving fusibility
and fluidity in the molten metal. It lessens the problem of shrinkage
during solidification, since without it hydrogen causes a condition
called wormholing.

Silicon and phosphorus affect the distribution of carbon and the
influence of carbon content on the alloy’s hardness and strength. The
term carbon equivalent® is used by ferrous metallurgists to represent
this. The carbon equivalent is assumed to be the total carbon con-
tent plus about one-third of the total silicon and phosphorus content.
In general, the tensile strength of cast iron increases as the carbon
equivalent decreases. Thus, those cast irons with the least carbon
have properties closer to those of the high-carbon steels.

In lowering the carbon equivalent in the higher-strength cast
irons, the silicon and phosphorus content is lowered enough to help
raise the ratio of combined carbon to free carbon. This means that
the hardness is increased as well as the tensile strength. Low carbon
and low silicon content are associated with a fine pearlite and fine

*The term “‘carbon equivalent” has another and different meaning which is more commonly used
by welding engineers, See the listing of new words at end of this chapter for an explanation of
the difference,
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graphite structure, which contributes to the high physical properties
achieved. Too slow a cooling rate causes grain growth which weakens
the composition,

Since the relation between carbon, silicon and phosphorus is an
extremely complex one, the most common way for engineers to specify
gray cast iron is by ASTM* class number. This ranges from 20
through 60. The principal requirement is a minimum tensile strength
equal to the class number multiplied by 1000. Class 20 gray cast iron
is thus required to have at least 20,000 psi tensile strength.

The free carbon in the form of graphite flakes gives the gray cast
irons their characteristic good machinability. All gray cast irons are
hardenable by proper heat treatment, and the hardness can be more
than doubled in this way.

Alloy cast irons—are numerous and have varied properties. By
proper alloying, one or more of the following properties may be im-
proved: tensile strength, strength at elevated temperatures, machin-
ability, wear resistance, depth of hardening, fatigue resistance, cor-
rosion resistance, and many others. Alloy combinations called
inoculants cause the graphite to separate in shapes that give the iron
higher mechanical properties. The inoculant forms nuclei for sepa-
ration of the graphite as the cast metal solidifies, resulting in fine
and well distributed graphite instead of the larger and weakening
graphite flakes in the more common cast irons.

Nodular iron—also called “ductile iron,” is produced by the ad-
dition of magnesium and/or cerium. These alloying elements cause
the carbon to precipitate as tiny balls or spheres of graphite within a
matrix that is basically pearlite, although usually some ferrite and
some free cementite are also present. These higher-priced irons
possess higher tensile strength and greater ductility than the plain
gray cast irons. They also have excellent machinability, shock re-
sistance, thermal shock resistance, and rigidity.

White cast iron—is so called because the fracture has a light color
(gray cast iron has a dark fracture resulting from the free graphite).
White cast iron has no free graphite; all of its carbon is combined as
cementite or as pearlite, a laminated structure of cementite and fer-
rite. Because it has no free carbon, white cast iron is hard, brittle,
very difficult to machine, and impractical to weld.

A low silicon content and rapid cooling together prevent the for-
mation of graphite. Both white iron and chilled iron are used to a
limited extent where high abrasion or wear resistance is essential.

Chilled iron—has a chemical composition very similar to gray iron,
but a lower silicon content. It is made by casting against a chilled
iron surface, which quickly freezes the outer molten metal and creates
a thick surface zone of extremely hard white iron free from graphitic

*ASTM is the abbreviation for American Society for Testing Materials.
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carbon. To the inside of this zone, the casting has a typical gray
iron structure. The contact surfaces of mine car wheels, for instance,
may have a 1% in. of white iron for wear resistance with the rest of
the wheel being of less-brittle gray iron structure. The chill zone
can be narrowed, when necessary, by a slight increase in silicon con-
tent.

Malleable iron—is made by heating white cast iron for a long time
below the critical temperature. The cementite (iron carbide) then
decomposes, leaving a structure of ferrite and nodules of graphite.
The impact strength of malleable iron is low, but higher than that
of white or gray cast iron. Other mechanical properties approach
those of some low-carbon steels, Tensile strength is typically 30,000
to 53,000 psi. When welded, malleable iron tends to develop a very
brittle layer of carbon-free iron.

The normal base structure of malleable iron is ferrite, which is
why this metal is sometimes called “ferritic malleable iron.” By a
variation in the processing, but with the same chemical composition,
an appreciable amount of combined carbon can be developed in the
form of pearlite, martensite, and spherical carbides distributed through
the ferrite. Since pearlite is the dominant constituent in this type
of malleable iron, the term “pearlitic malleable iron” is used. The
tensile strength of this material ranges from 60,000 to 100,000 psi.

This leads us to a generalized statement of fact: the structures
of cast irons of the same chemical composition may vary greatly. A
specific carbon-iron-silicon alloy can be either white cast iron, inter-
mediate (malleable) iron, or gray cast iron, depending on the rate of
cooling. As an example, if the carbon is 3% and the silicon 2%, all

Table 14-1. Changes in Cast Iron Caused by Varying Heat Cycle
(Same chemical composition: 3% C, 2% Si)

COOLING RATE KIND OF IRON STRUCTURE PROPERTIES
Fast White iron Pearlite Hard and brittle,
too hard to ma-
chine
Moderately fast  Mottled iron Pearlite Stronger than white
{mixed white and Cementite iron, hard to ma-
gray) Graphite chine
Moderata Gray iron Pearlite Best high strength
{fine graphite) Graphite irons, machinable
Moderately slow  Medium gray iron Pearlite Fair strenagth, easy
Ferrite machining, fair
Graphite finish
Slow Gray iron Ferrite Low strength, open
(coarse graphite) Graphite grain, machines soft
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cast iron types listed in Table 14-1 are possible, even though the
range of typical chemical composition within each cast iron classifica-
tion is significantly different.

Welding Cast Iron

When iron castings break, they can often be repaired . . . usually
by welding. The specific structure and properties of cast iron depend
greatly on the heat-cooling eycle. It is important to first know what
kind of cast iron is to be welded before selecting an appropriate
welding procedure.

Basically, the welding procedures for cast iron are designed to
restrict penetration to the minimum required for fusion. They pre-
vent or minimize the transformation of parent metal into an un-
desirable structure. Preheating of the base metal must be employed
when possible, followed by controlled cooling. All welding of cast
iron requires the addition of filler metal to accomplish a strong joint.
Most of the manual welding processes that deposit filler metal can be
used in welding cast iron. See Table 14-2 for summary of process
application.

If preheating can be used, the preheat temperature for shielded-
arc welding should be held between 500 and 1200 F; however, any
amount of preheat is better than none at all. When oxyacetylene
welding, a higher preheat temperature is required, usually 900-1200 F.
The critical temperature of most cast irons, the point at which changes
occur leading to excessive cracking, is about 1450 F. For this reason,
the preheat temperature must never be allowed to reach 1400 F and
any heat from the welding operation exceeding this should be limited
to as narrow a zone as possible.

The preheat should be applied uniformly to the entire part and
maintained as well as possible until the weld metal has cooled to
that temperature. Then, the entire structure should be cooled slowly
to room temperature. With malleable iron and ductile iron, it may
be necessary to slow up the cooling by covering the welded casting
with asbestos or other insulating materials.

If preheating is not used, the welding procedure must keep the
casting as cool as possible. For all practical purposes, only shielded
metal-are welding with steel electrodes can be used when gray iron
castings cannot be preheated. A high percentage of all repair jobs on
heavy machinery falls into this category. Multi-bead welds are usually
employed on cast iron and are essential when the work is not pre-
heated.

Weld groove preparation has a role in the successful welding of
cast iron. The method selected must not generate sufficient heat to
transform the cast iron; at least not for any appreciable depth. This
eliminates the use of flame cutting, which is difficult to do on cast
iron anyway and leaves a ragged edge. The use of grinding for
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groove preparation is limited because on graphitic iron structures
it tends to smear the graphite. Thus, machining, chipping or sawing

is preferred.

The “open” structure of cast iron allows it to soak up liquids.
The surfaces to be welded can be cleaned with a suitable solvent.
However, preheating drives out o0il and water and most contaminants.
Some cast irons are gassy, and the preheating causes some of the gas

WELDING CAST IRON

to escape thereby improving the weld.

Table 14-2. Cast-Iron Welding Procedures Summary

CAST-IRON TYPE

PROCEDURE

TREATMENT PROPERTIES

Gray iron

Gray iron

Gray iron

Gray iron

Gray iron

Gray iron

Malleable iron

Malleable iron

White cast iron

Nodular iron

Weld with cast
iron

Braze weld

Braze weld

Weld with stee|

Weld with steel
around studs in
joint

Weld with nickel

Weld with cast
iron

Weld with bronze

Welding not rec-
ommended

Weld with nickel

Preheat and cool Same as original
slowly

Preheat and cool Weld better; heat-
slowly affected zone as
good as original

No preheat Weld better; parent
metal hardened

Preheat if at all Weld better; parent

possible metal may be too
hard to machine; if
not preheated, needs
to be welded inter-
mittently to avoid
cracking

No preheat Joint as strong as
original

Preheat preferred Joint as strong as
original; thin hard-
ened zone; machin-
able

Preheat, and post- Good weld, but
heat to repeat slow and costly
malleableizing treat-

ment

Preheat As strong, but heat-
affected zone not as
ductile as original

Preheat preferred; Joint strong and

postheat preferred ductile, but some
loss of original
properties; machin-
able; all qualities
lower in absence of
preheat and/or
postheat
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Welding Gray Iron with Cas#-Iron Filler

Gray cast iron is produced by allowing the molten iron to cool
slowly in the molds. This offers a useful hint for the welding pro-
cedure: allow the welded assembly to cool slowly. Welds duplicating
the properties of the parent metal can be made by preheating the
gray iron casting (or castings), depositing molten cast iron in the
groove, and then allowing the assembly to cool slowly.

The cast-iron filler metal can be deposited from welding rods
using the oxyacetylene process, or from coated electrodes using the
shielded metal-arc process. Welding with cast-iron filler is substan-
tially a recasting process and is capable of high quality welds. How-
ever, it is expensive and time-consuming. A higher preheat (to
1350 F) is advisable so that the cast-iron weld metal can be cooled
slowly through a wider temperature range.

Slow cooling is required to obtain a soft graphitic cast-iron weld.
Fast cooling produces white cast iron which, once formed, cannot be
transformed except by remelting. When making long, heavy welds,
elaborate preparations are necessary (1) to obtain sufficient pre-
heating to reduce stresses caused by contraction of the weld metal,
and (2) to ensure the weldment’s cooling at a slow enough rate.

The welding rods or electrodes must be high in silicon in order to
produce a deposit of graphite and ferrite that will be readily machin-
able. Oxyacetylene welding of cast iron requires a neutral or slightly

carburizing flame. The flux is usually applied by dip coating the
welding rod.

Fig. 14-2. A shielded metal-arc weld mode on a cast iron cylinder head.
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Welding Gray Iron with Steel Electrodes

Good, ductile welds can be made with a coated mild steel elec-
trode (ESt), using the shielded metal-arc process. See Fig. 14-2.
The electrode designed especially for welding cast iron gives a very
low carbon deposit. The electrode coating allows the use of low
welding current, thereby minimizing the penetration needed when
welding cast iron.

The weld metal resulting from use of this type electrode is dense,
tough, and stronger than the casting itself. Its machinability is poor;
therefore, when the final weldment is to be machined, a nickel-based
electrode should be used.

When preheating the entire casting to over 500 F, arc welding
with the steel electrode is quick, economical, and produces good
results. The previously-mentioned pointers on groove preparation and
preheating should be followed. The joint is filled by making straight,
continuous, parallel stringer beads.

s S S i —
Fig. 14-3. When a large iron casting cannot be preheated, shielded-arc
welding may be used to successfully repair the casting.

When impractical to preheat the entire casting because of size,
location or other reason, the welding procedure must be modified to
ensure good welds. See Fig. 14-3. Preheating only the joint area of
an iron casting causes severe internal stresses and is poor practice.
Where the entire casting cannot be preheated, the recommended
welding procedure keeps the base metal as cool as possible. (That is,
close to room temperature.) It is especially important to make cer-
tain that surfaces to be welded are well cleaned. This can be done
by heating the surfaces with a torch to about 500 F' and then allowing
them to cool completely before welding.

When hot molten steel is deposited on a large cold casting, the
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steel shrinks more than the (only locally-heated) ecast iron during
cooling. This causes a residual stress in both the weld metal and the
base metal. Sooner or later, something has to give, particularly when
weld beads are long. Since the cast iron is weaker, the tendency is
for the casting to crack or fracture just back of the line of fusion.

Remember, gray iron is rich in carbon in the form of graphite.
During welding, the metal deposited on the cast iron picks up carbon
from it. The weld metal can thus end up being high-carbon steel,
which is extremely hard when cooled quickly. Cracking of this
hardened weld metal is a natural result. As a second result of this
carbon pick-up, there is less carbon near the surface of the base metal.
Some of the remaining carbon goes into solution or is combined, while
some of the iron forms martensite.

As explained in Chapter 8, martensite is the hardest constituent
of a ferrous material and its formation is dependent on a rapid rate
of cooling. Martensite forms at about 300 F during a rapid fall of
temperature, When the casting is not preheated, the cold mass of
metal outside of the immediate welding area draws off the heat and
thereby has a quenching effect.

Excessive martensite and excessive tensile stresses resulting from
shrinkage of long heavy weld beads provide a situation very suscep-
tible to cracking and fracture. However, this is not as hopeless as
it may sound. Successful welds can be made. But care is needed to
keep to a minimum the (a) stresses from contraction of the weld metal
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Fig. 14-4. A sequence of short weld beads will help avoid excessive cumulative stresses.
When cool, beads in line should be joined by welding in same direction, ending the
connecting bead on top of the start of a previous bead.

as it cools, (b) pick-up of carbon by the weld metal, and (c) rate of
cooling.

One way to reduce the cumulative effect of the stresses from
shrinkage of weld metal is to deposit narrow beads in short lengths
(about 3 in.). Each length of bead should be allowed to cool for 3
to 5 minutes, or until it can be touched by bare hand, before another
deposit is made within the area heated by the first bead. While one
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bead is cooling, others are deposited at scattered points throughout
the joint (Fig. 14-4). All weld craters must be filled. Whenever pos-
sible, this is facilitated through ending a bead by blending its crater
into the start of a previously deposited bead. All beads should be
deposited in the same direction. Ends of adjacent parallel beads
should not line up with each other.

Another method is to lightly peen a deposited bead of weld metal
while it is still hot. This stretches the weld metal so as to help com-
pensate for the shrinkage that occurs during cooling. The peened
metal is then allowed to cool before another bead is deposited near it.
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Fig. 14-5. Crosssection through a
typical stud-reinforced joint when
welding where preheat is impractical

and maximum strength is required
across the weld.

By using a low welding curre'nt, minimum peneration, and a small-
diameter electrode and depositing multiple narrow beads, only the
lower layer of weld metal has a very high carbon content. It is very
hard, tends to be brittle, and has poor machinability. Subsequent
layers of weld metal tend to temper and reduce hardness of this first
layer but the weldment should be annealed if it must be machined.

Studding the joint provides additional tensile strength when
needed (Fig. 14-5). This practice is followed only in cases where pre-
heating is impractical and where the heavy cast members being
welded are completely restrained from moving as the weld metal con-
tracts.

The first requirement is to open a wide V along the crack or line
of intersecting surfaces to be welded. The casting is thus drilled and
tapped along the V so that studs may be screwed into the casting to a
depth equal to their diameter. The studs should project about %, to
14 in. above the surface into which they are mounted. The cross-
sectional area of the studs is usually 25 to 359¢ of the weld surface
area in order to be effective.

One or two beads are first deposited around each stud, providing
fusion with both steel stud and iron casting. The complete groove
is then filled, following the procedure previously described for gray
iron when preheating is impractical.

The repair of the fractured cast iron end frame of a large bending
brake is a typical application for repair by shielded metal-are weld-
ing, using steel electrode and the studding procedure. This is illus-
trated by Figs. 14-6, 7 and 8.
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Fig. 14-7. Here the crack has been V'd out, drilled and tapped and some studs are
in place.

Fig. 14-8. Woelding with a steel electrode designed for cast iron has completed the
repair of the press brake.
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Fig. 14-9. Cost iron repairs with non-ferrous electrodes permit easy
drilling and tapping of finished welds,

Welding with Nickel Electrodes

The use of non-ferrous electrodes solves one of the metallurgical
problems involved in welding cast iron. Non-ferrous alloys do not
harden appreciably when deposited on cast-iron base metal, because
they do not pick up carbon from the casting. The welds are therefore
machinable. However, there is some hardening of the cast iron ad-
jacent to the line of fusion, just as when welding with steel electrode.
This results from the quenching effect of the surrounding mass of
metal which is at a much lower temperature. Preheating to above
500 F will help to reduce the problem.

One of the non-ferrous electrodes widely used is a coated nickel
and iron electrode for shielded-are welding. Because of its soft,
machinable welds and light penetration, it is used extensively for
correcting machining errors, filling up defects and repairing cast iron
parts which must be drilled, tapped or machined. See Fig. 14-9. Two
or more layers of weld metal are desirable.

The hardened base metal at the fusion zone is usually machinable.
Some softening of this zone is possible by tempering. Welding is some-
times used to accomplish this tempering. After the weld is completed,
the part should be cooled to below 200 F' so that the austenite will have
time to transform. Then another layer of weld metal is applied on the
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non-ferrous deposit, keeping away from the cast iron. This will temper
any hardened metal close enough to the surface to be encountered dur-
ing machining.

Braze Welding Gray Cast Iron

Gray iron castings are also braze welded, using either bronze filler
rods or coated bronze electrodes. Arc welding can be used; but, if arc
welding equipment is available, the preference is usually given to steel
or nickel electrodes. Most braze welding is done by the oxyacetylene
process. Preheating should be used when possible, and especially if
the weld is to be later machined.

The amount of preheat does not need to be up to a dull red as when
cast-iron filler metal is deposited. Neither does the weld need to cool
as slowly, for it does not hurt the bronze to cool fast. A preheat of
about 900 F is best, even though the bronze filler metal has a low melt-
ing point. If the casting’s temperature is too low, the filler metal does
not flow properly through the joint. If temperature of the casting is
too high, the bronze filler collects in globules, which are blown out by
the flame or are. Since bronze melts at a much lower temperature
than cast iron, the parent metal will not require the extreme slow cool-
ing to render it machinable. However, this does not mean it can be
cooled quickly.

When you braze weld gray cast iron, guard against overheating or
melting the parent metal. In oxyacetylene welding, use flux and direct
the flame against the cast iron just long enough to get the bronze to
flow over or “tin” the surface. In metal-arc welding, start the arc on
deposited bronze and let it play on the parent metal just long enough
to get the bronze to adhere. Penetration is not necessary; surface
adhesion is adequate.

If the bronze fails to “tin” the cast iron, the joint has not been prop-
erly prepared. Joint surfaces on carbon steels are commonly prepared
by grinding. But grinding a gray cast iron tends to smear the graphite
over the metal surface. This graphite interferes with brazing; the
graphite layer must be broken through or removed to allow the bronze
to adhere to the metallic portion of the iron (the ferrite). When the
iron doesn’t tin, sandblast the ground surfaces or prepare by chipping.

The braze weld in gray iron is usually stronger and is more duc-
tile than the parent metal. Welds tested in tension should fail at the
junction of the bronze and the iron, at a stress equal to the tensile
strength of the iron.

A braze weld does not make a good color match with the cast iron.
In some applications, this is a real disadvantage. Gray cast iron that
will be exposed to service temperatures of 500 F' or higher should not
be braze welded. Also, if the casting is oil-soaked or is badly burned
as the result of service conditions or flame cutting, braze welding
should not be used.
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Welding Malleable Iron

Malleable iron will revert to white iron if it is heated above the
transformation temperature. The graphite, which separated during the
long, low-temperature heating, will dissolve above the critical temper-
ature and will produce the brittle cementite as the metal cools to room
temperature. Any type of welding that melts the parent metal will
produce a brittle zone. Preheating is required; but, if too high a pre-
heat is used, the brittle zone will be wide.

The malleable iron part may be welded with a cast-iron welding
rod, followed by an annealing and prolonged cooling to restore the
original malleable structure. This is called a malleablizing treatment.
An easier way is to braze weld. Bronze melts at such a low temper-
ature that the iron is not heated enough or long enough to form much
cementite. The casting should be preheated to 900 F.

Metal-arc welding with coated bronze electrodes is one arc-welding
method recommended for malleable iron. The mild-steel and nickel-
base electrodes that are used to weld gray iron melt at a higher tem-
perature than the bronze and would result in appreciable embrittle-
ment of the parent metal. Whether you arc or gas weld, avoid melting
of the base metal. Work the bronze up to the side of the joint, allow-
ing it to “sweat” onto the iron.

Welding White Cast Iron

Fortunately, white cast irons seldom require welding. For one rea-
son, they are normally used where the stresses are low. They may be
welded with a white-iron welding rod when necessary, but any other
welding is not advisable. White iron is a metal with very poor weld-
ability.

Iron castings with chilled or white-iron surfaces are equally diffi-
cult to weld. A chilled iron roll can be built up by metal-are welding,
using a coated steel electrode. The first layer will be cracked and
porous and the second layer not much better; the holes and cracks
will have disappeared in the third and fourth layers. However, the
result will be a shrunk-on steel ring or cylinder, not a surfacing truly
welded to the chilled iron roll.

How to Weld Nodular Iron

Careful procedures can produce strong, ductile welded joints in
nodular (ductile) cast iron, although a simpler weld will frequently
be sufficient even though it doesn’t have the same properties. The duc-
tility of a nodular iron depends largely on the rate of cooling and any
after-casting heat treatment to which it is subjected. The term “duc-
tile iron” therefore refers more to a capability of the particular alloy
than to the actual property under all conditions of application. A nod-
ular iron, as applied, may have a relatively low ductility.

As in any welding operation, the base metal should be prepared by
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cleaning off oil, grease and other foreign materials. Also, the casting
“skin” should be removed by grinding or other suitable means.

If maximum strength and ductility are desired after welding, it is
desirable that the welding be done on fully annealed metal. How-
ever, this is not always necessary.

The heat of welding results in a zone in the base metal containing
hard, brittle crystals of martensite and large carbide crystals. These
lower both machinability and ductility of the casting. There is an
associated tendency to the development of cracks along the fusion
line. The speed of depositing metal and the minimum penetration
obtainable with metal-arc welding help to limit the width of this
critical zone.

Nodular iron of a low manganese and low nickel content is less
likely to crack along the fusion line than highly alloyed nodular iron.
The less-common pearlitic nodular irons transform more readily into
martensite and hard carbides, eracking more frequently during the
welding process. Fortunately these alloys are seldom used in appli-
cations that necessitate welding.

Preheating to 500-600 F when arc welding, or 900-1000 F when gas
welding, decreases the cooling rate, limits the formation of martensite,
and helps eliminate underbead cracking. The entire casting should be
preheated, and this heat maintained during welding.

Shielded metal-arc welding, using a coated electrode of approxi-
mately 60°7 nickel and 409/ iron, is the most satisfactory way to weld
nodular iron. When starting to weld ductile iron, it is helpful to “but-
ter” the casting surfaces before starting to lay the beads. The weld-
ing current should be as low as possible, yet sufficient to produce a
good bead contour when welding in the flat position. For welding in
other positions or when a high preheat is used, the welding current
should be reduced.

When castings are not preheated, intermittent welding to distribute
the heat is advisable. Peening of the bead while still hot will help to
reduce tensile stresses. Refer back to previous suggestions for welding
gray cast iron with steel electrodes when preheating is impractical.

After welding, care should be taken to insure slow cooling of the
casting.

Postheat annealing at 1000-1200 F' transforms the martensite into
non-brittle constituents. It also reduces the hard carbides, but not to
the point of restoring full machinability or full ductility. Higher
annealing temperatures transform more of the carbides into graphite,
but the nodules formed are very small and do not provide the degree
of ductility being sought.

Definitions of New Words

Carbon equivalent (as used in ferrous metallurgy). The relation-
ship of carbon, sulphur and phosphorus content as to the combined
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effect of these alloying elements on certain properties of the material.
In the United States, this is considered to be the total carbon, plus
one-third of sulphur and phosphorus content by percentage of weight.
NOT to be confused with:

Carbon equivalent (as used in welding only). The relationship of
carbon and various alloying elements as to their effect on the crack-
ing of weldments by the formation of hardness zones.

Combined carbon. This is the percentage of carbon that is com-
bined with metal atoms in a erystal constituent of an alloy, as in the
iron-carbide cementite commonly found in steels or cast irons.

Free carbon. This is the percentage of carbon that is not combined
and usually exists as free atoms at grain boundaries, or in the form
of pure carbon flakes of graphite.

Inoculants. Alloying combinations added to a cast iron for the pur-
pose of modifying its microstructure, and therefore its mechanical and
physical properties. Usually function in gray iron by forming nuclei
(when added just before casting), thereby accelerating the separation
of carbon and fine distribution of the resulting graphite flakes.

Malleablizing. The process of annealing and cooling white cast iron
so as to transform some of the combined carbon to graphite. Also used
to describe the heat treatment after welding or other operations for
restoring the original malleable structure.

Precipitate. The change, during transformation, that constitutes a
separating and gathering of atoms of a particular element.

Wormholing. The forming of an irregular cavity as a result of in-
ternal shrinkage during solidification of a cast material. If the casting
is broken open, the cavity can readily be seen by naked eye.

Review Questions

1. Name some reasons why cast iron is used.

2. Why are steel weldments being used for more and more appli-
cations where iron castings had been used for many years?

3. What chemical element in cast iron promotes the formation of
flake graphite?

4. What is the principal factor in determining whether an alloy is
gray cast iron, malleable iron, or white iron?

5. What electrode can be economically used for welding gray cast
iron when machinability is not required? What electrode is
more suitable for gray cast iron when the weld is to be ma-
chined?

6. What happens to malleable iron if it is heated above the trans-
portation point?

7. What preheat temperature should be used for metal-arc weld-
ing gray cast iron? For oxyacetylene welding of gray iron?
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CHAPTER 15

STAINLESS STEELS AND HIGH-CHROMIUM ALLOYS

Stainless steel was first introduced to the world by Harry Bread-
ley of Sheffield, England. He produced a line of stainless steel cut-
lery between 1910 and 1915. Since that time, many “stainless” steel
alloys have been developed to resist most types of corrosion, to resist
oxidation caused by hot gases, or to maintain high strength at ele-
vated temperatures. All of these alloys have an iron-carbon-chro-
mium base, while some are additionally alloyed with nickel or with
nickel and manganese.

Stainless steels are designated by means of a three-digit numerical
classification system established by the American Iron and Steel In-
stitute. The AISI specifications are accepted by nearly all engineering
groups in this country. See Table 15-1.

Table 15-1. Numerical Designation of AISI Stainless Steels

SERIES* MAJOR ALLOYING ELEMENTS |CHARACTERISTICS

2xx Chromium-Nickel-Manganese Non-hardenable
Austenitic

3xx Chromium- Nickel Non-hardenable
Austenitic

4xx Chromium (1) Hardenable
Martensitic

(2) Non-harden-
ahle
Ferritic

5xx Chromium (4 to £9%) Air-hardenable
Martensitic

*Second and third digits in number identify specific alloy type.
Letter suffix identifies modification of origmal grade.

As shown by Table 15-1, the AISI alloys include the 500 series
in which the chromium content is much lower than other types.
However, their “low-chromium” content of 4 to 6% is still consider-
ably above that of the SAE 5000 series of chromium steels, for ex-
ample, in which chromium does not normally exceed 1.15°%¢. Figure
15-1 shows the general relationship of various steels with respect to
their carbon-chromium content. Any general statements made about
stainless steel will not necessarily be true for members of the 500
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series, although the welding of these steels will be discussed later
in this chapter.

Because of the high alloy content of the stainless steels, they
have many valuable properties. A high percentage of chromium
makes the steel stronger at both low and high temperatures, and
gives it excellent resistance to corrosion and scaling. Some of the
chromium and carbon combine to form chromium carbide, which
imparts additional strength, hardness, and resistance to wear. Nickel
content also gives excellent resistance to corrosion as well as su-
perior high-temperature properties, and high toughness and strength
at very low temperatures. In a few alloys, manganese is substituted
for some of the nickel which is higher in cost and, in wartime, is
in great demand.

Steels with a high chromium content (over 107) are commonly
referred to as martensitic, ferritic, or austenitic, although some of
the alloys may have one or another erystal structure at room tem-
perature, depending upon the specific heat treatment.

The martensitic steels behave like an alloy steel with a very
high hardenability. When they are heated, austenite is formed, and
during rapid cooling the austenite is transformed to martensite. If
a martensitic steel is annealed, a machinable structure of ferrite and
pearlite is formed, replacing the martensite. Some of the 400 series
of alloys are martensitic when heat treated. (The 500 series of alloys
also are martensitic.)

The ferritic steels do not respond well to heat treatment. These
alloys have the erystal structure of iron at room temperature (body-
centered cubic structure). There is no transformation, recrystalli-
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zation, or formation of austenite when these alloys are heated. The
ferritic stainless steels have a much higher ratio of chromium to
carbon content than the martensitic alloys. Some of the 400 series
of alloys are ferritic.

The austenitic alloys are alloyed with nickel, which slows up
transformation to such an extent that the austenite structure is
highly stable at room temperature. As the austenite does not trans-
form when the steel is cooled, these steels cannot be hardened by
quenching. An austenitic stainless steel (one containing 67 or more
of nickel) is, in fact, softer when quenched than when slowly cooled
from a high temperature. The 200 series and 300 series of alloys
are austenitic.

Stainless steels possess many properties that differ from those
of carbon and other steels. Let us compare them with the properties
of low-carbon steel:

1. Their thermal conductivity is much lower. Hence, stainless
steels are more susceptible to local overheating and to distor-
tion when they are welded.

2. Their thermal expansion is higher. This tends to increase dis-
tortion and also results in higher stresses on the welds during
cooling,

3. They are more resistant to certain types of corrosion than
carbon steel and are both stronger and more resistant to oxi-
dation at high temperatures. Most are unaffected by many
acids, including nitric acid, although they are readily attacked
by hydrochloric and a few other acids.

4, They resist oxidation until heated to temperatures near or
above their melting point in the presence of air. Then a very
refractory chromium oxide is formed. This oxide prevents
these alloys from being cut with an ordinary oxyacetylene
cutting torch. A special powder-cutting process, using an iron
powder blown into the flame by compressed air, is needed to
flame-cut stainless steels. In welding, the molten metal must
be well protected from the air.

5. Some of the martensitic alloys have a very high hardenability.
Some become brittle when heated and cooled, due to excessive
grain growth at high temperatures. Still others suffer a loss
in their corrosion resistance if there is appreciable carbon in
the base or weld metal.

6. The austenitic grades are non-magnetic.

Naturally, the properties mentioned above will depend upon the
analysis of the steel. As a general rule, the higher the chromium
content, the more pronounced these properties become.

Table 15-2 lists the more common grades of AISI-classified stain-
less steel and their chemical compositions. Many other varieties of
high-chromium alloys are available from one or more suppliers.
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4 to 6°% Chromium Steels

These steels (AISI 501 and 502) are not stainless steels. They
are, however, classified as such by many people. This is probably
because such steels possess a resistance to sulphide corrosion of 4
to 10 times that of ordinary mild steel and 3 times the resistance to
oxidation at 1000 F, These steels are therefore suitable and are used
extensively for furnace tubing, cracking stills, hot oil transfer lines,
heat exchangers, bubble tower caps, return bends, valves, etc.

The most noticeable property of the 500 series alloys is their
intense air-hardening, which is proportional to both the carbon and
chromium contents. The resulting structure is a brittle martensitic
formation, the stresses in which must be relieved in order to avoid
cracking. After welding, the metal must be immediately annealed
or stress relieved so that weld cracking and underbead cracking in
the heat-affected parent metal will not occur.

Fully annealed 501 or 502 alloy has properties similar to those of
mild steels and therefore is suitable for equipment where severe
cold work is applied during fabrication. Cold work operations in-
clude rolling, bending, flanging, bulging, and drawing.

AISI type 501 contains 4.00 to 6.009 chromium, with more than
0.10% carbon. Type 502 contains the same amount of chromium, but
with carbon not exceeding 0.10%.

The carbon content of these steels has an appreciable effect on
the yield point and ultimate tensile strength, especially on the soft
annealed material. In applications where an alloy of this group is to
be used for high temperature service, such as cracking still tubes and
condenser tubes, and where severe cold working operations are re-
quired, only soft annealed material should be employed. Exposure
of semi-annealed material for long periods at temperatures between
800-1200 F gradually produces the effect of a soft anneal.

Additional alloying content of about 0.5%¢ molybdenum does not
appreciably affect the physical properties of these steels at room tem-
peratures, but it does substantially increase the strength of these steels
at elevated temperatures. This increase in strength at higher tem-
peratures is known as an increase in creep strength. Molybdenum,
also increases resistance to certain types of corrosion, especially at
high temperatures.

The addition of 1% tungsten would have somewhat the same effect
but would also slightly increase the tensile strength at room tempera-
ture. Tungsten, being a relatively scarce metal however, usually in-
creases the cost and has been seldom used in recent years.

The base metal should be in the annealed condition when welded.
Bearing in mind the general characteristics of 4-67/ chromium steel
and its air-hardening qualities in particular, considerable care should
be taken to keep the work material warm during welding and to
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Table 15-3, Type 501, Typical Mechanical Properties

PROPERTY

WELD METAL
ANNEALED

STRESS-RELIEVED
WELD METAL

Ultimate tensile strength

Yietd point

Ductility, elongation in 2 in,
Reduction of area

Hardness (Brinell)

Modulus of elasticity in tension

65,000-70,000 psi
30,000-40,000 psi
28-35%
65-75%
160
29 million psi

80,000-90,000 psi

55,000-65,000 psi
24-30%
60-70%
155-175

Thermal conductivity

Btu/hr/sq. ft/ft/°F, at 212 F 212
at 932 F 19.5
Coefficient of thermal expansion,
32 to 212 F 6.2 x 16™/°F
32 to 1200 F 7.3 x 107%/°F
Melting point 2700-2800 F

AISI 501 oil-quenched from 1650 F, tempered at 1000 F, develops 175,000 psi
ultimate tensile strength; 135,000 psi yield strength; 370 Brinell hardness;
but has ductility reduced to 15% elongation,

anneal it afterwards. If this is not done, the welds and, more im-
portantly, the parent metal adjacent to the weld will be quite brittle
and will withstand very little stress, especially bending stress.

The 4-6% chromium steels can be successfully welded by the
shielded-arc process, using an electrode (E-502) developed par-
ticularly for them. This electrode contains 4-6% chromium and 0.45
to 0.65%0 molybdenum. The weld deposit is thus similar in analysis
to the parent metal and possesses high creep strength and other de-
sirable properties. In welding with this electrode, reverse polarity
is used (electrode positive, work negative). Welding currents and
voltages are somewhat lower than those employed in welding other
steels by the shielded-arc process.

The parts to be welded should be preheated to 400-500 F in order
to prevent cracking during welding. In no event should preheating
be less than 200 F. The work should not be allowed to fall below this
temperature at any time.

Before the work has time to cool after welding, it should be placed
in an annealing furnace. Anneal at 1550-1600 F and cool slowly.
Temperature of the work should not drop over 50 F per hour. When
the temperature has dropped to 1200 F, the work may be taken out
of the furnace and allowed to cool in air.

When annealed, the weld metal will possess mechanical prop-
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erties approximating those given in Table 15-3.

Although full annealing is recommended, it is sometimes imprac-
ticable. Instead, the base metal near the weld is stress relieved. The
metal is heated to 1325-1375 F, held at temperature for four hours,
and then cooled uniformly in air. Welds are stress relieved in the
field by means of resistance or induction coils, or a gas-fired furnace
built around the weld.

When stress relieved, the weld metal will have mechanical prop-
erties as given in Table 15-3.

When proper preheating and/or postheating is not feasible, one
solution is to use an electrode of 25% chromium and 209 nickel
content (E-310). This produces weld metal that is largely austenitic
and compares favorably in ductility with the original annealed base
metal. This technique should be used with caution, however, since
there will still be some embrittlement of the heat-affected parent
metal below the fusion line.

The preferred alternative, when the recommended preheating is
impossible or impractical, is to weld by the submerged-arc process.
However, while this permits doing without preheat, at least 200 F
even here would assure a better weld. The use of submerged-arc

Fig. 15-2. Shielded-
arc welding is used
extensively in making
strong, ductile joints
in most graodes of
stainless steel.
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welding on high chromium steels will be discussed later in this chapter.

Very high yield points and tensile strengths result from air hard-
ening and tempering the 500 series alloy, when welded with filler
metal of similar analysis. This treatment is quite as effective as the
quenching of ordinary steels in liquid media. Combined with high
tensile strength, the hardened and tempered alloys also exhibit good
ductility (about 15%) and impact toughness. The impact properties
and elongation of these alloys are superior to those of some struc-
tural alloy steels, when heat treated to the same yield point and
tensile strength. Hardening requires heating to 1600 to 1700, cool-

ing rapidly to near room temperature, and then tempering at 400
to 1400 F.

Martensitic Stainless Steels

The alloys making up this group have 11.5 to 18% chromium and
0.15 to 1.209% carbon. Both the martensitic and the ferritic stainless
steels are referred to as “straight chromium” types because they do
not have any appreciable nickel or manganese content. Together, the
martensitic and ferritic stainless steels comprise the AISI 400 series.

Table 15-4. Martensitic Stainless Steels, Typical Properties®

PROFPERTY 410 414 431
Ult. tensile strength 70,000 psi 115,000 psi 125,000 psi
195,000 psi 200,000 psi 205,000 psi
Yield point 35,000 psi 90,000 psi 45,000 psi
150,000 psi 150,000 psi 155,000 psi
Elongation in 2 in. 30% 20% 20%
17% 16% 15%
Hardness (Brinell) 150 235 260
410 415 415

#The first value stated for each property applies to the metal in full-annealed
condition. The value immediately below applies to the metal in maximum
hardened and tempered condition.

All martensitic stainless steels are hardenable by heat treatment.
When heated over 1500 F, austenite is formed. During rapid cooling
in air, this austenite transforms into hard and brittle martensite. The
martensitic structure is toughened by tempering, or by stress relieving
if the hardening is local—along a weld, for instance.

All alloys in this group are resistant to atmospheric corrosion and
are used where the higher strength and wear resistance obtainable
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by heat treatment is an advantage. Typical properties of these alloys
are listed in Table 15-4.

The hardness of martensitic stainless steels increases as the carbon
content increases. As hardness increases, the tendency for cracking
as the weld cools also increases. In welding these alloys, the necessity
for preheating and postheating increases with the carbon content.

Any of the martensitic stainless steels that are to be postheated—
annealed, stress-relieved, or used under extreme temperature service
conditions—should be welded with a straight-chromium stainless steel
electrode of the E-400 series. Such welds, when annealed, have good
ductility. The weldment can be hardened by heat treatment to develop
maximum strength and corrosion resistance.

Any of these alloys that can not or will not be exposed to post-
heating should be welded with an austenitic chromium-nickel elec-
trode of the E-300 series. Even though the heat-affected parent metal
next to the weld bead is subjected to embrittlement, the ductile bead
performs better against impact and deformation than if the entire
weld area were brittle.

The thermal expansion is not the same for all of the stainless
steels. The rate of expansion for straight-chromium alloys (400
series) varies considerably but averages slightly greater than that of
carbon steel. In contrast, the rate of expansion for chromium-nickel
alloys (300 series) is about 509 greater than that of carbon steel. If
the welded member is to be subjected to repeated heating and cool-
ing, the weld metal and the parent metal should have approximately
the same coefficients of thermal expansion. The use of the E-300
series electrodes in welding the AISI 400 series alloys is largely
limited to weldments that will be used near room temperature or
within a narrow constant-temperature range.

AISI Types 403, 410, 414 and 416 have a low carbon content (0.15%
max.) and not more than 14% chromium. The AWS E-410 electrode
is suitable for welding all of these alloys. However, the sulphur and
selenium content of AISI 416 and 416Se promote porosity and make
production welding of these steels inadvisable. The E-410 electrode
deposits weld metal of 11-14% chromium, 12% carbon, and 0.60%
nickel. The welding procedure outlined for the 4-6% chromium steels
should be followed. When the recommended preheating or postheat-
ing cannot be used, first choice should be submerged-arc welding with
filler metal of analysis similar to that of the parent metal. The alterna-
tive is shielded-are welding with an E-308 electrode (187 chromium,
8% nickel) or one of higher alloy content such as E-309 or E-310.

AISI Types 420 and 431 are intermediate grades of the martensitic
stainless steels. These have medium carbon content (0.15-0.209%) and
chromium content of 12-17%. They may be welded with either the
E-410 electrode or the higher-chromium E-430. If either preheating
or postheating cannot be employed, the weld can be made with one
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of the austenitic chromium-nickel electrodes of the E-300 series
(E-308, 309 or 310). Stainless steels of medium-carbon content re-
quire both higher preheating and slower cooling than the chromium
steels of lower carbon content. Multi-pass welding with a small-
diameter electrode, low current and stringer beads will help reduce
the build-up of stresses and will minimize embrittlement of the parent
metal.

AISI stainless steel Types 440A, B and C have much higher carbon
content (0.60-1.209¢) and chromium content to 18%. These alloys
have poor weldability. Their structure contains free complex chro-
mium carbides. These steels can be welded with the E-430 electrodes,
but the precise welding and heat treating technique required to pro-
duce welds having properties equal to the original steel is not always
practicable. Where equal strength is not essential, one of the E-300
series of austenitic electrodes is more likely to produce a satisfactory
weld.

Ferritic Stainless Steels

The alloys in this group, like the martensitic steels, are straight
chromium; that is, they have little or no nickel content. The normally
ferritic structure of these steels at room temperature is due to the low
carbon content relative to the chromium content, The ferritic steels are
essentially non-hardenable by heat treatment. Properties of these
alloys are listed in Table 15-5.

Table 15-5. Ferritic Stainless Steels, Typical Properties

PROPERTY 405 430 446
Annealed Annealed Annealed
Ult. tensile strength 65,000 psi 75,000 psi 85,000 psi
Yield point 40,000 psi 40,000 psi 55,000 psi
Elongation in 2 in. 30% 30% 25%
Hardness (Brinell) 150 160 170

The 14 to 189, chromium steel (AISI 430) is on the borderline
between the martensitic and the ferritic steels, This alloy may be
welded with an AWS E-430 electrode, which provides weld metal of
similar analysis. With a carbon content of 0.12°¢ max., AISI 430 does
not have the high hardenability of the higher carbon stainless steels.
A local preheat to 300 F should be sufficient and should not be
appreciably exceeded. This alloy loses its ductility (due to grain
growth) when given a high preheat for a long time. If this happens,
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ductility may be restored by an anneal at 1400-1450 F for four hours
or more depending upon section thickness. The weldment is cooled
rapidly from the annealing temperature.

In an alloy of this chromium content, a reduction in corrosion
resistance along grain boundaries is associated with excessive grain
growth. One variation of AISI 430 has titanium added to its alloying
content for better ductility and may appear to eliminate the need
for annealing. However, this addition of titanium in this type alloy
lowers the resistance to intergranular corrosive attack in the weld
zone. This effect is minimized if the weldment is annealed as usual.

If annealing of welded AISI 430 is impractical and the member
is to be used as-welded, one of the austenitic stainless steel electrodes
(E-308, 309 or 310) can be used. The use of these electrodes is not
advisable where corrosion conditions to be encountered in service
are especially severe.

The ferritic AISI 405 has an even lower carbon content (0.0877)
than AISI 430, and has a low chromium content (11.5-1477). This
alloy retains more of its ductility when welded than does AISI 430;
however, annealing is still desirable for maximum corrosion re-
sistance. It can be welded with the E-430 electrode, or with one of
the more ductile E-300 series electrodes if annealing is impractical.
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The straight chromium steels with higher chromium are sometimes
called “chrome-irons”. AISI 446 (chromium 23-277,, carbon 0.209%)
is in this group. The chromium is dissolved in the ferritic iron struc-
ture, and the ferrite grains do not transform or recrystallize when
heated. The steel has a low impact strength at room temperature.
When heated, the ferrite grains grow larger, resulting in a still lower
impact strength when the steel is cold. Hot forging is the only way
to reduce the grain size, although the brittleness may be reduced
by annealing, This steel is used for its excellent resistance to oxida-
tion at elevated temperatures. See Fig. 15-3.

Since the chrome-irons, such as Type 446, have very low impact
strength as-cast, we should not expect very much from the welds. If
metal of the same analysis as the parent metal is deposited and the
assembly is then hot forged or rolled, the coarse grain structure will
be broken up and the finer grained steel and its weld will have prop-
erties equalling the original material. Type 446 has an elongation in
2 in. of 20-30%, but a Charpy impact value of less than 10 ft-1b, which
is very low, Stainless steels 416 and 430 can be heat treated to give
the same elongation but Charpy strengths are between 30 and 50 ft-lb.

When a weld made on AISI 446 is required to have a chromium
content similar to the parent metal, electrodes that deposit extra-
high chromium should be used. These include the austenitic AWS
E-309, 310 and 312 types. High preheating is not recommended be-
cause the parent metal and the weld are so susceptible to grain
growth; however, the steel should be heated to about 300 F to keep
it ductile enough to eliminate cracking during cooling after welding.
Even with the best procedure, the weld and the parent metal will
have large grains when cooled, and the weld may fail if subjected
to a sudden heavy load. A decrease in corrosion resistance also is
associated with excessive grain growth.

The 446 electrodes contain a small percentage of nitrogen that
reduces this tendency toward grain growth. Welds of good quality on
AISI 446 parent metal may be produced by using a high-chromium,

Table 15-6. Austenitic Stainless Steels, Typical Properties

302 308 310 316L 347

PROPERTY Annealed Annealed Annealed Annealed Annealed

Ult. tensile strength 90,000 psi | 85,000 psi | 95,000 psi | 75,000 psi | 90,000 psi

Yield point 35,000 psi | 30,000 psi | 45,000 psi | 32,000 psi | 35,000 psi
Elongation in 2 in. 60% 55% 50% 50% 50%
Hardness (Brinell) 150 150 170 145 160
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Type 304L ~ Type 304

Fig. 15-4. Photomicrographs (500x) of porent metal in zone next to the weld where
temperatures of B00-1400 F were experienced. Mo carbide precipitation is visible in the
ELC specimen, whereas the ordinary Type 304 shows carbides along the grain boundaries.

austenitic electrode such as E-310 (25% chromium, 207% nickel) for
the body of the weld and the 446 electrode at surfaces to be protected
from corrosion.

Austenitic Chromium-Nickel Steels

The austenitic stainless steels are the AISI 300 series. They range
in analysis from 16 to 26% chromium, 6 to 22% nickel, and 0.03 to
0.25% carbon maximum. These steels are all non-magnetic and hence
can readily be distinguished from the other stainless steels and
chrome-irons, which are all magnetic.

Steels with 189 chromium and 8% nickel, called 18-8 stainless
(AISI 302 and 304), are by far the most popular. In 1960, about 35%
of all the stainless steel manufactured was of the 18-8 type.

The austenitic stainless steels have many excellent properties,
including high strength and resistance to scaling at elevated tempera-
tures. Some of their most important properties are given in Table
15-6. Additional properties of the general-purpose 18-8 steel are
given in Table 15-7,

Except for the few free-machining types (which have high sulphur,
phosphorus or selenium content), these steels have excellent weld-
ability relative to other high-alloy steels. They require no preheating
and no annealing after welding, when used under normal atmospheric
or mildly corrosive conditions.

The austenitic stainless steels do not harden by heat treatment
but can be cold worked to a high hardness. Annealing may be re-
quired after rolling, drawing or such manufacturing processes and
may be accomplished by heating the steel to 1900-2050 F, followed by
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quenching. When treated in this manner, the steel is in the best con-
dition to resist corrosion.

The 300 series steels all have a low heat conductivity and a high
coefficient of thermal expansion. As a result, these steels may present
some distortion problems unless the usual design and welding prac-
tices for controlling distortion are observed. Copper chill bars can
be placed under weld areas to draw off the heat more quickly. Use
of welding fixtures can prevent movement of base plates that would
result in angular misalignment. A multi-pass weld is made with a
small-diameter electrode and short bead lengths will minimize the
possibility of serious distortion.

Ordinary austenitic stainless steel alloys present a problem when
heated in the range of 800 to 1500 F. The steel undergoes a migration
of chromium that lowers its resistance to corrosion. This is due to
the precipitation at grain boundaries of very fine films of chromium-
rich carbides containing as much as 909% chromium. Since the chro-
mium is taken from the layer of metal immediately adjacent to the
grain boundary, the metal there may have its resistance to corrosion
seriously lowered. This phenomenon is called carbide precipitation,
and the type of corrosion that is likely to occur is known as inter-
granular corrosion.

Table 15-7. 18-8 Typical Physical Properties
(Annealed Metal)

Ult. tensile strength 85,000-95,000 psi

Yield point 30,000-40,000 psi

Elongation in 2 in. 55-60%

Reduction of area 60-70%

Hardness 135-1B0 Brinell

Izod impact 80-120 ft-Ib

Endurance limit Usually 409 of ultimate strength.
Work hardening will increase ultimate.

Density 0.29 Ib/cu in.

Thermal conductivity .33 times that of low-carbon steel

Electrical resistance 6.4 times that of low-carbon steel

Thermal expansion 1.45 times that of low-carbon steel

Modulus of elasticity in tension 28,000,000-30,000,000

Melting point range 2550-2590 F

Approx. scaling temperature 1,650 F (average, in air)
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Fig. 15-5. A lap joint made on AISI 321 titanium stabilized stainless steel. Photomicro-
graphs at positions 1 and 3 were made of metal taken from the fusion line. The photo-
micrograph at position 2 shows unaffected parent metal.

When welding these steels, some of the base metal adjacent to
the fusion line reaches the temperature range (800-1500 F'), within
which the carbide precipitation occurs. This was more fully described
and illustrated in Chapter 9, Fig. 9-3. (A similar problem would exist
when using these alloys in our welding filler materials.)

An obvious remedy is to reduce the carbon content of the alloy
to such a low value that no carbide can be precipitated. There are
commercially available extra-low-carbon steels (ELC) that have a
carbon content of only 0.03% maximum as compared to the 0.08%
maximum carbon for the regular AISA 304 and 316 stainless steels

(Fig. 15-4).
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Another way to prevent loss of chromium to grain boundaries is
by addition of an alloying element, such as titanium or columbium or
tantalum, that has a greater affinity for carbon than chromium has.
AISI 321 is such an alloy steel, titanium being the stabilizing element
(Fig. 15-5). Although effective in the base metal in preventing car-
bide precipitation in heat-affected zone adjacent to the weld, titanium
does not perform its function very well when added to the welding
electrode or other filler material. Most of the titanium used in this
way is lost during welding.

AISI 347 and its counterpart welding electrode, AWS E-347, have
columbium as the stabilizing element. Since columbium is not lost in
the welding operation, freedom from intergranular corrosion in the
weld metal and in the base metal along the line of fusion is possible
by use of an electrode that contains this element in suitable propor-
tions.

When welding chromium-nickel alloys that are neither stabilized
nor ELC types, the control of carbide precipitation (and, thus, inter-
granular corrosion) depends more on our welding procedure. One
objective then is to limit the depth of base metal reaching the tempera-
ture range of 800-1500 F and to limit the time factor. The longer any
of the base metal is held at such temperatures, the more precipitation
will occur. Annealing the weldment will remove the effects of carbide
precipitation but this is usually an unnecessary expense.

Shielded-metal-arc welding with coated electrodes is the most
widely used method of joining these steels. The electrodes have a
carbon-free coating and a stainless-steel core wire containing slightly
higher chromium and nickel than are required in the deposit. Special
alloying elements such as columbium and tantalum, and/or molybde-
num may be included in either the coating or the core wire.

Most stainless steel electrodes are designed to give best results
with reverse polarity (electrode positive). Some may also be welded
with AC.

The welding procedure is similar to that used for welding low-
carbon steels, but stainless steel has a much lower electrical conduec-
tivity than plain-carbon and alloy steels. Lower welding currents
and shorter electrodes will reduce the possibility of overheating the
last few inches of the electrode.

AISI 301, 302, 304, 305 and 308 steels may be welded with an AWS
E-308 stainless steel electrode. The high alloy content of this electrode
minimizes the effect of carbide precipitation. The E-308 electrode is
commonly referred to as an 18-8 electrode because it provides weld
metal of comparable properties. Stainless steel Types 301 and 302 all
have higher carbon content than do 304 or 308, and thus are more
subject to carbide precipitation, Faster welding speeds will result
in less carbide formation, Type 305 has a tendency toward cracking
when cooled.
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AISI 302B has a high silicon content (2-37¢) to improve its scaling
resistance. To match the scaling resistance of the base metal, the
higher alloy content of the AWS E-309-Cb electrode is needed. This
electrode is also used in welding AISI 309.

AISI 310 is a 25-20 steel; that is, it has 25% chromium and 20%
nickel. It should be welded with an AWS E-310 electrode.

AISI 316 and 317 all have molybdenum content of 29¢ or more for
extra corrosion resistance to certain chemicals. Because these alloys
are used in highly corrosive situations, welds are usually made with
the AWS E-318 electrode. This electrode has columbium plus tantalum
added for stabilizing purposes.

Free-machining type steels, AISI 303 and 303Se, are not suitable
for production welding. If necessary to repair weld them, E-309 elec-
trode may be used.

The usefulness of austenitic stainless-steel electrodes is not con-
fined to the welding of base metal of similar analysis. The high
strength of the austenitic stainless steel weld metal, its minimum
tendency for admixture with the base metal, and the low-hydrogen
type of coating which minimizes or eliminates underbead cracking,
are valuable advantages in the welding of high-carbon and high-alloy
steels. (See the chapters on High-Carbon Steel, Austenitic Manganese
Steel, and Tool and Die Steels.)

These electrodes are also used in surfacing carbon steels to pro-
duce a corrosion-resistant layer or to serve as a base for additional
layers of other hardsurfacing alloys.

The 18-8 type electrode (E-308) is usually adequate for the
special uses mentioned above. The 25-20 type electrode (E-310) can
stand more parent metal dilution on these applications and still give
an austenitic deposit.

Welding ELC Stainless Steels

The extra-low-carbon stainless steels do a very good job of pre-
venting carbide precipitation, provided the service temperatures do
not go over 800 F for any sustained period of time. While a special
technique is not required in the welding of ELC stainless steels,
preference is given to electrodes that are equally low in carbon or
have stabilizing elements in their analysis. ELC steels are indicated
in the AISI numerical designation by the letter suffix “L”. These
alloys usually have 0.037/ maximum carbon content., The suffix “S”
also indicates a lower than usual carbon content, but alloys so desig-
nated usually have 0.08% maximum carbon.

For AISI 304L, welding with the AWS E-347 stainless steel elec-
trode usually gives the best results. The chromium-nickel E-347
electrode is a stabilized type, having columbium added in its analysis.
Although the E-347 electrode has 0.08%;, max. carbon as compared to
the AISI 304L’s 0.03% max. carbon, it gives superior resistance to
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carbide precipitation and, therefore, to intergranular corrosion. When
joining 304L stainless to carbon steel, the AWS E-309-Ch electrode
may be used for the root bead. The joint can then be filled with the
E-347 electrode. The E-309-Cb electrode is stabilized by the addition
of columbium, but the properties of metal deposited by it better
match those of the carbon steel admixtured by it and those of the
E-347 metal deposited over it.

AISI 316L is an alloy that contains molybdenum for high corrosion
resistance against certain chemicals. It is effective in combatting
pitting-type corrosion. In many cases, welding with E-318 electrode
will give satisfactory results. This electrode contains molybdenum
as well as the stabilizing element columbium, and should be used
when possible. If necessary, maximum corrosion resistance is obtain-
able by stress-relieving the welded joint by heating at 1600 F and
then cooling rapidly. When the weldment will be exposed to hot
oxidizing acids, welds should be made with the E-309-Cb electrode.
For welding AISI 316 to carbon steel, it is preferable to use E-310-Mo
electrode containing molybdenum.

The 0.08% carbon AISI 309S may be welded with the E-309-Cb
electrode.

In welding the ELC stainless steels, however, you will seldom
go wrong by using an electrode that provides weld metal matching
in analysis the steel being welded.

Welding Stabilized Stainless Steels

The stabilized grades of chromium-nickel stainless steels have
excellent weldability. These grades are seldom used except for con-
tinuous service under severe corrosive conditions at normal or at
elevated temperatures where the ELC grades are unsuitable. Since
ELC weld metal will not resist carbide precipitation under the same
service conditions, ELC type electrodes should never be used to
weld a stabilized type base metal. Only a stabilized weld metal will
give satisfactory service. In other respects, the electrode selected
is usually of a composition comparable to that of the base metal.

Welds in AISI 347 steel should be made with AWS E-347 elec-
trode. AISI 321 includes titanium in its composition. Sinee titanium
is not successfully deposited from an electrode, this alloy also should
be welded with the E-347 electrode. AISI 318 should be welded with
the E-318 electrode, and AISI 309Cb with the E-309-Cb electrode.

High-Manganese Stainless Steels

Stainless steels in the AISI 200 series are equivalent to chromium-
nickel grades of the 300 series, except for a higher manganese and
lower nickel content. They were developed primarily for substitute
use during periods of critical nickel shortage.

These steels are welded with the same procedure and electrodes
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as their counterpart 300 series grades. For example, AISI 201 is
welded just like AISI 301. And AISI 202 is welded just like AISI 302.

Processes for Welding Stainless Steels

Up to this point, our discussion of the welding of high-chromium
alloy steels has been related directly to the use of manual coated
electrodes by the shielded-arc process. Other processes used include
oxyacetylene welding, inert-gas-ar¢ welding with consumable or
non-consumable electrodes, resistance welding, and submerged-arc
welding. Silver brazing is also employed in the joining of stainless
steels.

Oxyacetylene welding has limited application. In general, it is
too slow for use on the high-chromium alloys. The flame must be
carefully adjusted for slightly excess acetylene in order to prevent
carbon pick-up from the base metal.

The low rate of heat transfer through the stainless steel parent
metal plus the slow heating which is characteristic of this process re-
sults in a greater volume of parent metal being overheated before
melting occurs in the fusion zone. This produces more distortion,
grain growth, and carbide precipitation if the alloy is an austenitic

Fig. 15-6. Resistance
welding is commonly
used in production join-
ing of work-hardened
stainless steel sheet met-
al.
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type. Overheating must be avoided in order to prevent the formation
of the refractory chromium oxide. This oxide will form if the molten
puddle is even momentarily exposed to the air. Welding an oxidized
surface presents difficulties, because the metal under the scale will
melt even though the oxide does not melt. It remains spread over
the surface until it is blown away, scraped away or dissolved by a
flux. If any oxyacetylene welding is done, a copper back-up plate
should be used below the weld area to draw off excess heat and limit
the possibility of oxidation occurring on the underside of the weld.

Because of this tendency for a surface oxide to form, oxyacetylene
torch cutting is inadvisable for preparing grooves for welding. How-
ever, the intense heat of shielded-arc welding is sufficient to instan-
taneously melt through this oxide or scale. The oxide is then dissolved
by flux materials deposited from the electrode coating.

Inert-gas-arc welding is widely used and has become the preferred
method for production welding stainless steels in the plants of aircraft
engine builders and other manufacturers of high-requirement prod-
ucts (Fig. 15-6). The inert gas shield prevents any appreciable alloy
loss, and the filler metal can be substantially the same as the base
metal in analysis. For example, titanium used as a stabilizing element

Fig. 15-7. Silver brazing can be
employed in the joining of stain-
less steels for light service con-
ditions.

can be transferred readily across the arc without any appreciable
loss, This means that AISI 321 can be welded with Type 321 filler
metal in the welding rod or electrode and thus have more uniform
corrosion resistance and mechanical properties.
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The use of tungsten electrode with inert-gas shielding (the TIG
process) is especially suited for joining thin-gage stainless steel sheets.
The highly concentrated heat and fast speeds possible minimize the
problems of distortion, grain growth, and carbide precipitation, Filler
metal may be omitted for some applications. Fusion welds are often
made at the root of a joint. The TIG process is generally limited to
not more than three passes. Joints requiring additional passes are
often finished by the MIG process, using a consumable metal elec-
trode. The MIG process is often used in making the complete weld
on sections over 4 in. thick.

Resistance spot or seam welding often has advantages in fabricating
the austenitic stainless steels. These processes are especially good
where the parent metal has been work-hardened by previous opera-
tions and this maximum strength is desired in the finished product. The
work-hardened stainless steel is easily joined by resistance welding
without need for annealing. Only a stabilized stainless alloy should
be used for sheets over g in. thick in order to avoid harmful carbide
precipitation.

When the hardenable stainless steels are spot welded, the weld
should be given an immediate second pulse of current for tempering
purposes.

Soldering and brazing of the stainless steels are generally limited
to sealing applications, where the main holding force is provided by
spot welds, partial fusion welds, mechanical fasteners, or other means
(Fig. 15-7). Silver (hard) braze alloys are most commonly used.
These give better appearance, strength and corrosion resistance than
the soft solders (709 tin, 307% lead) although not matching the prop-
erties of stainless steel welds. Some hard solders also are alloys of
zinc or copper, but these should not be used in joining stainless steel
because of electrolytic action and reduced corrosion resistance.

Submerged-arc welding can produce joints of excellent quality on
any of the chromium-nickel stainless steels and on many of the other
types. It is a fast, automatic or semi-automatic process that mini-
mizes the problems associated with overheating of the parent metal.
The electrode wire is usually a little higher in alloy content than the
base metal, and the flux is either a standard neutral type as used on
carbon steel or is a special type developed for stainless steel welding.

An austenitic 18-8 electrode wire is most widely used in econjunc-
tion with agglomerated flux formulated to meet the needs of the
specific application. In many cases, this will be a neutral flux, plus
extra chromium to replace any that may be lost from base metal or
filler metal during melting. The slag is largely self-removing and
does not adhere to the weld bead in small slivers. The chromium or
other alloy content of the flux is modified to balance that of the elec-
trode in order to provide weld metal suitable for the specific steel
being welded.
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Both the submerged-arc welding and shielded-arc welding are
extensively used for hardsurfacing carbon steel with a corrosion-
resistant stainless steel alloy. The subject of hardsurfacing is dis-
cussed separately in a later chapter.

Definitions of New Words

Air-hardening. Characteristic of a steel that becomes partially or
fully hardened (martensitic) when cooled in air from above its
critical point. Not necessarily applicable when the object to be hard-
ened has considerable thickness.

Carbide precipitation. As a result of prolonged heating or of slow
cooling after partial or full transformation, atoms of carbon and a
metallic element migrate to the grain boundaries. The atoms here
gather and combine as carbides. In high chromium alloys, the affinity
(attraction) of chromium and carbon for each other lead to the for-
mation of a thin intergranular layer of chromium carbide.

Creep strength. The resistance of a material to slow deformation
under continuous load at elevated temperatures.

Intergranular corrosion. As a result of carbide precipitation, the
loss of chromium from the austenite crystals adjacent to grain boun-
daries weakens the material’s resistance to corrosion.

Refractory. The quality of resistance to the effects of high tem-
peratures, especially the ability of a material to maintain its hardness
and shape. A “refractory” material has an exceptionally high melting
point, in contrast to a “fusible” material which has an exceptionally
low melting point.

Review Questions

1. When comparing 18-8 stainless steel and low-carbon steel,
which steel has:
a. The higher melting point?
b. The higher electrical conductivity?
¢. The higher thermal conductivity?
d. The greater amount of expansion when heated to 1000 F?

2. How do the properties of chromium oxide differ from those of
iron oxide? What effect do the properties of chromium oxide
have on the fabrication of stainless steels?

3. Why is each of the following elements used in some stainless
steels: Carbon, molybdenum, columbium, selenium, and nitro-
gen?

4. Which one of the stainless steels is probably the least ex-
pensive, per pound?

5. Which of the following steels should always be in the annealed
condition when welded: AISI 302, 304L, 501, or 347?
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CHAPTER 16

AUSTENITIC MANGANESE STEEL

Back in the year 1882, an Englishman named Sir Robert Hadfield
made an important discovery. He found that a steel having high per-
centages of both manganese and carbon thrives on bad treatment.
The more you batter it, hammer it or otherwise subject it to impact,
the harder and stronger it becomes. This remarkable alloy is known
as austenitic manganese steel or sometimes, after its inventor, Had-
field manganese steel.

Austenitic manganese steel has around 10-147/ manganese and
1.0-1.4'¢ carbon. These are the two most effective elements for in-
creasing the strength and hardness of heat-treated steel. However,
when both are present in the approximate ratio of 10 to 1, they pro-
duce an alloy that cannot be successfully hardened by heat treatment.

The reheating of austenitic manganese steel to above 800 F causes
it to become embrittled. This is a rather low temperature to induce
metallurgical changes and prevents use of the steel under elevated
temperatures. Even use under sustained temperatures of 500 to 800 F
may have bad results. To be safe, this alloy is not allowed to be
heated above 500 F either during use or fabrication. Any exception
to this necessitates following with a toughening treatment, which will
be described later.

Austenitic manganese steel comes from the mill in either cast or
wrought shapes. When properly heat treated during its manufacture,
the as-cast or as-rolled alloy is relatively soft—typically 187 Brinell
or 10 Rockwell C. Any further cold working such as hammering or
press-forming increases both its hardness and strength. This surface
hardening frequently reaches a maximum of about 550 Brinell. The
depth of hardness depends on the amount of applied stress.

Austenitic manganese steel stands up longer than any other known
material under constant impact, and still has excellent resistance to
wear by abrasion. It wears, of course, but as the work-hardened
layer is worn away, additional metal is hardened. Beneath the work-
hardened layer, the steel remains ductile. Other steels that are car-
burized or case-hardened likewise combine a ductile core with a hard
surface, but the depth of hardness is fixed. Any removal of surface
metal by wear subtracts from this dimension, which does not keep
renewing itself as happens with austenitic manganese steel.

Some popular and very logical uses of austenitic manganese steel
include power shovel dipper teeth and lips; crusher jaws and mantles;
and railroad frogs, switches and crossings. The latter have to take
a terrific battering from the wheels of railroad trains. An austenitic
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manganese rail section deforms slightly as the wheels pound its sur-
face; the pounding and the deformation cause surface hardening, and
this hardened and toughened surface resists future yielding. The body
of the rail remains ductile.

Properties of Austenitic Manganese Steel

A number of the properties of Hadfield manganese steel are quite
different from those of carbon steel:

Thermal expansion—when heated, austenitic manganese steel ex-
pands about 507/ more than carbon steel (12 times as much).

Thermal conductivity—is about 14 that of carbon steel.

Electrical conductivity—is about 14 that of carbon steel.

Melting point—is 2450 F.

Austenitic manganese steel is non-magnetic; it is not attracted by
a magnet. Severe cold working will make the surface layer slightly
magnetic.

Austenitic manganese steel is not much more resistant to the
abrasion caused by fine sand than is mild steel; it is not as resistant
to such abrasion as a hardened steel. When the wear involves im-
pact, however, and the surface is gouged, scraped, pounded or other-
wise mistreated, manganese steel will last up to 10 times as long as
mild steel and very much longer than hardened carbon steel, alloy
steel, or cast iron.

Effect of Manganese Content

The manganese content of a steel delays transformation of the
austenite during cooling. An oil-hardening tool steel of 0.95% carbon
and 1.75° manganese can be forged, and has sufficient ductility to
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Fig. 16-1. The microstructure of heat-treated Fig. 16-2. The microstructure of untoughened
austenitic manganese steel shows only aus- “as cast”’ manganese steel is characterized by
tenite grains, with no more than a thin film needle-like carbide fermations, and frequently
of carbides at the grain boundaries. pearlite and other constituents,
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withstand heavy forces as a die steel. As the manganese content is
increased in high-carbon steel, the ductility decreases in the quenched
or forged state. High-carbon steels with 3 to 49 manganese are air-
hardening. Without other alloying elements, they are ordinarily
brittle, for the austenite transformation has been delayed too long;
martensite forming at room temperature is highly stressed, contains
microcracks, and is brittle,

Let us now increase the manganese content to 10-147;. Trans-
formation of the austenite is delayed to such an extent that there is
no transformation; after quenching, the steel stays as austenite. The
microstructure of this austenitic manganese steel is shown in Fig.
16-1. There is only one constituent—austenite. The structure is
identical to that of austenitic stainless steel, or of a carbon steel at
a temperature above the transformation point.

The composition of Hadfield or austenitic manganese steel as usu-
ally produced lies within the limits given in Table 16-1. The usual
analysis will be in the middle of the carbon and manganese ranges:
carbon at 1.2%, and manganese at 12-13%.

Table 16-1. Analysis, Austenitic Manganese Steel

Carbon 1.00 to 1.40%
Manganese 10.00 to 14.00%
Silicon 0.30 to 1.00%
Sulphur 0.60%, maximum
Phosphorus 0.10%, maximum
Iron, plus impurities 83.90 to B7.90%

High-manganese steel is expensive to machine. Most parts made
of it are cast to shape and finished by grinding. As-cast manganese
steel that has not been heat treated is quite brittle because a net-
work of carbides surrounds the austenite grains, Fig. 16-2. The stand-
ard toughening treatment used at the mill or foundry consists of
slowly heating the steel to 1850-1950 F and then quenching it in
water to preserve the full austenite structure. This keeps the carbon
and manganese dissolved in the austenite, giving the alloy its high
strength and toughness. If any later fabricating process should raise
the temperature of the alloy above 500 F, the toughening treatment
is repeated.

In addition to having the highest work-hardening properties, man-
ganese steel is probably our toughest material. A tough material is
one that combines high strength and ductility. The stress-strain
diagrams in Fig. 16-3 compare the elongation of high-manganese
steel with that of high-carbon alloy steel having the same tensile

o @@Seismicisolation o


https://telegram.me/seismicisolation

258 METALS AND HOW TO WELD THEM

strength. The percentages of elongation are: 459 for austenitic man-
ganese, and 15°¢ for the high-carbon alloy. The basic strength-ductil-
ity properties of the austenitic manganese steel are maintained very
well in extreme cold weather.

X
=

Fig. 16-3. A comparison of the

o " physical properties of austenitic

manganese and high-carbon alloy
steels, having identical ultimate
tensile strength.

Tensile stress , 1000 psi

10 20 30 40 50
Effect of Heating

Tempering makes carbon steels more ductile, but austenitic man-
ganese steels lose their ductility when tempered. Reason: the aus-
tenite is supersaturated with carbon and manganese atoms that pre-
cipitate during heating—first as carbide needles in the austenite grains
and after prolonged heating as a network at the austenite grain
boundaries. They may even form an envelope encasing the indi-
vidual austenite grains. The amount of ductility loss or embrittle-
ment depends on the following:

1. The amount of carbon. A 1.4% carbon steel forms carbides

more quickly than a 1.09 carbon steel.

2. The amount of manganese. Higher manganese decreases the
tendency toward carbide precipitation.

3. The temperature, and the length of time the metal is held at
temperature, Heating to 800 F or higher damages manganese
steel. Even low-carbon, high-manganese steel heated to 800 F
for 48 hrs will be embrittled.

4. The rate of cooling after heating within the range between
800 and 1300 F. Some carbon will migrate from the austenite
during such heating. Quenching prevents further carbide
precipitation, while slow cooling causes additional loss of car-
bon to the grain boundaries.

Heating to 1200 F substantially reduces the toughness of the metal.
However, there will be more embrittlement if the steel is slowly
cooled and less if it is water-quenched.

At 1200 F, the austenite holds only 0.5% carbon in solution; at
1650 F, it dissolves 1.0 carbon. See Fig. 16-4. A 1% carbon steel
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heated to 1650 F and then quenched would have no free carbides,
but a steel containing 1.4 carbon given the same treatment would
have 0.49, carbon in excess of the amount soluble in the austenite.
This excess carbon would be present in the form of carbides.

Heating an austenitic manganese steel to over 2190 F' permanently
weakens it. Water quenching from this temperature does not restore
the toughness. A complete toughening treatment following exposure
to this very high temperature only partially restores the strength
and toughness.

Other Manganese Steels

So far, our discussion has been largely confined to steels with
10 to 149 manganese and 1.0 to 1.4% carbon content. A steel with
a manganese content of 12 to 14% and carbon in the lower range
of 0.60 to 0.90% is more resistant to embrittlement when heated than
is the ordinary austenitic manganese steel. The diagram, Fig. 16-4,
explains why. First, note that manganese steel with 0.609% and even
0.709% carbon is all austenite (no free carbon) when at 1400 F.
Increase the carbon to 1.2, however, and you have to heat the steel
to over 1800 F to dissolve all the carbon in the austenite. Steel with
the lower carbon percentage can be heated to 1500 F without any
carbon precipitation, and thin sections of it will air-cool through the
embrittling zone (1300-800 F) so fast that there won’t be time for
appreciable loss of carbon from solution in the austenite.

Despite their obvious advantages for welding, the pure lower
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Fig. 16-4. The solubility of carbon in 12.5% manganese steel increases as the tempera-
ture increases.
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carbon manganese steels are not generally used. They cost more to
manufacture; and, an even greater drawback, the alloy is not as re-
sistant to abrasion as the standard product.

Effect of Alloying Elements

Let us now see what the effects are of adding other alloying ele-
ments to the standard austenitic manganese steel and to the man-
ganese welding electrodes and fluxes.

Nickel—results in higher elastic elongation but does not change
the yield strength. Quenching is still necessary to get the maximum
toughness, though the rate of quenching is probably less critical.
Additions of nickel may stabilize the high-manganese steels in the
same way that stainless steels are stabilized by the addition of tita-
nium or columbium. This means that there will be less carbon avail-
able for carbide precipitation.

A group of manganese steels with 0.60 to 0.907 carbon and about
3% nickel has become popular for welding rods and electrodes,
wrought products and, occasionally, castings. These alloys surpass
the standard grade in resistance to embrittlement caused by reheating.

Copper—is used instead of nickel in some high-manganese steel
electrodes. The addition of 1-3%/ copper reduces the carbide pre-
cipitation in the weld deposit..

Molybdenum—ranging from 0.2 to 0.87% in high-manganese steel
electrodes will give a “stiffer” deposit; that is, one that will deform
less under a given load. The deposit also has a higher hardness after
cold working and hence more resistance to abrasion. Molybdenum
compensates for the slight loss of toughness due to lower carbon
content.

Vanadium—when present in the base metal along with some com-
bination of molybdenum, nickel or chromium, produces a precipi-
tation-hardening grade of austenitic manganese steel.

Chromium—up to 6% in the austenitic manganese steel increases
the corrosion resistance of the alloy and decreases its susceptibility
to embrittlement during reheating.

Welding High-Manganese Steel

There are two kinds of welds made in austenitic manganese steel:
(1) welds to build up worn surfaces, and (2) strength welds to join
two parts together, Building up the surface of a bucket lip or a
manganese steel rail are examples of the first type. The repair of a
cracked bucket, the addition of a new tip to a dipper tooth, or the
production joining of two manganese steel members are examples
of strength welds.

Only arc welding is recommended. Welding with coated or bare
electrode or submerged-are welding with an agglomerated alloy flux
are the processes most successfully used. Oxyacetylene welding is
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usually considered too expensive and keeps the metal at high tem-
perature for a longer period, with greater possibility of embrittlement.

Electrodes depositing 11-147 manganese steel are available in
both bare and coated types. Manganese-steel electrodes are among
the few types of bare electrodes that have not been entirely replaced
by shielded-arc electrodes.

Bare electrodes are made from rolled or drawn manganese steel
and also from mild-steel tubes containing powdered metals and ferro-
alloys. The shielded-are electrodes may be coated manganese-steel
rods, tube-type rods or carbon-steel core wires containing the alloy-
ing metals in the coating.

In using the bare electrodes, the manganese and carbon keep the
deposited metal free from harmful oxides. To allow this scavenging
action to take place, the electrode is advanced slowly with a weaving
motion, puddling the deposit. This gives time for the gases formed
from reactions with the oxides to escape. A weld deposited without
this lateral motion and slow advance will be full of gas pockets. The
bare electrodes are preferred for some applications because of the
high build-up obtained with one pass, and because there is no slag
to clean off. These electrodes are fed into the are manually or by a
mechanical wire-feeding mechanism which semi-automates the proc-
ess (a weldor still holds and manipulates the welding gun).

Coated electrodes deposit flat beads, and the surface is smoother
than that obtained with bare electrodes. See Fig. 16-5. The shield-
ing acts as a protection against magnetic arc blow and enables the
electrodes to be used with alternating current. Today, there are com-
mercially available coated electrode types that contain powdered
iron in their coating to increase the deposition rate and improve

’ i
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Fig. 16-5. Beads of high-manganese steel. Left, made with shielded-arc coated electrode;
right, with bare metal electrode.
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electrode performance.

Many of the electrodes for depositing high-manganese steel contain
3-4% nickel or 1-39: copper as alloying agents and are of the lower
carbon type. Where greater resistance to impact and abrasion is re-
quired, higher carbon electrodes containing molybdenum and copper
are recommended.

Bare high-manganese electrodes containing molybdenum and cop-
per are often preferred for fast build-up of a tough, impact-resistant
surface on worn high-manganese steel. When service conditions can-
not be expected to provide sufficient impact or other pressures suffi-
cient to work-harden the deposit properly, maximum resistance to
abrasive wear may be obtained by using a coated, semi-austenitie,
high-carbon ehromium electrode for the top layer of deposited metal.

Shielded high-manganese electrodes containing molybdenum and
copper are available with low-hydrogen coating and iron-powder
construction. These are preferred for strength welds—joining man-
ganese steel to either manganese steel or straight carbon steel. Coated
electrodes should always be used, rather than bare electrodes, when
welding dissimilar metals. These electrodes permit fast deposition with-
out danger of underbead cracking. They also are used effectively in
the low-cost hardsurfacing of carbon steel.

When a large amount of build-up is needed, welding time can be
reduced by using applicator bars of manganese steel. These are made
in a number of sizes and shapes. They are placed on the work and
welded on each side with a manganese-steel electrode. Here a coated
electrode is used, for it will penetrate into the narrow groove be-
tween the bar and the workpiece more satisfactorily than a bare
electrode will. After the first pass, there will be room to fill in with
the bare electrode.

Peening is not necessary when building up a few layers of weld
on a heavy section like the body of a dipper tooth. Proper peening,
however, will control warping and eliminate cracking. Peening of
the last layer smooths and shapes the deposit, reducing the grinding
on jobs that must be finished to size. Peening work-hardens a deposit,
making it keep its shape longer. We previously discussed the slight
deformation that occurs on a rail crossover when the first train passes
over it. Deformation was necessary to the work-hardening. This
would not be true of a deposit peened and then ground to shape and
size, for this prehardened surface would resist further deformation
when first loaded in service.

When building up carbon steel with deposits of manganese steel,
care is needed. It isn’t a good idea to build up a long, continuous area,
such as a rail. Manganese steel contracts 509 more than does carbon
steel, and this difference sets up shrinkage stresses. Admixture of the
deposited metal and the rail steel forms weld metal that may be low
in manganese and very brittle. The brittleness, of course, depends on
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the amount of penetration and the percentage of admixture.

For a hard deposited surface that will not tend to pull or peel off,
carbon steel may be built up with manganese steel in this manner;
the first weld layer should be applied with minimum penetration of
the base metal. If the work is tilted and welding is done down-hill,
it will help to reduce the melting of the base metal. Oxyacetylene
welding may be used since we are not concerned about heating the
parent metal, but care must be taken to not overheat the deposited
metal.

When necessary to build up large surfaces, a better method is to
deposit a layer of austenitic stainless (18-8) by are welding before
the manganese steel is applied. The stainless makes a good bond with
both the manganese-steel deposit and the base metal, whether it is
low-carbon, high-carbon or alloy steel. Also, the layer of stainless
steel has enough ductility to act as a cushion to absorb the stresses
resulting from the difference in contraction and expansion of the two
alloys it is sandwiched between.

Where maximum abrasion resistance is desired on austenitic
manganese steel, hard surfacing with a tube-type electrode having
about 5% carbon and 20-239% chromium is appropriate. A similar
electrode with higher manganese content (4-67) sacrifices the abra-
sion resistance slightly in favor of increased toughness. With both
electrodes, admixture must be kept to a minimum in order to retain
the greatest abrasion resistance possible; however, increasing the pene-
tration of parent metal will increase the toughness of the weld metal.

A better way to get good abrasion resistance with good toughness
is to deposit a semi-austenitic surface, using a coated electrode having
about 2% carbon and about 7% chromium. In using this electrode to
hardsurface austenitic manganese steel, somewhat higher currents are
used in depositing the first layer to achieve greater penetration. The
admixture in this case produces a better bond.

In most cases, build-up of worn surfaces on high-manganese steels
is best achieved by hardsurfacing with the bare high-manganese
electrodes previously described. This provides a surface with tough-
ness comparable to the parent metal. If increased abrasion resistance
is needed, the high-manganese deposit can be faced over the top with
metal deposited from one of the high-chromium electrodes.

When making strength welds in austenitic manganese steel, the
following rules are important:

1. Practically all manganese-steel castings and rolled parts are
high in carbon (over 1.07:). Prolonged or excessive overheat-
ing by welding will embrittle the parent metal. Therefore, low
welding current and fast deposit rate are normal requirements.
Use a coated high-manganese electrode that has molybdenum
and copper content.

o @@Seismicisolation; o


https://telegram.me/seismicisolation

264 METALS AND HOW TO WELD THEM

2. An optional way to obtain maximum strength and safety is to
use 18-8 stainless steel electrodes. Unlike the manganese steel,
the stainless-steel weld cannot be cut with an ordinary oxy-
acetylene torch. It can, however, be cut by powder cutting.

3. Use manganese-steel electrodes for all of the weld only when
you have established a standard procedure that will produce
the desired performance. In welding with high-manganese
electrodes:

(a) Make wide, short deposits.

(b) When about ready to stop, move electrode to make crater
off to one side or away from the root. Fill the crater to
eliminate crater cracks.

(c) Allow work to cool after the electrode or half the electrode
has been deposited.

(d) Peen the weld while hot, especially on multi-layer welds.
Peening will reduce distortion and centrol cracking.

(e) The work may be kept cool with water. Quenching the
weld itself, however, is not recommended.

Automatic Arc Welding

The work-hardening property of high-manganese material makes
its production into continuous electrode wire for automatic welding
both uneconomical and impractical for most applications. For years,
the only practical way to deposit high-manganese material was by
manual are welding. This is no longer the case.

Automatic and semi-automatic, low-cost deposition of high-quality
manganese steel can be substituted for the expensive manual de-
position of stainless steel or manganese steel. This result is achieved
by submerged-are welding, using a general purpose low-carbon steel
electrode wire and an agglomerated alloy flux that give a deposit of
medium-carbon, nickel-manganese content. It is less subject to carbide
precipitation than the Hadfield manganese steel parent metal. In fact,
hardness and abrasion resistance of the weld metal show little effect
from welding procedure or cooling rate.

The nickel-manganese flux has a wide range of application, being
used for the joining of manganese steel to manganese steel or to carbon
steel, or for the building up of worn parts of manganese steel or of
carbon steel. Use of pre-shaped manganese steel applicator bars is
here again most economical for major repairs, with the nickel-manga-
nese flux used in the joining of bar to structural member. In such
applications, a 100/ weld usually requires multiple beads and best
results are attained by depositing the first bead at a rate considerably
faster than the normal welding speed.

The normal deposition rates are up to 5071 faster than with other
submerged-arc welding combinations. The nickel-manganese flux
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produces a well-shaped bead that builds up rapidly with a smooth
surface from which slag is easily removed. Deposits on parts that
contact a mating surface tend to smooth out and take the form of the
mating part. The alloy’s high ductility provides even distribution of
stresses across the surface, while progressive work-hardening de-
velops good abrasion resistance.

The weld metal resulting from use of nickel-manganese flux is
machinable as welded, with a Rockwell C hardness of 11 to 19. Work-
hardening raises the Rockwell C values to 48 to 53. Yield strength
of the weld metal is about 66,000 psi, and ultimate tensile strength
about 107,000 psi. Elongation is about 35% within 2 in,

To achieve satisfactory results, work must be clean, properly fitted
and positioned for down-hand welding. In the case of rigid structures,
parts being welded must be preheated to expand the metal and reduce
any residual shrinkage stresses. When welding austenitic manganese
steel, preheat of 150-200 F is sufficient. In order to avoid carbide pre-
cipitation and embrittlement in the heat-affected zone of the manga-
nese base metal, preheating and temperature build-up between beads
must not be allowed to exceed 500 F. Skip welding and peening are
advisable.

Dilution of the nickel-manganese deposit by carbon steel base metal
should be kept to a minimum by control of arc penetration. The per-
missible high welding speeds facilitate this control.

Review Questions

1. Of the two chief austenitic steels, high manganese and 18-8
stainless,

(a) Which has the greater hardness after surface pounding?
(b) Which has the higher tensile strength?
(c) Which has the greater resistance to pure abrasion?
To abrasion and impact?
(d) Which has the higher strength at elevated temperatures?

2. What are the advantages of using high-manganese electrodes
for weldtng new tips on worn dipper teeth?

3. Why is gas welding rarely used for welding austenitic manga-
nese steel?

4. Compare high-manganese steel with carbon steel, as to:
(a) Contraction when cooling, and expansion when heating.
(b) Heat conductivity.
(c) Magnetic properties.

9. Assume that a toughened high-manganese steel casting is re-
heated for two hours and then quenched in water. What

happens to its toughness if the temperature of reheating is:
500 F? 1200 F? 1600 F? 1900 F?
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6. Outline the proper procedure for building up a surface of high-
manganese steel on a carbon-steel base metal.

7. A bar of carbon steel must be welded to a bar of austenitic
manganese steel. The only two electrodes available are a coated
stainless steel type and a bare high-manganese electrode.
Which will make the best weld? Why?

8. Why do manganese-steel electrodes usually deposit less than
1.0% carbon while austenitic manganese castings contain 1.0%
carbon or more?

9. What are the advantages of high-manganese steel electrodes
containing copper or nickel?

10. When would it be desirable to weld austenitic manganese steel
by the submerged-arc process, using a mild-steel electrode and
nickel-manganese flux?
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CHAPTER 17

WELDING NON-FERROUS METALS

Most non-ferrous metals and their alloys are not hardened by
quenching but by cold working, which results in a finer grain struc-
ture. Though some alloys may be heat treated to increase their hard-
ness and strength, heating will generally cause the grain to grow
and reduce the hardness.

Non-ferrous metals and alloys are welded by melting the filler
metal and the base metal, protecting them from the atmosphere and
from gases that result in porosity. The metal must be allowed to
contract upon cooling without overstresses to cause cracking. No
hard zones are formed by welding. If the parent metal has been
heat treated for hardness (as in certain aluminum alloys), it will
be softened by welding.

The hardness of a few of the non-ferrous alloys is increased by
heating and quenching. In general, however, the alloys of carbon
and iron are the only ones that are hardened by quenching and not
all of them are. The austenitic manganese steels and the austenitic
stainless steels are not heat hardenable. Pure iron is hardened by cold
working and softened again by heating above the ecritical tempera-
ture. It is not hardened by quenching.

The other ductile metals are also hardened by cold working and
then are softened when they are heated to the recrystallizing tem-
perature. Microscopic examination of a metal that has been ham-
mered shows that the original grains have been severely distorted.
The individual grains have been stressed, resulting in hardening of
the metal. If the work-hardened or strain-hardened metal is heated
high enough and long enough, recrystallization occurs, resulting in
new grains that are not stressed and are similar to the grains in the
criginal material. Continued heating results in crystal growth.

Temperatures for the recrystallization of certain metals after se-
vere cold plastic deformation are given in Table 17-1.

Lead and tin do not harden when they are pounded at room
temperature, for the distorted crystals are immediately replaced by
new and unstrained grains. This recrystallization of cold-worked
metals must not be confused with the complete recrystallization
that takes place when iron is heated to the transformation tempera-
ture and there is a change in the atomic structure.

Precipitation Hardening

The heat-treatable aluminum alloys, beryllium copper and some
other alloys are made stronger and harder by a phenomenon called

267
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Table 17-1. Recrystallization Temperatures

APPROXIMATE LOWEST RECRYSTALLIZATION TEMPERATURE, DEG F

Tron 840 Tantalum 1830
Nickel 1110 Tungsten 2190
Gold 390 Molybdenum 1650
Silver® 390 Zinc Room temperature
Copper 390 Lead Below room temperature
Aluminum 300 Tin Below room temperature
Platinum 840 Cadmium  About room temperature
Magnesium 300

“Under certain conditions, silver may recrystallize at lower temperatures,

Jeffries and Archer, “"The Science of Metals,” p. 86.

precipitation hardening or age hardening. The alloy is first heated
to allow the hardening element to be uniformly distributed in solid
solution (in the case of an aluminum-copper alloy, it becomes a com-
pound of aluminum and copper) and then quenched in water. Most
of the alloys so treated are dead soft after quenching and if refriger-
ated will remain soft. The metal is hardened by keeping it at room
temperature for a few days (naturally aged) or by heating at a
suitable temperature (artificially aged).

During aging, the hardening constituent separates from the solid
solution as very fine particles throughout the metal grains. These
particles act as keys, making it more difficult for the grains to yield
when they are stressed, just as sand grains will keep cards from
slipping easily.

Precipitation at higher but sub-critical temperatures may give
entirely unsatisfactory results. Depending upon the specific time-
temperature conditions and the composition of the alloy, intergranular
corrosion and subsequent cracking may result.

Annealing

Heat-treatable alloys are softened by heating them to a point
below the temperature needed for solid solution of the ingredients,
followed by a slow or fast cooling depending on what properties are
required in the material.

The metals and alloys that do not harden by precipitation but
are hardened by cold working can be annealed by heating them for
a sufficient time above the recrystallization temperature. They are
then either slowly cooled or are quenched. It is a popular belief
that copper must be quenched in order to obtain the maximum soft-
ness. Copper is just as soft after a slow cooling, but quenching saves
time and also causes the scale to pop off and leave the surface clean.

The welds on annealed or as-cast non-ferrous metals and alloys
have practically the same properties as the parent metal. Age-hard-
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ening alloys will be harder in the weld and in the heat-affected zone,
depending on the length of time that the metal was held at the tem-
perature necessary for solid solution and on the rate of cooling. To
reduce or eliminate any appreciable hardening, a welding process
should be used that will keep the metal at a high temperature for a
minimum length of time. Usually it is not objectionable to have the
weld and adjacent metal a little stronger and harder than the
original material.

Non-ferrous metals that have been hardened by heat treatment
or by strain-hardening (cold working) are softened by welding. The
welding heat lowers the strength of the parent metal in the area
near the weld, although the metal is not fully annealed by the weld-
ing operation. The strength of the weld and the heat-affected zone is
somewhere between the annealed strength and the hardened strength.
The properties of the weld can be varied by the choice of the filler
metal, and the parent metal can be strengthened by heat treatment
or by strain hardening.

Aluminum and Its Alloys

Aluminum is one of the most weldable of all our metals. Some
training, however, is necessary before a weldor can turn out con-

Fig. 17-1. An oulo-
matic inert-arc setup for
welding aluminum con-
tainers.
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sistently reliable results when working with aluminum. The weldor
works with not only high purity aluminum but also the entire fam-
ily of aluminum alloys both wrought and cast. With the equipment
available today and the procedures which have been developed,
aluminum may be welded as easily as any other metal. The important
thing to remember when welding aluminum is that it has individual
characteristics. Pure aluminum, for example, melts at 1215 F while
its alloys melt at lower temperatures, even as low as 900 F.

The oxidation of aluminum is one of the biggest problems in
welding. Aluminum oxides form a film or coating on all exposed
surfaces. This must be removed before welding. Since aluminum
exhibits no change in color prior to melting, it is necessary for the
weldor to watch for the “wet” appearance of the surface to indicate
surface melting,

To understand the nature of the particular alloy involved is a
first essential in obtaining successful results when welding. Allovs
of aluminum have been developed to provide the most suitable
material for machining, forming, oxide coating or other requirements.
Likewise, the alloys intended for welded applications do not have
constituents that make welding difficult or costly.

There are so many aluminum alloys that it has been necessary
to label them. The wrought alloys are identified as to composition

Table 17-2, MNumerical Designation of Wrought Aluminum Alloys

NUMBER
SERIES MAJOR ALLOYING ELEMENT
1xxx None (99.0% minimum aluminum)
2xxx Copper
3xxx Manganese
4xx% Silicon
Bxxx Magnesium
bxxXX Magnesium-silicon
TRXX Zinc
Bxxx Other major alloying elements

Notes: (a) In the 1xxx series, the last two digits indicate the
specific minimum content of aluminum in hundredths of
1% . Example: 1075 would have 99.75% minimum
aluminum. The second digit indicates the number of
individual impurities subject to rigid control.

(b) In all other series, the last two digits are assigned to
specific alloys and the second digit merely indicates
modifications of the alloy.

{c) The letter x before the number indicates it is an experi-
mental alloy not yet accepted as a permanent addition
to the aluminum family.
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Table 17-3. Interpretation of Letter Suffix
to Aluminum Alloy Number Designation

SUFFIX SIGNIFICANCE

—F As-fabricated, or as-cast (seldom used except for nonheat-treatable
cast alloys)

—0 Annealed, recrystallized (wrought products only)

—H Strain-hardened (only wrought products not heat-treatable).

—H1 Strain-hardened only

—H2 Strain-hardened and then partially annealed

—H3 Strain-hardened and then stabilized (applies only to
alloys containing magnesium; these would otherwise age-
soften at room temperature)

The second digit following the H indicates the temper or degree of
hardening: Recognizing zero as full annealed and B as full hard, 2 is
gquarter-hard, 4 is half-hard, etc.; 9 means extra hard.

—W Solution heat-treated, unstable temper. Alloy has been heated and
quenched to obtain a solid solution, and no artificial aging treatment
has been given. Material is in a condition of unstable temper, for it is
slowly aging and becoming stronger at room temperature.
T Treated to produce stable temper (other than —F, —0, or —H).
The T is usually followed by a number to indicate how the temper was
achieved:
-T2 Annealed (cast products only)
—T3 Solution heat-treated, then cold-worked (wrought prod-
ucts only)
—T4 Solution heat-treated, then naturally aged to stabilize it
—T5 Artificially aged only
—T& Solution heat-treated, then artificially aged
—-T7 Solution heat-treated, then stabilized
—T8 Solution heat-treated, cold-worked, then artificially aged
(wrought products only)
—T9 Solution heat-treated, artificially aged, then cold-worked
{wrought products only)
—T10  Artificially aged, then cold-worked (wrought products
only)

by a four-digit numbering system adopted by the Aluminum Asso-
ciation. Table 17-2 shows how to identify the alloy by its number.

The 2000, 4000, 6000 and 7000 series of wrought aluminum alloys
are heat-treatable because of the copper, silicon or zinc alloying
additions. The 1000, 3000 and 5000 series are nonheat-treatable but
are hardenable by cold working (strain hardening).

The cast alloys of aluminum do not have a comparable group-
numbering system. Each alloy of specific chemical composition has
an assigned number, usually of two or three digits, but two alloys
of similar composition may be widely separated numerically. A letter
before the number designation for a cast alloy merely indicates it
is a modification of that alloy.

Additional letters or numbers that follow the numerical desig-
nation of the alloy indicate the condition of the alloy. Specific prop-
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erty values pertain only to the alloy when in the condition stated.
Thus, this suffix can serve to indicate the strength of the alloy, and
the way in which the strengthening was obtained. The general scheme
of this system is presented in Table 17-3.

Let's now look at a few examples: Alloy 3003-O is a wrought
aluminum alloyed with manganese and is in the soft annealed state.
Alloy 3003-H12 is the same material that has been strain-hardened
or cold-worked to produce a small amount of strengthening equiva-
lent to one-quarter the full-hardened condition. Alloy 3003-H18 is
the same material that has been fully hardened by cold working.

Table 17-4 shows relative properties of typical wrought alloys in
various conditions.

Welding Aluminum and Aluminum Alloys

Most of the welding processes are employed in welding aluminum
and its alloys, although some alloys and applications require careful
selection of process and procedure. See Table 17-5.

In the welding of wrought alloys, the weld metal is cast and has
less ductility than the wrought parent metal of similar chemical
composition. Although the heat of welding tends to soften or anneal
the parent metal, restoration of strength in the heat-affected zone

Table 17-4. Typical Properties of Wrought Aluminum Alloys

; YIELD ULTIMATE ELONGA-
AL TEMPER STRENGTH | STRENGTH |  TION: BRINELL
ALLOY psi P o in 255 | HARDNESS®
1 1l_ZID —0 (Soft) 5,000 13,000 a5 23
{alumimum) —H14 (Yz Hard) 17,000 18,000 9 32
—H18 (Full Hard} 22,000 24,000 5 44
) SGEIIS —0 (Soft) 6,000 16,000 30 28
(aluminum with 1.25% | —H14 (%2 Hard) 21,000 22,000 8 40
manganese)} —H18 (Full Hard} | 27,000 29,000 4 55
5052 —0 (Soft) 13,000 28,000 25 47
{aluminum with 2.5% [—H34 (1% Hard) 31,000 38,000 10 68
magnesium and 0.25% | —H38 (Full Hard) 37,000 42 000 7 77
chromium}
6061 —0 (Soft) 8,000 18,000 25 30
(aluminum with 0.6% | —T4 21,000 35,000 22 65
solicon, 1.0% magnesium| —Té& 40,000 45,000 12 a5
and 0.25% chromium)
6063 —0 (Soft) 7,000 13,000 25 25
(aluminum with 0.4°% | —T4 13,000 25,000 22 65
silicon and 0.7 % —T6 31,000 35,000 12 73
magnesium)

'Sheet specimen 1/16 in. thick.
“500 kg.—10 mm. ball.
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Table 17-5. Process Chart for Welding Typical Aluminum Alloys

RESISTANCE
METAL OR ALLOY GAS ARC SPOT | SEAM
High-purity aluminum A A A A
Commercially pure aluminum (1100) A A A A
Aluminum-manganese alloy (3003) A A A A
Aluminum-magnesium-chromium alloy (5052) A A B B
Aluminum-silicon-magnesium alloys
(6053, 6061, 6063) A A A A
Aluminum-copper-magnesium-manganese
alloys (2014, 2017, 2024) No B B )
Alclad 2014 and Alclad 2024 No B A A

A—\Welds can be applied generally on a commercial basis.
B—~Commercial welding depends on design or special technigue.
No—~Commercial welding is not feasible.

by strain-hardening or heat-treating means that any tensile failure
of the weldment would probably occur through the less-ductile weld
metal. The cast weld metal, however, withstands higher temperatures
better than the wrought metal and their properties are often com-
parable in the neighborhood of 500 F.

In welding the nonheat-treatable wrought alloys (1000, 3000 and
5000 series), the heat of welding removes some of the materials
strength acquired by means of cold working—rolling, extrusion, ham-
mering, drawing or forming. In no case will the strength be lowered
below that of the material in its fully annealed condition (indicated
on handbook tables of properties by the letter O after the alloy
number). Welding procedure should confine the heat and loss of
properties to the narrowest possible zone.

Commercially pure aluminum (1000 series) and aluminum-man-
ganese alloys (3000 series) have good weldability, using gas, shielded-
arc, inert-arc, resistance or pressure welding. However, these alloys
in the annealed state may present some difficulty when resistance
welded. Aluminum-magnesium alloys (5000 series) cover a wide
range of properties. Those with more than 2.59: magnesium are
extensively used in welded construction because of their high tensile
strength in the full-annealed condition. Thus, they have the least
susceptibility to weakening effects from the heat of welding. While
these alloys are generally weldable, those with highest magnesium
content should not be acetylene, arc or pressure welded and may
present some difficulty when resistance welded in the annealed state,
The inert-gas (TIG or MIG) welding process are preferred for these
alloys as well as for most welded aluminum applications.

Most of the heat-treatable alloys (2000, 4000, 6000 and 7000 series)
show considerable increase in properties as a result of heat treating
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and therefore are most susceptible to loss of strength and other
damage from welding. The aluminum-magnesium-silicon alloy group
(6000 series) have good weldability. Except for pressure welding,
any of the processes suited to aluminum can be used for the 6000
alloys. Alloys that can be solution heat treated (such as 6053 and
6061) permit partial or full restoration of their strength by heat
treatment after welding, depending upon the application. Other heat-
treatable alloy groups (2000, 4000 and T7000) present the greatest
difficulties in welding. Higher welding temperatures are required
to penetrate these alloys and this virtually excludes acetylene weld-
ing, pressure welding, brazing and soldering. Arc welding is pos-
sible under controlled conditions, but resistance welding is generally
preferred.

It is desirable, when welding any aluminum alloy, to restrict the
effect of heat on the parent metal as much as is practical. High speed
welding processes are therefore preferred. Shielded-arc welding is
used on repair operations, but on these and production welding ap-
plications inert-gas-arc welding is often the most suitable process.
Resistance welding is most universally acceptable from a strength
standpoint, but where appearance is important (as is often the case)
it may be ruled out because of surface distortion or discoloration.

Preweld cleanliness—is of paramount importance. Moisture, grease
and the thick oxide film that is characteristic of aluminum surfaces
must be removed. Since this oxide film has a melting point of about

Fig. 17-2. Vertical
welding aluminum by
the semi-automatic
inert-arc  consumable
electrode (MIG) proc-
ess,
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Fig. 17-3. Oxyacety-
lene welding of an
aluminum casting.

3700 F, it is generally impractical to consider removing it during the
welding operation. If it isn't removed before welding, the aluminum
melts beneath it and may only partially break it. The result is poor
fusion and entrapped oxides that lower the weld ductility and pro-
vide a serious notch effect.

Wire brushing, scraping, or sanding may be used to remove the
oxide film on aluminum surfaces. Chemical removal is also possible
and is usually preferred when the aluminum has an anodized finish.
Welding should follow immediately after the cleaning operation.

Preheating—of the aluminum alloys is desirable and often nec-
essary in order to prevent high stresses and distortion when welding
and to minimize cracking. Preheating should never be omitted when
oxyacetylene welding. When arc welding with coated electrodes, pre-
heating assures most satisfactory results. It is not normally required
when arc welding under an inert-gas shield, but it does facilitate the
control of the arc when TIG welding (using a tungsten electrode)
heavy plate. Better fusion of thick plates is obtained by preheating,
but the uniform preheating of large members especially on fabri-
cated structures may be impractical.

Preheating of the wrought alloys is usually within the range of
300-500 F. Because of the low melting points of the aluminum alloys,
care must be taken not to overheat. Also, preheating should be
uniform. This means that heating by torch presents some hazard
if done by inexperienced workers.

Distortion is best controlled by using a close fit of plates being
welded and by avoidance of heavy weld deposits. No greater pene-
tration of the base metal than is necessary for a good bond should
be permitted.
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Precipitation—The heat-treatable alloys are subject to consider-
able precipitation of alloying elements as a result of welding heat.
Their migration to grain boundaries is especially pronounced in the
heat-affected zone of the parent metal parallel with the weld seam.
Some of these alloys (particularly 6061, 6062 and 6063) are widely
used in architectural and furniture construction. For such appli-
cations, they are often given an anodizing treatment for corrosion-
resistant and/or decorative purposes after welding. The precipita-
tion resulting from welding tends to cause a distinct difference in
color adjacent to the weld. This can be minimized by solution heat
treating after welding and before anodizing, in order to redissolve
the precipitated elements.

On many applications, a nonheat-treatable wrought alloy can be
substituted and will show little color difference. Arc welding is fast
and results in a narrow heat-affected zone. Flux that is not com-
pletely removed from the aluminum will result in severe pitting. The
flux can also mix with the anodizing solution and contaminate it.
Inert-gas welding eliminates this problem and produces the least
color difference.

In all welding of aluminum alloys where appearance is a factor,
it should be remembered that the cast weld metal may have a differ-
ent texture than the wrought alloy being welded. Using filler metal
of the same composition as the parent metal would seem to minimize
this but may result in cracking. Admixture of the parent metal is
accompanied by additional migration of alloying elements into the
weld metal. The loss of these elements weakens the parent metal
under the weld and leads to crack formation. The general solution
is to use filler metal of higher alloy content than the metal being
welded. An aluminum electrode with 5% silicon has the greatest
range of application.

In welding aluminum castings—filler metal of the same composi-
tion as the metal being welded usually gives the best results. Cast-

,l 3&' =

Fig. 17-4. This spot
weld of 10 aluminum
sheets demonstrates
the strength of resis-
tance welds made in
aluminum alloys.
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Fig. 17-5. Photomicrograph of oluminum spot weld, showing satisfactary grain strue-
ture free from cracks, blowhaoles, etc.

ings present essentially the same problems as wrought materials.
There is even greater possibility of overheating causing cracks due
to poor stress distribution across the joint. Preheating is best ap-
plied to the entire casting. The heat should not exceed 700 F, and
care should be taken during welding to not go above this temperature
very far, for very long, or over any appreciable area. Some alloys
do permit higher preheat because of their higher melting point, but
unless the melting point has been established it is best to use cau-
tion. Arc welding permits concentration of the heat and fast welding
speeds. An aluminum electrode with 57 silicon melts at a low tem-
perature, has good fluidity, is resistant to hot-short cracking, and
has good strength and color. On all welding applications, slag must
be carefully removed from each bead, including the final deposit.

Magnesium and Magnesium Alloys

Magnesium is the lightest of the commercial metals. It is about
2/3 the weight of aluminum which in turn is about 1/3 the weight
of steel. Magnesium therefore is about 2/9 the weight of steel.

Some comparative values of the properties of pure magnesium
and other metals are given in the Table 17-16. The magnesium alloys
have much lower thermal conductivity. The alloy Mazlo AM260,
Dowmetal C (9% aluminum, 2% zine and 0.1% manganese) has a
thermal conductivity about the same as carbon steel. Magnesium and

Table 17-6. Comparative Properties of Magnesium and Other Metals

APPROXIMATE RATIOS, MAGNESIUM = 1,
APPROX. WEIGHT WEIGHT THERMAL
MELT. PT. | (LB./CU. IN.) | (LB./CU. FT.) WEIGHT CON- EXPANSION
RATIO DUCTIVITY RATIO
RATIO
Magnesium 1,204 063 109 1.0 1.0 1.0
Aluminum 1,215 .098 170 1.55 1.4 0.9
Copper 1,980 323 560 51 25 0.62
Steel 2,700 .284 490 4.5 0.5 0.45
18-8 Stainless 2,600 .286 495 4.56 0.17 0.63
Nickel 2,646 322 560 P b 0.328 0.52
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magnesium alloys, like the aluminum alloys, have low melting points
and high thermal expansion and contraction.

The tensile strength of sand-cast magnesium is 12,000 psi and that
of hard-rolled magnesium about 37,000 psi. Specific alloys have much
higher strengths.

Tensile strengths as high as 53,000 psi are given for the alloy
Dowmetal 0-1, Mazlo AM-C58S (8.59% aluminum, 0.5% zine, and
0.159% manganese) in the heat-treated condition. This alloy hardens
after extrusion and aging at 350 F (precipitation hardening) to give
the high tensile strength.

All the magnesium alloys may be welded with the tungsten-inert-
gas-shielded arc process, commonly abbreviated as TIG. The are is
maintained between the work and a single tungsten electrode in a
special holder arranged with an outlet for helium or argon gas around
the electrode. The inert gas enshrouds the arc and protects the
molten magnesium from oxidation by the air. Abutting edges of
the parent metal are melted together, or a magnesium-alloy filler
rod of the same composition as the metal being welded is used.

The arc melts the metal so quickly that the metal is solid again
before the heat has penetrated very far into the work. This reduces
the contracting stresses during cooling and hence the possibility of
cracking due to overstressing.

The alloys containing over 1.09 zinc and over 5% aluminum
are susceptible to cracking if the weld is restrained from free con-
traction as it cools.

Magnesium and its alloys that contain only a small amount of
alloying elements are weldable with oxyacetylene and with oxygen
and carbohydrogen (any of the hydrocarbon fuel gases). Allowance

Fig. 17-6. Inert-arc
welding of magnesi-
um plate, with non-
consumable electrode
and filler rod (TIG
process).
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must be made for the contraction after welding. Since fluxes are
required for gas welding, only butt welds are recommended. With
lap welds, welding flux will remain between the parts and will cause
corrosion.

The magnesium alloys may be joined by the various resistance
welding processes such as, spot, seam, and butt welding. Resistance
welding of magnesium offers the advantages of speed, economy and
freedom from corrosion. This welding process is not recommended,
however, for heavily stressed members, as the welds cannot be ade-
quately inspected and erratic results are occasionally experienced.
For advantageous use and economical applications of resistance weld-
ing, the part must be designed to permit easy access to the welding
location. Magnesium alloys cannot be resistance welded to steel,
aluminum or other metals.

To insure success in the spot welding of magnesium, the weldor
must be provided with synchronous electric timing devices. If this
feature is available, welding machines used for the welding of steel
or aluminum will produce satisfactory results.

In the resistance welding of magnesium and magnesium alloys,
it is extremely important that the surfaces of the material and the
electrodes are clean. This cleaning operation may be done with steel
wool, emery cloth or wire brushes. This will materially reduce the
alloying of magnesium to the electrode. The alloying of copper from
the electrode to the magnesium alloy materially reduces the corrosion
resisting qualities of the magnesium.

Magnesium alloys may only be welded to each other and to simi-
lar magnesium alloys. Attempts to weld magnesium to aluminum
and other metals are “inadvisable,” says the Dow Chemical Co., due
to the formation of brittle intermetallic compounds and the possibility
of producing corrosion-promoting combinations.

As in the case with aluminum, magnesium welds do not have the
tensile strength of cold-worked or heat-treated material, but the
welds are stronger than the same alloy as-cast.

Welding Pure Copper

Copper, as it is usually made and sold, is one of the purest metals
used commercially., The metal is one of the best conductors of heat
and electricity and possesses both strength and ductility.

Ordinary copper (tough-pitch and electrolytic copper) is 99.9%
pure. A small, a very small amount (about 0.0597) of oxygen is dis-
tributed throughout the metal in the form of tiny particles of copper
oxide. The copper oxide has a slightly lower melting point than cop-
per, and during welding it tends to migrate to the grain boundaries
of the copper, resulting in a loss of ductility.

Copper absorbs carbon monoxide and hydrogen readily at tem-
peratures above 1300 F, If oxygen-bearing copper absorbs these
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gases, they will react with the copper oxide and release gases (car-
bon dioxide or water vapor) which are not soluble in the copper.
These gases are released between the grains and will exert enough
pressure to cause internal cracking and embrittlement.

Because of oxide embrittlement, gas welding is not recommended
for ordinary copper. Satisfactory welds are made with the carbon-
arc and with the metal-arc, using a high welding current and a high
travel speed so that there will not be time for serious embrittlement.

Copper containing a small percentage of silicon, phosphorus or
other deoxidizer is designated as deoxidized copper to distinguish it
from commercial or electrolytic copper. Presence of the deoxidizer
inhibits the formation of copper oxide at the grain boundaries of the
copper and thus makes feasible fusion strength of 30,000 to 35,000 psi.
Use of deoxidized filler rod is desirable, of course, to assure a weld
having the characteristics of the deoxidized base metal.

Deoxidized copper should be specified for all weldments that are
to be subjected to severe service. Since this copper is not embrittled
by hydrogen, either acetylene, inert-gas or shielded-arc methods of
welding may be used. There is an oxygen-free copper produced, but
the deoxidized copper produces better welds. Some copper oxide is
always formed during welding and the deoxidized copper has enough
extra silicon or phosphorus to react with this oxide and prevent any
accumulation in the solidifying metal.

Compared to steel, copper has some characteristics that are con-
sidered undesirable for welding:

1. Copper has a thermal conductivity (rate of heat transfer) about
five times that of steel. Copper melts at 1980 F and steel at
about 2775 F; nevertheless, the surface of a 1-in. thick piece
of steel can be melted very quickly with the electric are and
in a short time with an oxyacetylene torch, but it takes much
longer to melt a pot of copper. The balance of the copper
“sucks” the heat away from the heated spot almost as fast as
it is put into the metal. It is not until the entire block of copper
has been well preheated that we can get the spot to melt. This
high thermal conductivity usually makes preheating necessary
for welding operations.

2. Molten copper absorbs carbon monoxide and hydrogen readily.
These gases are released as the metal solidifies. To prevent
porosity, freezing must be from the bottom up to the surface;
the torch is manipulated to allow the surface to freeze last,
preventing a crust from forming over the molten metal.

3. Copper expands and contracts during heating and cooling more
than steel does. In addition, the tensile strength of copper de-
creases very rapidly at temperatures from 500 F and up. The
high contraction and the low hot strength together increase
the possibility of the weld cracking during cooling.
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Fig. 17-7. Oxyacety-
lene welding of a
COpper pressure ves-
sel.

Cold-rolled copper has a tensile strength of 50,000 to 55,000 psi.
After welding, however, the weld and the parent metal that has re-
crystallized will have the tensile strength of annealed copper: 30,000
to 35,000 psi. Cold hammering can be used in some cases to raise the
strength of the weld and the heat-affected parent metal. The ductil-
ity of welds in oxygen-bearing copper is increased by hammering the
weld while it is hot and then reheating. The working breaks up the
embrittling film of copper oxide from around the grains, and the
reheating relieves the strains and raises the duectility.

Welding Copper Alloys

There are literally hundreds of copper alloys. These include the
copper-lead, copper-zinc (brasses), the copper-tins (bronzes), copper-
silicon, cupro-nickel, aluminum bronzes, beryllium copper, etc. All
of these alloys are weldable, though some are more readily welded
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Fig. 17-8. Welded Everdur (nickel alloy) tanks for handling hot dilute sulphuric acid selutions.

than others.

The copper-lead alloys have the poorest welding properties. When
this alloy is heated, the lead melts at a relatively low temperature and
may be oxidized or volatilized before the copper melts. For this rea-
son, the alloy becomes weak and brittle above the melting tempera-
ture of the lead. In welding this material, inert-gas, carbon-arc or
shielded-metal-arc welding techniques are recommended and the
weldor is warned against breathing lead fumes.

Copper alloys high in zine are weldable but offer the disadvantage
of giving off obnoxious zinc fumes. This tends to make arc welding
difficult. Adequate ventilation should be provided in the welding of
any of the copper alloys and particularly so when welding copper-
zinc alloys. In the acetylene welding of this material, a flux is nec-
essary.

The copper-tin alloys are the most weldable of the various copper
alloys. Tin acts as a hardening and strengthening agent for the cop-
per and while tin oxidizes readily with copper, it does not do so suf-

Table 17-7. Typical Nickel Alloys

NAME COMPOSITION
Nickel 994 % nickel
Monel 67 % nickel, 30% copper, 1.5% iron, 1% manganese
YK Monel 66% nickel, 30% copper, 3% aluminum
"“Z'" Nickel 949, nickel, 4.5% aluminum
Inconel 80% nickel, 15% chromium, 5% iron
Hastelloy A 56% nickel, 22 % molybdenum, 6% iron
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Table 17-8. Properties of the Nickel Alloys

TENSILE MAGNETIC
MATERIAL STRENGTH AT ROOM AGE REMARKS
psi TEMPERATURE HARDENING
Nickel 60,000 to Strong
165,000 |
Monel 60,000 to ° Mild
175,000 |
"K' Monel 90,000to | No Yes
200,000
"7 Nickel 30,000to | Slightly Yes
150,000 when age
hardened
Inconel 80,000 to No Resists scaling at
185,000 elevated temperatures
Hastelloy A, B & C | 70,000 to Slightly Yes Resistant to hydro-
140,000 chloric and sulphuric
acids

ficiently to act as a deoxidizer. Phosphorus is generally used as a
deoxidizer of the copper tin alloys. As a result, most tin bronzes are
referred to as phosphor bronze.

The addition of tin to copper tends to strengthen the alloy and
increase its hardness. In fact, when the tin content is increased to
more than 127%, the alloy becomes so hard it can only be cast to shape.

Beryllium copper is one of the few copper alloys which may be
hardened by heat treatment. A typical analysis is beryllium 1 to
215 %%, nickel 0 to 19, and remainder copper. In its hardened condi-
tion, beryllium copper may have a tensile strength as high as 180,000
psi. It is hardened by precipitation heat treatment in the same man-
ner as the heat-treatable aluminum alloys, namely, by heating to
obtain a solid solution of all of the alloying elements, quenching and
then reheating to a lower temperature. This procedure causes the
hardening ingredients to separate from the solid solution. Beryllium
copper may be welded with the carbon are, using a beryllium copper
filler rod.

Aluminum bronzes may run as high as 5 to 10% aluminum with
varying amounts of magnesium, iron and nickel, plus copper. These
copper alloys are generally welded with the carbon arc or with coated
electrodes by the shielded-arc process. When attempts are made to
weld them, using the acetylene welding process, it is difficult to pre-
vent the formation of film or aluminum oxide. This oxide film is
readily entrapped in the weld since there is no available suitable
fluxing material to prevent this action.

o @@Seismicisolation o


https://telegram.me/seismicisolation

284 METALS AND HOW TO WELD THEM

Table 17-9. Welding Processes for Nickel Alloys

WIDELY USED PROCESSES LESS WIDELY USED PROCESSES
Inert-gas-arc Oxyacetylene gas
Shielded-metal-arc Carbon-arc
Submerged-arc Furnace brazing
Resistance Brass brazing
Silver brazing (silver soldering)
Soft soldering

Nickel and High-Nickel Alloys

Nickel and high-nickel alloys offer superior resistance to certain
types of corrosion. The best known alloys and their compositions are
shown in Table 17-7. Properties of these materials are listed in
Table 17-8.

Nickel, Monel and Inconel are not hardened by heat treatment.
The high tensile strengths are obtained as they are with copper;
namely, by rolling, drawing and other types of cold working. The
metals are softened by heating to allow crystallization. The rate of
cooling from the annealing temperature has no effect upon the hard-
ness.

Monel, Nickel and Inconel are welded as readily as low-carbon
steel by the processes listed in Table 17-9.

Welds made with filler metal of the same analysis as the parent
metal have mechanical properties equivalent to those of the annealed
metal. The heat of welding has no appreciable effect on the properties’
of the base metal adjacent to the weld.

Age-Hardening Nickel Alloys

The nickel alloys “K" Monel, “Z” Nickel and the Hastelloy group
contain aluminum or molybdenum. These alloys are hardened by
heating to within the range of 1100 to 1600 F and then cooling slowly.
A prior quenching treatment is not necessary, as is required for the
hardening of the aluminum alloys.

The age-hardening nickel alloys are welded by inert-are, shielded-
metal-arc, or gas. The shielded-arc process is preferred in some cases
to reduce age hardening of the parent metal. Annealing after weld-
ing will secure uniform hardness and give the weld and the heat-
affected parent metal the maximum resistance to corrosion.
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Joining Dissimilar Metals

The nickel-alloy electrodes are very useful for joining dissimilar
metals. Monel electrodes may be used for metal-arc welding copper
to carbon steel or carbon steel to nickel. Inconel or 18-8 stainless
steel electrodes may be used for welding nickel to 18-8 stainless steel.

Review Questions

8
2:

What is the only method for hardening a pure metal?

The following three metals are heated to about 1000 F and
quenched in cold water: hardened 0.509: carbon steel, annealed
copper, hardened 2017 aluminum alloy. What will be the hard-
ness (harder or softer) of each immediately after quenching?
After 24 hours?
What is meant by age-hardening? Name an alloy that will age-
harden. What procedure is used to cause a metal alloy to
age-harden? How are some alloys made to age-harden more
quickly? .
Electrolytic or tough-pitch copper may be over 99.9% pure
and yet contain an element that will lower the duectility or
even embrittle the weld metal and the parent metal near the
weld. What is the element and what chemical compound does
it form?
What procedure may be used to make the embrittled copper
weld mentioned in question No. 4 less brittle?
Name some of the properties of aluminum that require the
use of different welding procedures than are used for steel
welding.
Which of the following combinations of dissimilar metals can
be welded together and how?

Aluminum to magnesium Nickel to 18-8 stainless steel

Copper to carbon steel Magnesium to cast iron

A small amount of phosphorus is a desirable element in copper
that is to be welded. Why?

What is objectionable about welding copper alloys containing
appreciable amounts of lead or zinc?
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CHAPTER 18

HARDSURFACING

Back in the stone age, Man knew that neither an all-wood arrow
nor an all-stone arrow were as satisfactory as a wooden shaft with a
flint arrowhead. The stone age passed into the bronze age, and the
bronze age faded gradually into the age of iron. As he worked with
this new metal, Man learned that a steel sword blade could be hard-
ened by holding it in an open wood fire. The outer surface of the
blade would be carburized to give a wear-resistant surface, while the
interior retained its ductility and shock resistance. The armorers
who wrought that miracle had learned the first principle of what
we today call hardsurfacing.

As the craft of metalworking further improved, blacksmiths found
they could impart a very hard surface to a steel plow point by melt-
ing a bit of cast iron on the point, hammering it into an even layer,
and then quenching and later tempering the point. The layer of white
cast iron made the plow point hold its edge much longer, while the
steel underneath retained its ductility and strength.

With the advent of electric arc welding, hardsurfacing really came
into its own. Equipment is now surfaced by welding to give resistance
to corrosion, to protect against high temperatures or sudden tempera-
ture changes, and to resist wear resulting from abrasion, erosion, fric-
tion, or impact. Providing a wear-resistant surface is probably the most
important of these applications. After welded hardsurfacing had
proved its value in repair and maintenance work, new products were
introduced with hardsurfacing applied at the factory.

The petroleum industry has long been a leader in this field. For
many years, rock bits, drag bits, tocl joints, and numerous special
tools have been furnished with hardsurfacing materials factory-ap-
plied on key wearing areas.

Let’s see now just what we mean by “wear.”

If we exclude heat and chemical corrosion, and erosion, wear may
be considered as the result of abrasion, friction, or impact, or a com-

Abrasion Impact

Fig. 18-1. Most wear results from either abrasion (left) or impact (right).
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bination of these. Abrasive wear is encountered when one material
scratches another, and impact wear when one material hits another
(Fig. 18-1). Wear by friction results from the sliding, rolling or
rubbing of one metal against another.

We would not make much headway trying to drill a hole in quartz
rock (or hard sandstone) with a rotating steel drill, for quartz has a
higher scratch hardness than steel, and our drill would be worn by
abrasion. So we pound a steel star drill against the rock, and the
quartz wears away by impact. The steel has a high enough com-
pressive strength to crack the quartz. But were we to use a rotary
diamond drill, it would readily scratch its way through the softer
quartz.

A steel star-type dresser for rotary grinding wheels further ex-
plains the difference between impact and abrasive wear. If the dresser
is used in the normal way, it will quickly wear down a small grinding
wheel. The scratch hardness of the particles of aluminum oxide in
the wheel is much higher than the hardness of the steel, but the im-
pact of the rotating stars will pound the wheel away. Let us turn the
dresser 90 degrees so that the stars will not rotate; the wheel will
grind the steel stars at a fast rate and in turn will suffer little wear.
The abrasive action of the wheel wears the steel away by millions of
tiny scratches.

We can always reduce wear by using a surface material of higher
scratch hardness than the substance causing the abrasive wear. Some
metals have a lower scratch hardness than sand, which wears them
away at a fast rate. A metal harder than sand will last a long time
under the same conditions. A white-iron sand-blast nozzle will last
for an hour or two, but a cast tungsten carbide nozzle will last 500
hours or more. The cast iron is made up of cementite, which is harder
than the sand, and pearlite, which is softer; all constituents in the
cast tungsten carbide are harder than the sand.

The Brinell hardness or the Rockwell hardness of an alloy is not a
reliable indicator of its resistance to abrasion. Many hardsurfacing
alloys with a Rockwell C hardness around 50 are more resistant to
wear by sand than is a steel hardened to 60 Rockwell. The alloys
with only 50 Rockwell C hardness contain crystals harder than the
sand and large enough to stop the sand scratch. The 60 Rockwell steel
may be tungsten high-speed steel containing very hard tungsten car-
bide particles; these particles, however, are so much smaller than the
sand grain that they offer no appreciable resistance to the sand
scratch. An extreme example would be a mixture of tar and fine
sand and one of tar and gravel. The first would cut readily with a
knife while the second would be impossible to cut.

A scrateh hardness test gives a fair indication of the metal’s abra-
sion resistance, but for really detailed information, study its micro-
structure and know the hardness of each constituent. Only if two
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metals are of the same type and have the same kind of microconsti-
{uents is it true that the metal with the higher Rockwell hardness
will be the more resistant to abrasive wear.

Metal-to-Metal Wear

Properly lubricated metal parts wear very slowly, for a film of
the lubricant keeps the metals from actually touching. Inadequate
lubrication or excessive pressure will allow metal to make contact,
and then a gall or cold weld may result as one part slides over the
other in frictional wear.

Two pieces of aluminum may be cold welded by power brushing
the surfaces and then pressing or rolling the prepared surfaces to-
gether. In a similar manner, a steel part that slides over another
steel member may rub off the separating film. With high enough
contact pressure, the iron atoms of each surface may get close enough
to each other to exert their powerful atomic forces of attraction. Fre-
quently, the little weld thus formed is strong enough to hold and pull
out some of the parent metal. This bit of metal will plow into the
surface of the other member, picking up more metal, and soon the
parts will be keyed or frozen together. If this does not happen, they
will certainly be chewed up to the extent that they must be replaced.

Certain combinations of metals gall less readily than others: steel
does not gall when working with brass or bronze. In general, hard
metals gall less readily than soft ones.

Impact Wear

Abrasive wear depends upon the surface properties of a metal,
but impact wear is related to the properties under the surface. A
piece of copper can be scratched easily by a needle, but if we try
to drive the needle across the copper too deeply, the point of the
needle will break. The scratch is wear by abrasion, the deeper pene-
tration is a form of impact wear. The copper has caused failure of
the needle by imposing stresses above the strength of the needle.
This failure is due to impact wear at a low velocity but with a high
force.

Impact wear results from pounding, hammering, battering, or any
overstressing of the metal by localized high loads applied at low rates.
Abrasive wear occurs when the abradant moves parallel to the sur-
face of the abrasive, but impact wear occurs when the impact-pro-
ducing material presses more or less perpendicularly against the sur-
face of the wearing member. Abrasion removes metal by scratching;
impact removes metal by crushing, pulverizing, cracking, spalling,
chipping and flaking. Impact or high loading will also cause metal
to flow, to upset, to bend or to otherwise deform.

Sand flowing through a sandblast nozzle wears the nozzle by
abrasion; however, the metal that is sandblasted is worn by impact.
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A material with a high scratch hardness is needed to make a long-
lasting sandblast nozzle; toughness is not important. It becomes very
important, however, when we want to choose a metal to resist the
sand stream. The hard, brittle metal that made the best nozzle will
wear away faster than a material not as hard but tougher.

To resist impact wear, either one of the two following procedures
may be used:

1. Use a tough material, which will absorb the impact by yield-
ing to distribute the load. Rubber is superior to some metals for
resisting impact wear. The rubber cushions the blow, absorbing the
energy, and the final unit load is low enough to cause no damage to
the rubber. When a ductile metal receives a blow or a concentrated
load, the metal deforms, increasing the area of contact. This reduces
the unit stress so that the ultimate strength in compression is not
exceeded,.

2. The second procedure is the brute force method. The part is
made stronger than the abrading material, so that the abrading mate-
rial will fail when the two come in contact. This procedure is not
always possible, and when it is possible it may be more expensive
than the first method.

There are over 300 different kinds of surfacing electrodes and
materials sold in this country. Each manufacturer blends his own
alloys and coating since there are no standard specifications for these
welding materials. Nor are there any standard procedures for test-
ing hardsurfacing alloys to determine their resistance to abrasion
and their resistance to impact. There are, however, a number of
laboratory tests to evaluate hardsurfacing materials for certain specific
conditions of wear. A few of these tests will be described.

Abrasion Tests

One type of test drags the specimen over a copper slab in a mix-
ture of quartz sand and water; the abrasion factor is the loss of weight
of the specimen compared to the loss of weight of a standard an-
nealed SAE 1020 steel specimen. A material that loses the same
weight as the SAE 1020 steel will have an abrasion factor of 1.00.
The ideal material would not lose any weight and would have a
factor of 0.00.

Another test presses the specimen against a notched rubber
wheel, which is rotated in a slurry of sand and water; the loss of
weight is taken as the abrasion value.

A preferred method is the use of a grinding wheel of aluminum
oxide as the abradant. The amount of wheel that is ground away
to remove a standard weight of the hardsurfacing material is taken
as the abrasion index. This test is excellent for evaluating the hard-
surfacing materials used to dig earth, such as the tungsten carbides.
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The loss of weight of the specimen when run against the wheel at
standard conditions is taken as the abrasion value for the materials
when they are to be used for wear-resistant purposes. It is important
to have both values, for the material that shows the least loss of
weight may not be the best one on, say, a rotary well drilling bit. In
general, a material that will wear smooth is better to resist wear. For
earth cutting, however, the best surfacing is one that will wear to
give rough, jagged, sharp cutting edges.

The grinding wheel test is preferred to the wet sand tests because
the wet sand results do not show as much difference in hardsurfacing
materials as is usually found in the field. The grinding wheel method
gives a very large difference in weight loss: 0.02 gram loss for a hard
grade of sintered tungsten carbide and about 10.0 grams loss for mild
steel—a ratio of 1 to 500. It should be noted that the different meth-
ods list various materials in about the same order, with the exception
of the work-hardening alloys such as high-manganese steel.

The abrasion values are not directly applicable to field service.
Some of the variables that can change the order of abrasion resist-

&
1
.
N
~
Cast tungsten
curhidas\'
~
AL |
o Chromium corbide types
p ferrous and non-ferrous
5 20 to 30% chromium <
o = |
o
il N e e—— e L SR ‘Q_'
E Semi-austenitic types
B 510 15% chromium
2 N
o N
Austenitic
manganese
e
18-8 Stainless
\'\
~
5 N
Low Resistance to impact High

or compressive loading

Fig. 18-2. Relationship of the obrasion resistance and impact qualities of various
hardsurfacing materials. In general, resistance to impact decreoses as resistance to
abrasion increases,
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ance of hardsurfacing are: temperature, size, hardness and other prop-
erties of the abradant, the amount of impact, etc.

Impact Tests

Impact tests have been made on the commercial hardsurfacing
materials by pounding weld deposits against each other and against
standards. The materials are then arranged according to their resist-
ance to cracking, chipping or spalling.

The results of various impact and abrasion tests are shown in Fig.
18-2. This chart shows diagrammatically the type of the results ob-
tained from the tests of a number of commercial hardsurfacing ma-
terials and experimental alloys.

The resistance to abrasion was determined from the loss in weight
of the deposit in a given time run under controlled abrasive conditions.

The resistance to cracking under impact was determined by com-
parative tests of the deposits, using a pounding machine built for
this test.

Some highly alloyed and expensive welding rods and electrodes
give less wear resistance than rods and electrodes made of lower
priced materials. The proper proportioning of the ingredients counts
more than the amount and cost of the alloys.

Let’s now define the chief types of hardsurfacing alloys:

1. Tungsten carbides—Particles of crushed cast tungsten carbide

in steel tubes.

2. Chromium carbides—Cast rods or steel tubes containing fer-
rous alloys that form a deposit high in chromium carbides.
Some of the cast rods in this group are non-ferrous, containing
chromium, carbon, cobalt and tungsten, but no iron. Chromium
carbide powder may be applied directly to thin surfaces with
arc torch or carbon are.

3. Semi-austenitic—Electrodes depositing high-carbon alloys con-
taining over 807 iron. The deposits are either hard as de-
posited or become hard after battering. Deposits also are hard-
enable by heat treating.

4. Austenitic manganese—Electrodes depositing 11 to 14% man-
ganese steel, affording a work-hardenable surface.

5. Stainless steel—Electrodes depositing 18-8 steel (18% chro-
mium and 8% nickel) and other austenitic stainless steels with
higher contents of chromium and nickel.

Most of the heat-treatable hardsurfacing alloys are not listed on
the abrasion and impact resistance chart (Fig. 18-2) because their
properties depend on the rate at which the deposits cool after welding
and also on any subsequent heat treatment. Some of these materials
will be discussed later in this chapter, and some in the chapter on
welding tool and die steels.

Some other hardsurfacing materials that do not fall in the above
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classifications are cast irons, and alloys containing chromium boride
or tantalum carbide as the hard ingredient.

Tungsten Carbide Group

The cast tungsten carbides are not to be confused with the sintered
(or cemented) carbides used for metal cutting tools. The sintered
carbides are made by pressing a mixture of finely powdered tungsten
carbide and cobalt in a mold at a very high pressure, and then heating
the mold hot enough to cause the cobalt to bond the powdered carbide.
The heating is called sintering because the ingredients are not melted.
The sintered carbides have wonderful mechanical properties but they
cannot be fusion welded, for if they are heated to the melting point
of cobalt, the cobalt and the tungsten carbide will alloy and the su-
perior properties of the tungsten carbide will be lost.

Fig. 18-3. Tungsten carbide hordsurfacing de- Fig. 18-4. Tungsten carbide hardsurfacing
posit viewed at 10X. deposit viewed at 1000X.

In a cast tungsten carbide, crystals of very hard tungsten carbide
are embedded in a matrix of a relatively tough tungsten and carbon
alloy (Figs. 18-3 and 18-4). This alloy melts at about 4600 F, a melt-
ing point so high that the material is deposited by the torch or the
are without melting. Though it does not melt, the cast carbide will
disintegrate if it is kept in contact with molten steel.

For hardsurfacing, the cast tungsten carbide is crushed, screened
to size and the particles placed in steel tubes. During deposition, the
mild-steel tube dissolves some carbon and tungsten from the tungsten
carbide particles, resulting in a strong bonding alloy. The coarse
material is used on equipment for cutting earth or some of the highly
abrasive rock formations. The fine material is best suited for abra-
sion resistance applications requiring a deposit that will wear fairly
smooth. In either case the facing has a pebbled surface as deposited
and is unmachinable.

Tungsten carbide particles have the highest scratch hardness of
all known materials that can be deposited by welding. A deposit of
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Fig. 18-5. Structure of a
cast chromium carbide al-
loy, containing 3.50% C
and 279% Cr (100X).

tungsten carbide is one of the most abrasion resistant of all hard-
surfacing materials. There are three main constituents in this deposit:
1. The tiny tungsten carbide crystals, brittle but very hard.
2. The hard tungsten alloy that holds the carbide crystals.
3. The strong iron alloy holding the cast carbide granules.

Chromium Carbide Types

Most of the hardsurfacing alloys in this group contain from 3.5
to 5% carbon and 20 to 30% chromium. Usually one or more of the
following elements are present: iron, manganese, molybdenum, vana-
dium, or zirconium. Carbides that form as the alloys solidify are not
changed by any subsequent heat treatment. These needlelike crystals
(Fig. 18-5) have a hexagonal cross-section. It is interesting to watch
them form on the surface. If a weld deposit is suddenly turned up-
side down just before solidification is complete, the matrix metal
will run away leaving a mass of the chromium carbide crystals piled
up like a stack of jackstraws.

The chromium carbides are harder and more abrasion-resistant
than iron carbide (cementite), but they are relatively brittle. The
toughness of the alloys in this group depends upon the properties
of the metal used to bond the carbides.

There are dozens of hardsurfacing alloys, ferrous and non-ferrous,
in the group, and some of them offer a very good combination of
abrasion resistance and toughness. In general, they are non-magnetic.
are not affected by heat treatment, and will resist corrosion. As they
wear, their surface becomes very smooth.

The ferrous chromium carbide alloys are too hard to be machined
and have excellent resistance to wear by abrasion and friction. They
also have high hardness at elevated temperatures. See Fig, 18-6,
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which gives the instant hardness of several materials at various tem-
peratures.

The non-ferrous chromium carbides are commonly called *Stell-
ites” from a proprietary trade name. They are alloys of chromium,
1-2% carbon, plus cobalt and tungsten. In some cases, they are used
for the same types of service as the ferrous chromium carbides but
cost more. However, the non-ferrous chromium carbides usually are
machinable. Although they are not as resistant to abrasion as some
of the ferrous chromium carbides, they are superior in resistance to
certain types of corrosion. Because of their finer grain structure,
they are also superior when a material is required that will maintain
a smooth, uniform and sharp cutting edge.

The non-ferrous chromium carbide alloys also are known for their
properties of red-hardness (hardness at high temperatures). Some
of the ferrous types, however, have still higher hardness at red heat.
Figure 18-6 shows this relationship, and also shows the relative hard-
ness of other heat-resistant hardsurfacing alloys at various tem-
peratures.

Semi-Austenitic Alloys

This group includes iron-base hardsurfacing materials with less
than 20% alloying elements. The popular alloys contain 1 to 2%
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Fig. 18-6. Curve showing change in relationship of the instant hardness of common
hardsurfacing materials at various temperatures.
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carbon, 5 to 1274 chromium, and smaller amounts of other elements.
These deposits retain austenite as they solidify; there is not enough
carbon and chromium for chromium carbide to crystallize. As the
austenite cools, a variety of structures are possible, depending on the
analysis and the cooling rate.

The semi-austenitic surfacing materials are so called because not
all of the austenite remains as such when the deposit cools. The de-
posits having a large percentage of austenite are very tough and not
very hard as welded. They are, however, work-hardenable; that is,
the surface becomes hard after abrading or pounding. One alloy that
is 30 Rockwell C as deposited becomes over 50 Rockwell C after
moderate peening. The materials with appreciable amounts of mar-
tensite are hard as deposited.

The properties of the deposit may be varied by the welding proce-
dure. If the weld metal cools quickly—small electrode, short beads
and base metal cold before welding—the deposit will be predomi-
nately austenitic: softer, tougher and less resistant to pure abrasion
but will work harden.

If the weld metal cools slowly—large electrode, continuous weld-
ing or preheated base metal—most of the austenite has time to trans-
form to martensite. This gives a harder, less ductile deposit but one
that is more resistant to pure abrasion. Both types of deposit will
work harden to the same final value.

The austenitic content of this group of hardsurfacing material
gives them a very high resistance to impact, and their hardness
(original hardness of that obtained by work hardening) gives them
good resistance to abrasion.

The semi-austenitic deposits are machinable with tungsten carbide
tools after a long anneal at high temperature. Some of them can be
hot forged. This group of alloys combines low cost with excellent
resistance to impact and good abrasion resistance. No wonder it is
the most popular group of hardsurfacing materials!

12 to 14°% Manganese Steel

High-manganese steel deposits are tougher but not so abrasion-
resistant as those made with the semi-austenitic electrodes. It is,
however, a popular practice to build up worn manganese-steel parts
nearly to size with austenitic manganese-steel electrodes and then
to finish the deposit with one or two layers of semi-austenitic rod.
See Chapter 16, Austenitic Manganese Steel.

Stainless Steels

The austenitic stainless steels are classified with hardsurfacing
materials because they are just one step below manganese steel in
their ability to work-harden. Moreover, they will stand more pound-
ing without cracking. The stainless deposits are especially advan-
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tageous for high impact service under corrosive conditions.

Stainless deposits are sometimes used as base layers for other hard-
surfacing materials. High-manganese steel deposits form a brittle
bond with carbon steel unless dilution with carbon is minimized. The
bond between the semi-austenitic deposits and carbon steel is neither
ductile enough nor strong enough to keep a multi-layer deposit from
pulling off. The answer is an initial layer of stainless because it bonds
well to both base metal and hardsurfacing.

Fig. 18-7. A bond failure be-
tween a semi-austenitic hard-
surfacing alloy and carbon steel.

Figure 18-7 shows five layers (not recommended) of semi-aus-
tenitic hardsurfacing on carbon steel. The bond between the weld
and the carbon steel failed, due to shrinkage of the high-strength
deposit. The layer of the semi-austenitic deposit on carbon steel is
so diluted with the base metal the weld is at least partly martensitic
and does not have the ductility of austenite. A layer of 25% chro-
mium, 207 nickel stainless steel would be ductile enough to allow
the weld metal to contract without setting up the high stresses. The
austenitic stainless contains enough chromium and nickel to remain
austenitic and ductile after dilution with the carbon steel.

Low carbon steel 4.70/0 Mn,
0.390p C
>~

Fig. 18-8. A brittle alloy is ———

formed when low-carbon steel is —

deposited on manganese steel. ? 1 40f0 Mn lofﬂc %
14% Mn, 1% C —.// 8%0 Mn,

0.8%0 C

Fig. 18-9. A less brittle alloy is ,.--'-'_‘—--xf

formed when high manganese ""‘\-...__..../r

steel is welded on carbon steel. % 0‘50}10 MI'I, 020.&)(: $

Though in some cases an 18-8 alloy is all right for bonding pur-
poses, for maximum duectility stainless steels with higher chromium
and nickel content should be used. When the analysis of the electrode
is not the same as that of the base metal, we do not have a gradual
change in composition from the base metal to that of the top of the
deposit. In a one-layer deposit the metal that has been melted is of
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a practically uniform analysis. At the fusion line, there is a layer of
grains of intermediate composition as a result of diffusion of carbon
in the solid state. The microscope shows that at the fusion line one
grain will be like the parent metal and the adjoining grain similar
to the weld metal.

Knowing the analysis of the materials involved and the approxi-
mate amount of the penetration, the weld metal analysis may be
estimated. Assuming that the penetration results in weld metal made
up of !4 base metal and 2/ deposited metal, we can see that welding
high-manganese steel with a mild-steel electrode is not good practice
(Fig. 18-8). In this case, the weld metal will pick up manganese and
carbon from the parent metal. If the base metal is 147 manganese,
the weld will have one-third of that or 4.7% manganese—a very
brittle steel. A much better alloy is obtained when high-manganese
is welded on mild steel (Fig. 18-9). Then, if the manganese content
of the electrode metal is 12%¢, the analysis of the weld will be 2/
of 129, or 8¢ manganese. This alloy will be partially austenite and
have a fair degree of toughness.

In Fig. 18-10, two layers of semi-austenitic steel are welded on
carbon steel that has been prepared by surfacing it with a layer of
stainless.

/Sluinless Fig. 18-10. An intermediate

layer of stainless steel provides
the ductility to successfully bond
a manganese deposit to carben

steel.

Heat-Treatable Hardsurfacing Alloys

The heat-treatable deposits are all martensitic types. They form
hard deposits if the weld metal cools fast enough, and they may be
softened by annealing. There are four chief types:

1. High-carbon steel

2. Medium-carbon steel with alloying elements

3. Tool and die steels

4, High-speed steels

High-Carbon Steel

The cooling rate of a high-carbon steel deposit must be controlled
in order to make the surfacing hard and abrasion-resistant. A bead
from a small-diameter 1.09, carbon electrode on cold steel will be
file-hard and have an abrasion resistance in the class with the semi-
austenitic deposits, but the high carbon steel will be low in impact
resistance. Larger diameter 1.09% carbon electrodes, welded at high
current on preheated base metal, will produce softer deposits, though
hard enough to be abrasion-resistant. As the metal passes through
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the arc, a 1.07 carbon electrode loses carbon; so the deposit has only
from 0.8 to 0.6 carbon.

Carbon steel electrodes containing 0.50 to 0.609: carbon are used
for deposits that are to be machined without tempering or annealing,
provided the deposit can be cooled slowly.

Medium- and high-carbon steel deposits are used for surfacing
applications where high-carbon steel properties are desired and also
for preliminary build-up prior to the application of other hard-
surfacing alloys.

Some charts show the hardness range of various hardsurfacing
alloys. These hardness figures are usually for multi-layer manually
applied weld deposits. The hardness of single-layer welds, being in-
fluenced more by admixture with the base metal, may be higher or
lower than that of multi-layer deposits. This depends of course on
the hardenability of the weld metal. A low-carbon electrode deposited
on high-carbon steel will give a medium-carbon weld metal.

It is possible to have a combination of analyses that will give a
very hard deposit. For example, a low-carbon but high-alloy base
metal, when surfaced with a high-carbon electrode, will give a weld
metal that is high in carbon and has picked up enough alloy to give
it a higher hardenability than either a multi-layer high-carbon de-
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posit or the high-alloy base metal.

The abrasion resistance of high-carbon weld deposits increases
with the hardness. The maximum ductility (impact resistance) for
a given hardness is obtained by quenching and tempering. Heat-
treated properties may be approached by welding alone. To achieve
such results, use minimum preheat and apply a small bead or a thin
layer, allow time for the high-carbon weld to transform to martensite,
and then deposit the next bead or layer. Thus, all of the weld with

the exception of the last layer will be quickly cooled (quenched)
and tempered.

Medium-Carbon Steel with Alloying Elements

Chemical analyses in this group range from 0.159 carbon with
a total of 2.0 chromium, manganese, molybdenum, silicon, etec., on
up to 0.507 carbon with 5.0% alloying elements. The alloy content
increases the hardenability, giving a higher as-welded hardness on
preheated work than is obtainable with high-carbon deposits. The
lower carbon limits the maximum hardness obtainable (see Fig. 18-11)
but greatly increases the resistance to impact. The metal-arc deposits
are air-hardening and in the as-welded condition have good resistance
to abrasion and high toughness.

Electrodes in this class are popular for building up carbon-steel
rail ends. By using a controlled preheat and welding procedure, a
hardness gradient is obtained in the weld and parent metal that gives
longer service than the original rail ends.

Hardsurfacing
Build-up

Base metal

Fig. 18-12. In many coses, a lower-
cost and ductile material is used
to build up @ worn part before de-
positing the final loyer of metal
having the surface properties
needed.

In addition to many applications for resisting metal-to-metal wear,
these electrodes are valuable for building up steels before they are
surfaced with the chromium-carbide, tungsten-carbide or other higher
alloys (Fig. 18-12).

The tool-steel and die-steel deposits will be discussed in the chap-
ter on the welding of tool and die steels.
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Evaluating Hardness and Abrasion Resistance

The big problem in selection of a hardsurfacing material is that
the best is rarely good enough. Figure 18-13 gives the results of a
few grinding-abrasion and hardness tests made on various hardsur-
facing deposits and on steels. These are plotted on semi-logarithmic

paper in order to show values for low and high abrasion-resistant
materials.

Relative weight
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Fig. 18-13. An increase in hardness is usually accompanied by an increase in resistance
to abrasion, as measured by weight loss during wear test by grinding wheel.
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Tungsten carbide—materials have the highest abrasion resistance
and are shown as an area for which the Rockwell C hardness of the
deposit cannot be given a definite value. The bonding alloy has a
relatively low hardness and the tungsten carbide particles, of course,
a very high hardness. Metallurgists use a different procedure in
evaluating the hardness of such materials, and hardness values when
given are according to the Rockwell A scale. The surface generally
has a sandpaper finish.

Chromium carbide—deposits range in hardness from 40 to 63 Rock-
well C. In general. the harder alloys are more abrasion-resistant, and
they will crack and chip away more easily under impact. The better
alloys for any given resistance to impact have a lower hardness. For
each material, there is a combination of carbon and alloy (chromium,
molybdenum, etc.) content that will give both abrasion resistance
and impact strength. An off-balance material, however, may have
low resistance to abrasion and also be brittle. Some electrodes are
designed to produce good hardsurfacing deposits when diluted with
steel, that is, a one-layer deposit that will be resistant to abrasion
and to cracking. The best non-ferrous chromium carbide electrodes
deposit metal that features high hardness (54-63 Rockwell C), very
high abrasion resistance, and the characteristic of cross checking to
relieve cooling stresses. This cross checking does not lower the effi-
ciency of the facing.

Semi-austenitic alloys—There is a wide range in hardness in this
group, for some of the materials are of the work-hardening type and
others are hard as deposited. They do not show a wide variation in
abrasion resistance. It is interesting to note that the alloys that are
hard as deposited are not as resistant to grinding abrasion as some
of those having a much lower hardness. The alloys that work harden
are also superior for service involving a combination of impact and
abrasion.

High-manganese steel—In the tests recorded on Fig. 18-13, there
was not much variation in the hardness or the abrasion resistance of
austenitic manganese deposits. The highest abrasion-resistant deposits
contained carbon about 1.0’/ and some molybdenum. Those of lower
abrasion resistance are of a lower carbon and nickel content. High-
manganese deposits are not recommended for resistance to grinding
abrasion but they are superior for resistance to a combination of se-
vere impact and abrasion.

Stainless steel —Only a few tests were run on stainless steel de-
posits. The abrasion resistance and hardness were both low, but the
deposits were more abrasion resistant than those of high-carbon steel
at the same hardness. The 18-8 stainless deposits work-harden but
not nearly to the extent of the high-manganese steels.

Tool steels—Numerous tests were made on tool and die steel rolled
samples after hardening and tempering. The tempering treatments
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did not change the hardness much but changed the amount of wear
by a ratio of 20 to 1. Deposits of tool and die steel types and high-
speed steel types gave values in the same range as those shown by
the two tool steel curves. At a certain hardness, the deposit with the
higher carbon had the higher abrasion resistance.

High-carbon steel—Drill rods were quenched in brine and tempered.
The hardness and abrasion resistance of these rods gave a straight
line (when plotted on the semi-logarithmic paper), and the weld de-
posits gave the same type results. Low-carbon deposits lost more
weight during the test than high-carbon deposits of the same hardness.

Medium-carbon low-alloy steel—Deposits occupy the lower posi-
tions on the chart. But remember that they are not designed for
resistance to grinding abrasion. They are resistant to metal-to-metal
wear and have a good hardness as deposited and a high toughness.
Some of these alloys are outstanding for their high tensile strength
and duectility. They resist deformation and cracking when subjected
to high impact service.

Analyzing the Job

An analysis of the service that is required will be of assistance.
In all instances of wear, there are two members or materials that
contact and there is relative motion between them. Considering these
{two members in terms of required service, there are three things
(Table 18-1) that we may wish to do:

Table 18-1. Wear Service Classification

SERVICE| FIRST SECOND
CLASS MEMBER MEMBER SERVICE
A cutting edge is to be maintained
Protect Cut or wear :
A Case 1. Wear of edge effects the efficiency
(shear blade) (steel sheet) | ", .. piade
Case 2. Sharp edge important but wear
secondary earth cutting tool
B Protect Protect Two surfaces in contact—both to be pro-
{valve gate) (valve seat) tected. Chain links—valve gates and seats
c Protect Do not care Protect one of the members; wear of the
(ore chute) (ore) other is of little or no importance. Screw
canveyor

A. A cutting edge is to be maintained. We wish to keep the wear
of one member to a minimum, but cut or wear the other member.

B. Two surfaces are in contact, both of which must be protected.

C. One surface is to be protected. We do not care what happens

to the other member.

One of the two “members” in a wear relationship may be a ma-
terial such as rock, earth, coal or ore.
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To Maintain a Cutting Edge

In Group A applications requiring a cutting edge to be maintained,
there are two possibilities to consider: when wear of the cutting edge
affects the efficiency, and when wear of the edge does not affect the
efficiency of the tool.

(1) When wear of the edge affects efficiency:

Shear blades, punches and metal-cutting tools must not only stay
sharp, but they must hold their original size and shape to operate
satisfactorily. Failure of these parts is by upsetting, chipping, spall-
ing or galling due to high compressive loads, and the flow of the metal
being cut. High-velocity impact and scratching abrasion are seldom
problems.

Tool-steel and high-speed-steel facings are recommended for serv-
ice requiring the maintenance of an edge for metal cutting. When
wear resistance at high temperature is not needed, tool-steel welding
electrodes are used as they are less expensive. The deposits of tool
steel and high-speed steel are homogeneous and very fine-grained,
which allows grinding to form a sharp thin edge. Because of the
steel’'s high mechanical properties, the edges resist turning over or
chipping.

(2) When wear of the edge does not affect efficiency:

On earth-cutting tools, blades of rotary drilling bits, ensilage knives,
shredder blades, etc., the one requirement is that the edge must stay
sharp. These tools are intentionally surfaced with wear-resisting ma-
terial on the advancing edge so that metal on the back face will wear
away and keep a fresh-sharp edge of the hardsurfacing exposed.

Figure 18-14 shows the hardsurfacing procedure to secure this
self-sharpening effect. When hardsurfacing carbon steel with a semi-
austenitic, chromium carbide or tungsten carbide alloy, an intermedi-

Hurd-lal:lng f

18-8 Stounless

Hard facing —

Fig. 18-14. The proper hardsurfacing procedure to secure a self-sharpening effect on
earth-moving tool. Slow wear action along bottom provides relief under cutting edge,
maintaining a sharpness for high cutting efficiency.
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ate layer of stainless steel is required. If a tool tip is broken off or
dulled excessively, a new tip can be welded on, and the hardsurfac-
ing then applied. If the tool body is a carbon steel, stainless steel is
used to join the new tip. If the base metal is austenitic manganese
steel, an austenitic manganese electrode should be used for joining.

Figure 18-15 shows an earth-scraping tool surfaced on both the
front and back. From the sketches, one can see that a high force
downward is required to make this tool penetrate and cut the earth

formation. If the surfacing on the front chips, the tool will slide over
the formation.

A B
Fig. 18-15. How a rooter tooth wears when hardsurfoced on both front and back faces.

In Figure 18-16, the earth-scraping tool was surfaced on the front
only. The backing metal soon wears away, leaving the hardsurfacing
in relief. The scraper will penetrate deeper and cut faster.

Rate of wear on a cutting edge is directly proportional to the
thickness of the deposit. A thin hardsurfacing layer will give a fast
cutting tool, but the tool will wear faster (Fig, 18-17). A heavy de-
posit of hardsurfacing will reduce the rate of cutting because of the
thicker cutting edge (Fig. 18-18).

For example, we will assume that a rotary well drilling bit with
a thin layer of hardsurfacing is worn out after drilling 30 feet in
one hour. A layer of surfacing three times as thick might drill a total
of 90 ft but at only 10 ft per hr, requiring 9 hrs to drill the 90 ft. In
some cases, the first drill would be more economical to use and in
other cases the second, depending partly on the time to replace the
drill bit and partly on the cost of reconditioning it.

Mew

Fig. 18-16. Hordsurfacing only the front face makes the rooter tooth self-sharpening,
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" hin deposit  Foit culting Thick deposit  Slow cutting
Fig. 18-17. A thin deposit results in fost cut-  Fig. 18-18. Slow cutting and a long life will
ting and a short life. be obtained from a thick depaosit.

Materials most resistant to abrasion are used for such applications
as drilling bits. Coarse particles of tungsten carbide applied in a
mild-steel tube will give the longest life to earth-cutting tools used
in sandy formations; as the bonding metal wears, it leaves a rough,
{ast cutting edge.

Coarse-carbide deposits give an edge that may be likened to a
fine toothed rake, while the fine carbide deposit gives a smooth, uni-
form edge like a hoe. The fine particles are so close together that
there is no room for wear to take place between them.

There are applications for both types of edges. The fine carbide
surfacing is recommended for bean knives, since the service is highly
abrasive and a smooth, thin self-sharpening edge is needed. An edge
to resist impact or high-unit loads had better be of another type.

The chromium carbides are used on cutting edges in which the
abrasive conditions are not so severe or when a lower cost material
is desired. These hardsurfacings will also form a self-sharpening
edge and will wear to give smoother surfaces and lower friction than
are obtainable with the tungsten carbides.

When the impact service is high, the austenitic manganese semi-
austenitic group of hardsurfacing materials will give the longest life
to cutting edges. Edges protected by one of these materials are gen-
erally not self-sharpening but wear to a rounded contour that will
withstand high loads and impact. The tungsten carbide and the chro-
mium carbide deposits will chip off from dipper teeth handling large
rock. The austenitic manganese or semi-austenitic deposits will work
harden on the surface to become more resistant to abrasion, and the
impaet or high-pressure loads are cushioned by the softer and lower
yield strength metal that lies underneath the surface.

To Protect Two Surfaces in Contact

Group B applications involve metal-to-metal wear (such as bear-
ings) under various combinations of abrasion, impact, friction and
corrosion. The surfacing must wear smooth, have a low coefficient of
friction, and be free from a tendency to seize or gall. The tungsten
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carbides are not recommended; even the fine tungsten carbide deposit
does not wear smooth enough for bearing-type service. However,
there are other types of materials that will combat this kind of wear.

Often it is desired to give one of the two contacting members
more protection than the other; this can be done by surfacing one
member with bronze so that this part will take the brunt of the wear
and the non-surfaced member will be protected.

High-carbon electrodes are used to build up shafts that will oper-
ate with lubrication. The high-carbon deposit when machined or
ground gives a smoother surface than is readily obtainable with a
mild-steel electrode deposit.

Bearings operating at elevated temperatures are surfaced with
the chromium carbides, the stainless steels and the high-chromium
and nickel alloys.

Parts operating under corrosive conditions are protected by sur-
facing them with the chromium carbides and some of the stainless
steels.

Chromium carbide facings give good service on parts that operate
in the presence of sand or mud. Rubber is a good-wearing material
for journals and bushings used underwater. Steel shafts give long
service when they run in rubber bearings and are lubricated with
water to keep out sand and mud.

Galling is the major problem to combat when confronted with non-
lubricated metal-to-metal contact. Two like alloys are more prone
to seize or gall than two different materials. It is probably because
the materials are alike in chemical analysis or in surface condition.
As an example of problems encountered, one pair of alloys gave good
service underwater and fair service in sandy mud, but the parts soon
chewed each other up when they were run dry. Soft iron alloys are

' - — - ———————ee — -

Fig. 18-19. A worn dipper tocth
(left) can be readily restored fto
serviceable condition by low-cost
hardsurfacing (right).
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more likely to gall than harder ones, and rough surfaces will gall
more readily than smooth ones.

A running-in period with some kind of lubricant is an assurance
against galling, for freshly machined or ground surfaces have surface
irregularities that intermesh with each other and the tears that then
result make ideal seizing areas.

To Protect Only One Surface

Group C covers cases where we protect only one of the two con-
tacting materials; the wear of the other material is of little or no im-
portance. It may be desirable to have a low-friction surface that will
polish (a plowshare or moldboard for example) or a rough, high-
friction surface as in the case of dredge stud clamps. Some typical
applications, and the recommended welding electrode are given in
Table 18-2.

This service group is made up of the greatest number of hard-
surfacing applications. Since wear of the second member or material
can be disregarded in many cases, we can freely choose the surfacing
material that will provide maximum life.

Table 18-2, Group C Hardsurfacing Applications

APPLICATION SERVICE CONDITION HARDSURFACING

Ore chute Ore slides down the chute; Chromium carbide
abrasion high, impact low

Ore chute Material falls onto chute; Manganese steel or
impact high semi-austenitic

Tool joints, Abrasion high caused by Tungsten carbide or

oil drilling tool joint rubbing against chromium carbide
the wall of the hole during
drilling

Screw conveyors Abrasion Chromium carbide or fine

tungsten carbide

Water turbine blades Water hammer impact Stainless steel
{cavitation) and corrosion

Forging dies Hot-metal abrasion, impact, Hot-work die steel
high stresses

Hot ingot tong tips Strength and abrasion re- Stainless steel foundation
sistance at elevated tem- with chromium carbide
peratures facing

Selecting the Best Hardsurfacing Material

Most of the hardsurfacing materials are available as alloy elec-
trodes, welding rods, or agglomerated fluxes. So, in general, the choice
of hardsurfacing material can be made on the basis of service re-
quirements. The process to be used does not affect the selection of
material to any great extent. The exceptions to this will be mentioned
later.

~@Seismicisolation: -


https://telegram.me/seismicisolation

HARDSURFACING 309

In analyzing the service required, the first step is to determine
the class of application—whether a cutting edge is to be maintained,
a single surface must be protected, or two contacting surfaces must
both be protected.

Secondly, the type of wear and other service conditions must be
identified. It is necessary to find out whether wear of the part is
caused by: (1) deformation from heat, (2) chemical corrosion, (3)
erosion, (4) abrasion, (5) friction, or (6) impact, or by some com-
bination of these.

Examination of a part that is completely worn out is not ade-
quate for diagnosis since it fails to reveal the progress of the wear.
When the surfacing is all gone, there is no way to tell whether it was
worn off by abrasion or by chipping. First determine the nature of
the wear. The hardsurfacing procedure can then be changed to use
a tougher deposit if chipping occurred, to use more metal in some
places, or to use a material higher in abrasion resistance in other areas.

The rate of wear frequently increases as the total wear increases.
In these instances, it is economical to resurface the part before the
part is appreciably worn. A scratch on a new dipper tooth may be only
% in. long, but the same rock that scratched it would put a 2-in.
scratch on a worn tooth and remove four times as much metal (Fig.
18-20). The dull tooth not only loses metal faster but also requires
more force to take a bite. Find the point of balance between the cost
of rebuilding the tooth, and the operating efficiency.

Figure 18-21 shows graphically the most common hardsurfacing
alloys available and their relative properties and characteristics. Each
of these alloys has a wide field of application dependent upon how its
specific combination of qualities matches the various conditions and
service requirements of a specific hardsurfacing job.

Fig. 18-20. A worn dipper tooth wears faster than a new tooth because more wearing
surface is exposed to the abrading action of earth flow.
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For each characteristic listed on the chart, Fig. 18-21, the position
of the bar indicates how good the electrode is in that respect. The
further the bar is to the right in its column, the better the electrode
is. The width of the bar indicates the degree to which welding pro-
cedures and techniques affect the deposit. The wider the bar, the
greater the effect.

In using this chart to select an electrode, start with the character-
istic that is most important from standpoint of meeting the primary
wear condition that will be encountered. If this is abrasion for in-
stance, then check the one or more electrodes that are high in abrasion
resistance for other considerations that may be of secondary impor-
tance, such as impact. Finding the electrode or electrodes that have
the right balance of properties to meet the service requirements, check
through the remaining columns to determine its machinability, rela-
tive cost, etc.

The hardsurfacing job may have restrictions that narrow the field
of possible surfacing materials. Here are several examples:

(a) The deposit must be machinable as welded. This eliminates all
the materials except the medium-carbon, low-alloy types. The ma-
chinability of a medium-carbon deposit depends on the rate of cool-
ing; preheating must be used on large members in order to finish
with a deposit that is readily machinable. Deposits of austenitic
manganese steel, chromium carbide and stainless steel can be finished
by grinding. The possibility of using an alloy that will require grind-
ing should always be considered, for the increased life may more
than offset the higher finishing costs.

(b) The deposit is to be machined, but it may be annealed after
welding and then hardened after finishing. This increases the number
of electrodes that may be used. Possible surfacing materials are high-
carbon tool steel, and some of the low-carbon, low-alloy types. Ma-
terials that shouldn’t be used include stainless steel, semi-austenitic,
chromium carbides, tungsten carbides, and high-manganese steel.

(¢) The part and the deposit are to be hot forged. This require-
ment eliminates the tungsten carbides and the chromium carbides.
The high-carbon and medium-carbon deposits are not only forgeable
at red heat, but they are also ductile enough to be straightened and
forged to some extent after quenching for hardening. These steels
form the hard martensite when quenched, but the transformation
does not take place until the work has cooled to 300 or 200 F. The
part may be taken from the quenching bath at 400-500 F and then
straightened or forged a small amount while it is still in the ductile
austenitic state. If then cooled in air or in the quenching bath, it will
be just as hard as if it had been given a complete quench. It may
also be tougher, for the martensite was given more time to form.

(d) A cutting edge is required for cutting or turning steel. This
specification necessitates the use of a material with high hardness,
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Fig. 18-22. Hordsurfacing of
large oreos is done speedily and
economically using modern sub-
merged-arc welding techniques,
with oagglomerated alloy flux
selected for the specific applica-
tion.

high red hardness, and a high edge strength. The field is limited to
one of the high-speed tool steels,

(e) The deposit must have maximum resistance to grinding abra-
sion. One of the tungsten carbides or chromium carbides should meet
this requirement. If, in addition, cost of deposited material is a factor,
the chromium carbides are the obvious choice.

If there is no past experience to rely on for the specification of
hardsurfacing material, one of the tougher types is recommended;
it is much better for the facing to be scratched off than to be broken
off. Start with one of the electrodes in the semi-austenitic group;
if it is found that the impact service is not too severe, one of the
tougher chromium carbides may be used on the next trial. To secure
still greater resistance to abrasion, use a thicker chromium carbide
deposit or try a chromium carbide type of higher abrasion resistance.
Caution: As the resistance to abrasion increases, the resistance to
impact decreases.

There are so many hardsurfacing alloys and possibilities of appli-
cation that there is plenty of room left for experimenting. Enormous
savings on wearing parts are often obtained by a change in surfacing
material or a different method of application. Reports of surfacings
that last two, three times or even five times as long are not unusual.
Additional savings should be possible by redesigning the wearing
member for hardsurfacing so that the ideal amount of surfacing is
deposited.

Welding Methods for Hardsurfacing

Although the oxyacetylene torch is still used with welding rod for
depositing hardsurfacing materials on some applications, the metal-
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arc processes are in general preferred for reasons of speed and econ-
omy. In addition to the conventional manual metal-arc method of
hardsurfacing with bare or coated electrode, the following methods
have considerable application:

1. Submerged-arc welding, using a low-carbon steel electrode and
an agglomerated alloy flux that adds elements to the deposit to
form a hardsurfacing alloy (Fig. 18-22). The wide variety of
commercially available alloy fluxes are capable of duplicating
the various types of manual metal-arc hardsurfacing deposits
already described.

2. Semi-automatic open-arc welding, which mechanically feeds
bare electrode through a welding gun. The gun is manually
supported and manipulated by the weldor.

3. Carbon-arc welding, using an alloy rod fed into the DC arc; or
welding powdered surfacings with the DC or AC carbon arec.
The two-carbon are torch is also used for powdered hardsurfac-
ings.

4. Surfacing with a shielded-metal-arc electrode while feeding
in a filler rod (“two-tone” welding). Either or both rods may
be a hardsurfacing type.

9. Inert-arc welding, with the surfacing alloy rod fed into a
tungsten-electrode arc shielded with helium or argon gas.

The metal-arc (shielded-arc; bare-electrode; submerged-arc)
processes should be used for surfacing austenitic manganese steel or
for depositing manganese steel, in order to prevent overheating and
embrittlement of the parent metal or the deposit. The use of these
materials has been thoroughly discussed in Chapter 16.

Other steels and other surfacing materials may be hardsurfaced
by oxyacetylene, TIG (tungsten-inert-gas), shielded-are and sub-
merged-arc processes.

The oxyacetylene and the carbon-arc processes are used for small,
delicate parts and when only a very thin layer of surfacing is to be
applied. Coal cutter bits, for example, often are hardsurfaced by
oxyacetylene welding.

Either the oxyacetylene or the carbon-arc process is recommended
to deposit the non-ferrous chromium carbide alloys in cases where
the surfacing must be iron-free. By careful manipulation, the alloy
may be sweated to the steel base metal and welded without pene-
tration or alloying with the steel. The corrosion resistance and abra-
sion resistance are both lowered when these alloys are diluted with
iron.

The advantages of manual or automatic metal-arc hardsurfacing
are lower cost per pound of hardsurfacing material deposited, faster
application and localized heating. Deeper penetration, however, is a
factor to be considered: the more of the base metal that is melted,
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the greater the alloying of the deposit with the base metal. Deep
penetration is usually a disadvantage since it increases the thickness
of the hardsurfaced deposit. The total amount of hardsurfacing is
the build-up from the surface plus the penetration below. If the
amount of build-up is limited, then deep penetration may be a neces-
sity.

In most cases, the first layer of surfacing has a lower abrasion
resistance but more resistance to impact than the undiluted alloy.
This gives a gradual change from the base metal to the hardsurface.
There are a few instances of diluted surfacing that result in brittle
alloys; mention has already been made that care must be taken if
carbon steel is deposited on austenitic manganese steel.

Hardsurfacing alloys containing boron should be deposited with
oxyacetylene torch, and care must be taken to prevent the formation
of the brittle iron-boride erystals.

Manual hardsurfacing for repair or renewal of worn surfaces is
usually done by metal-arec welding, using coated or bare electrode
suited to producing the hardsurfacing characteristics desired. Produc-
tion hardsurfacing techniques are often needed due to large volume
requirements or for protection of large contact areas, such as cater-
pillar type tractor idler rolls, or where composite hardsurfacings must
be provided on new equipment. For purposes such as these, both
the semi-automatic and full-automatic submerged-arc processes pre-
viously described can be readily used. The higher deposition rate of
this technique will reduce costs, but volume production is needed to
justify usually large capital outlay needed for the fixtures and equip-
ment.

Definitions of New Words

Abradant. A substance which causes abrasive wear, i.e. displace-
ment or removal of surface material by a scratching action.

Cold welding. The microscopic fusion of high spots on two metallic
surfaces in contact under great pressure. Often a factor in the wear of
two sliding members, where the heat from friction or resistance to
movement caused by surface irregularities promotes such fusion and
further movement causes the weaker member to rupture locally in the
form of “galling.” Cold welding is also a method of permanently join-
ing certain metals, especially aluminum.

Instant hardness. The hardness of a metal at an elevated tem-
perature as determined by removing the metal sample from the heat
and instantly punching it with a standard indentation point and load,
then measuring the indentation after cooling to get the hardness value.

Microconstituents. Structural components of a metallic body that
are not continuous but appear as crystalline members of a larger mass
when viewed through a microscope.
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Review Questions

1.

Arrange the following hardsurfacing materials in the order of
their resistance to grinding abrasion: Chromium carbide, aus-
tenitic manganese, semi-austenitic, austenitic stainless steel,
cast tungsten carbide.

State what material and what hardsurfacing you would use for
dipper teeth to handle:

Quartz rocks about a foot in diameter

Quartz gravel about an inch in diameter

Quartz sand

Very fine quartz sand called silica flour
Note: Teeth are not needed on a dipper to handle sand, but
assume that they are used.

Should calks on a horseshoe be surfaced with a fine or coarse
mesh tungsten carbide? Which of these tungsten carbides is
best for a screw conveyor handling sand? What less expensive
surfacing would also be good for surfacing this screw?

In a pneumatic star drill, the end of the piston pounds on the
head of the drill. The end of the piston was surfaced with a
chromium carbide. After a few hundred feet of rock had been
drilled, the surfacing cracked and crumbled off. A semi-austen-
itic type of surfacing was tried, and it upset, making the part
too large to work freely in the guides. What surfacing would
you recommend? Remember that it must be hard enough to
resist upsetting, yet tough enough not to crack and chip.

Silicon carbide (carborundum), aluminum oxide (alumina)
and diamonds all have very high scratch hardness and are used
for grinding wheels. Why are they not used for hardsurfacing?

To which of the three classifications of wear do the following
belong:

A drag line chain

An airplane tail skid

A horseshoe

The mold board of a turning plow and the point
Of hardsurfacing deposits of the martensitie, the austenitic and
the carbide types:

Which would make the best razor?

Which would make the best surfacing for a machinist’s ham-

mer?

Which is best for the jaws of a rock erusher?
Sintered tungsten carbides are used for metal-cutting tools and
for resisting metal-to-metal wear and abrasive wear. Why is
cast tungsten carbide unsuited for metal cutting, either as a
solid casting or as a deposit of tungsten carbide particles?
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CHAPTER 19

WELDING TOOL AND DIE STEELS

The tool and die steels are about the last word in hardenability.
Practically all of them have a high-carbon content, some as high as
2.50%. Most of them are highly alloyed with one or more other ele-
ments, principally chromium, molybdenum, tungsten, vanadium, cobalt,
and manganese. The total content of such alloying elements exceeds
30% in a few grades.

Although the weldability of these steels is poor, as compared with
mild steel, the ingenuity of experienced weldors has shown that tool
and die steels can be welded to give satisfactory service.

Most of the tool steels have virtually no ductility, hence the con-
ventional method of evaluating yield and ultimate tensile strength of
materials cannot be used with any accuracy on this class of steels. In
the hardened condition, hot-work tool steels are known to have ex-
tremely high tensile strengths. Some exceed 300,000 psi and are used
in aircraft structural parts. The compressive strength of hardened
high-speed steel of the 18-4-1 type (18% chromium, 4% tungsten, 1%
vanadium) is about 400,000 psi.

Although both the tensile strength and compressive strength of a
tool steel are very high, there is evidence that they do not vary at the
same rate during heating and cooling. This results in greater internal
stresses, particularly since martensite—the hard constituent of the tool
steels—occupies more room than austenite. Since not all of the austen-
ite transforms at one time, there is an unbalanced condition during
heating and cooling. This is one of the factors deserving special con-
sideration in welding.

Since the steels used in tooling construction cover such a broad
range of alloys, there is frequently considerable difference in the hard-
ness, strength and coefficient of thermal expansion between two mate-
rials to be joined by welding. This may require a ductile filler metal

= = . . — ' _— . ——
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Fig. 19-1. Chipped and broken dies are among the many types of tools salvaged
by repoir welding and remachining.
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in the joint so as to prevent extreme stresses from developing.

Because of their high-alloy content, the tool steels require more
time for carbides to be dissolved in the austenite at elevated tempera-
tures. Solution of the carbides would permit formation of hard mar-
tensite upon cooling. When welding these steels in the annealed
condition, the heat-affected zone is above the eritical temperature for
such a short time that there cannot be complete solution of the carbides.
Thus, the metal under the weld does not necessarily have any appreci-
able depth of extreme hardness and brittleness that accompanies con-
ventional quenching. Other facts to keep in mind are that a relatively
high preheat can better graduate the thermal effects of welding, and
that the low thermal conductivity of high-alloy steel does not dissipate
the heat as rapidly; therefore, there is less quenching effect on the weld.

Not all tool and die materials are tool and die steels. Consequently,
there is much room for application of welding in the construction and
repair of tooling aside from the welding of tool steels.

Why Weld Tools

A full discussion of tool-steel welding necessitates a review of the
ways in which welding can be used in construction and repair of
tooling. These include:

1. The assembly of various jig, fixture or die components into a

complete tool.

2. The fabrication of a composite tool, for example by depositing
tool-steel weld metal on the cutting edge or wear surface of a
carbon-steel base.

The rebuilding of a worn surface or edge.

The alteration of a tool to meet a change in design of the prod-
uct being manufactured, or to suit a change in characteristics of
a sheet metal being formed or drawn.

5. The repair of broken tools. Tool breakage may result from
improper heat-treat, from unexpected stresses in service, or
from production wrecks—as when a clamp loosens up resulting
in a mis-hit.

The first requirement in welding tool materials is a recognition that

a great variety of materials is employed in the fabrication of cutting
tools, tool holders, jigs, fixtures, dies and molds. The second require-
ment is that knowledge of the specific material, the method of heat
treating it, and the service required of it is necessary for selection of
the welding process and procedures.

Tank or boiler plate and machine steel (hot-rolled SAE 1020) are
commonly used for fixture bases, die shoes, large fixture bodies, and
other less-critical parts. These materials are easily welded by follow-
ing suggestions made in Chapter 10 on the low-carbon steels.

Cold-rolled steel, often SAE 1020, is also used in jig and fixture
bedies, work rests, stock-guides, other secondary components, and in

o £
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Continental and comparable short-run dies. Cold-rolled mild steel has
good weldability, although precautions are advisable to prevent dis-
tortion.

Low-cost machine steel often permits building tooling that is far
more economical than all-tool steel construction. Joining the various
machine steel components by shielded-arc welding eliminates much
expensive surface grinding and precision hole operation, which must
be done on costly machine tools. With a drill jig, for example, fre-
quently only the bushing plate requires such precise hole location and
parallelism as to justify work on the jig borer. The addition of adjust-
able jig feet and work rest buttons made of a more wear-resistant
material completes the low-cost assembly.

Surface hardening nearly equivalent to that of some tool steels is
often achieved by less-expensive mild steel that is carburized or
nitrided. This practice is most frequently followed in the case of press-
tool punches or other small intricate tools that are easily machined
from the mild steel. After hardening, the tools are finish-ground to
size.

Cutting edges and other wear points and surfaces on many short-
run dies made of a medium or high-carbon steel are flame-hardened,
and welding used in initial construction or repair usually has no effect
on the edges. If a fracture crosses the cutting edge, the initial prop-

a
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Fig. 19-2. Mony jigs, fixtures and dies con be constructed quickly and ot low
cost by use of metal-arc welding. This milling mochine fixture required only a
small omount of welding to hold the steel fixture elements together with the rigidity
necessary for heavy machining cuts.
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erties are easily restored by grinding the weld back to the original
contour and then rehardening the edges so that it will be uniform.

Classes of Tool Steel

Tool and die steels are often classified primarily according to the
way in which they are normally hardened: water-hardening, oil-
hardening, or air-hardening. In general, the cost, maximum hardness,
wear-resistance, depth of hardening, and dimensional stability increase
in the same order, with the water-hardening steels being low and the
air-hardening steels being high. The weldability of these materials
progress in reverse order, with the air-hardening steels requiring the
greatest care when welding.

Continued development of new steels and the need for standard-
izing on specific types have resulted in a classification system adopted
by the American Iron and Steel Institute and the Society of Automo-
tive Engineers. The AISI-SAE designation includes a letter symbol
for the main group followed by a numeral to denote specific chemical
composition. In practice, many of the tool steels offered by their pro-
ducers do not match the chemical analysis exactly but are equivalent
in performance characteristics.

Water-hardening carbon tool steels (W group)—differ from conven-
tional carbon steels mainly in the controls exercised in producing
them. The composition may be the same, yet the carbon tool steels
exhibit a carefully controlled grain size, low porosity and other quali-
ties that ensure their excellent performance in critical tooling appli-
cations.

The carbon tool steels are available in a carbon content range from
0.50-1.40%. Some grades are straight carbon; others have small addi-
tions of chromium or vanadium. The chromium adds some resistance
to heat and corrosion. The vanadium helps refine grain structure,
resist grain growth during heating, and improve fatigue resistance.
Steels in this group are shallow hardening when water-quenched from
above the critical range.

These steels, when heat treated, have the characteristic krown as
differential hardening—a hard, wear resistant surface or case, and a
softer, shock-resistant core. This combination of properties is espe-
cially valuable on percussion and impact tools such as cold header dies,
coining and re-strike dies, and shear blades.

The carbon tool steels are suitable only for cold work applications,
since they have low red hardness. They are widely used, despite the
disadvantage of their strong tendency to distort during heat-treat.
Their good machinability, good weldability (relative to other tool
steels), and lower initial cost are advantages. Distortion is kept to a
minimum by flame-hardening only along cutting or forming edges to
develop a geood resistance to wear.

The carbon tool steels are often sub-classified merely by temper,
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Fig. 19-3. Building up
with tocl steel alloy
deposited by aorc
welding simplifies
change of die shape
for plastic molding

radio grills,

which indicates carbon content. Although these steels come in tempers
ranging from 5 (0.50% carbon) to 14 (1.40% carbon), the greatest use
is for tempers 9 through 11 (0.90-1.10% carbon). In this latter range,
they are used for trimming dies, blanking dies and press brake forming
tools. At the lower end of the carbon range, they are useful in tools
such as forge dies where toughness and shock-resistance are more
important than abrasion-resistance. At the upper limit of the carbon
range, they are used where hardness, resistance to abrasion, or edge
strength are required; small form cutters and engraving tools for
example.

In the soft or annealed condition, the structure of carbon tool steels
is ferrite and an iron-carbide constituent. During heating, transforma-
tion to austenite begins at about 1335 F. The upper critical tempera-
ture varies according to carbon content. The extent of transformation
depends on the temperature attained and the time the piece is held at
temperature. If cooling from above the critical range is slow enough,
there is a substantial transformation of the austenite to ferrite and
pearlite within the range of 1300-1000 F, and from austenite to ferrite
and bainite below 1000 F. Any untransformed austenite reaching 450
F transforms to martensite.

In tooling applications, the application of water-quenching after
heating to above the critical range cools the surface metal swiftly, with
most of the austenite being untransformed at 450 F. As it cools below
this point, it converts to the martensite essential for good hardness and
wear-resistance. This shell of quickly-formed martensite insulates the
rest of the piece and delays cooling sufficiently for the tough ferrite-
pearlite-bainite structure to form. The lower the carbon content, the
deeper will be the case hardness.

Oil-hardening tool steels (0 group)—are alloyed with 0.90-1.45%
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carbon; usually 1.00-1.609% manganese; with small percentages of
chromium, tungsten or molybdenum in some grades. These steels have
medium-deep hardening characteristics when oil-quenched.

Immersed in oil for quenching after heating to above the critical
range, these steels can be full-hardened although cooled at a slow
enough rate to not develop excessive stresses. Thus, oil-hardening
steels are suitable for die sections and other tools having sharp corners
and abrupt mass and section changes. Expansion and contraction
during heating and cooling induce internal stresses, complicated by
the presence of any stress raisers. Tempering after quenching relieves
such stresses. Since piece size before and after heat-treat is appreci-
ably unchanged, these steels can be finished to size before hardening.

Because of their alloying elements, annealed oil-hardening steels
have a machinability 10 to 35% lower than the water-hardening steels.
Although full hardening is achieved, permitting unlimited regrinds, the
oil-hardening steels do not have shock-resistant cores and are actually
low in impact strength. These steels have low red hardness and are
limited to cold-work applications.

The structure of annealed oil-hardening tool steels is essentially
ferrite, plus carbides. There is virtually no carbon in solution. During
heating, transformation to austenite begins at about 1370 F. With
further heating, more carbon goes into solid solution but grain coarsen-
ing begins to take place. In normal practice, heating to about 1450 F
allows good solution of the carbon without appreciable grain coarsen-
ing. Since high-alloy steels require more time for transformation,
oil-hardening steels need not be quenched as quickly as water-harden-
ing steels through the range of 1350-900 F' in order to trap the austenite
without precipitation of the carbon. Untransformed austenite reaching
500 F during cooling will, at that point, begin to transform to marten-
site.

Assuming that the ideal condition is not achieved, martensite
occupies more room than the other products of transformation or
untransformed austenite, and high internal stresses develop. The as-
quenched martensite must be tempered to relieve the stresses; other-
wise, the locked-up stresses may burst the workpiece. If the piece is
transferred too soon from the quench medium to the tempering furnace,
subsequent cooling will cause retained austenite to transform to un-
tempered martensite. This creates the danger of cracking.

Air-hardening tool steels (A group)—are non-deforming tool steels
for applications where minimum size change is needed. These applica-
tions include gages, blanking and forming punches and dies, forming
rolls, and roll-threading dies. These steels have 1.009% carbon, 1.00-
5.00% chromium, and 1.009% molybdenum. One type has about 3%
manganese, which gives it medium impact strength. The grade with
5% chromium has medium red hardness, permitting its use in plastic
molds.
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Steels of this class will uniformly deep harden with quenching only
in air. They have no tendency to distort during heat-treat. Annealed,
their machinability is 60-65% that of water-hardening tool steels.

The more-difficult-to-work, high-carbon, high-chromium steels have
been separated out of this group. The A steels thus have lower hard-
ening temperature, machine more easily, are tougher, and cost less.
They are not as prone to cracking as the D-group steels.

High-carbon, high-chromium die steels (D group)—are used in the
most critical applications where precision, dimensional stability, out-
standing wear resistance, and long life are required. These uses include
lamination dies and gages. These steels have 1.00-2.25% carbon and
12.00% chromium; most grades have 0.80-1.009% molybdenum; others
have 0.90-1.00% vanadium, and one grade has 4.00%.

Some of these steels full harden in air, others in oil. In general
they harden from higher temperatures (1800-1850F), require longer
soaking at heat, harden more slowly, and do not deform throughout
heat-treat. Thus, they are widely used on pieces of intricate design.
Nevertheless, their martensitic structure is a highly-stressed one.
Consequently, the D steels have low impact strength and are subject
to thermal cracking, especially if stress raisers are present.

The D steels are difficult to machine in the annealed condition,
(40-50% the machinability of water-hardening tool steels) and are
unmachinable when hardened because of the hard carbide crystals
in their structure, Even grinding must be done carefully, since the
steel's abrasion resistance causes high heat generation. This results
in localized expansion and formation of cracks. Localized high heating
of the cutting edge lowers hardness and results in poor life.

As with the high-carbon stainless steels, the high-carbon, high-
chromium die steels are subject to carbide precipitation during heating
such as when welding.

Fig. 19-4. Welding
technique effectively
reclaimed this worn
die for further service.
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High-speed steels (M and T groups)—having high red hardness are
widely used in metal-cutting tools that become hot in service: lathe
tools, drills, taps, reamers, milling cutters, and others. Tools made of
high-speed steel maintain a sharp cutting edge at high rates of metal
removal. Such tools need the delicate balance of high red hardness,
abrasion resistance, and toughness—resistance to shock and vibration
—that are characteristic of M and T steels.

Although these steels are tough in the sense that they stand up
well under cutting forces, they have low impact strength and are notch
sensitive. In these respects, they are low compared with other tool
steels but are far superior to the cemented carbides with which they
compete in cutting tool applications. When an insert of cemented
carbide is used at the cutting edge, the tool shank or boring bar is
frequently made of high-speed steel.

These steels are characterized by a composite structure of hard
wear-resistant carbides held in a tough heat-resistant matrix.

The high-speed steels are deep hardening. There is little or no
distortion during heat-treat. Most grades are oil-quenched, although
some offer the option of air-quenching. The molybdenum-type steels
all have this feature.

Composition of the tungsten-type high-speed steels (T group)
includes 0.70-1.50%¢ carbon, 12.00-18.007 tungsten, 4.00-4.757: chro-
mium, and 1.00-5.00°7 vanadium. Cobalt’s presence in a few grades in
the range of 5.00-8.009% gives a super red hardness, but at the sacrifice
of some toughness. Molybdenum also may be present in relatively
small amounts, 0.75-1.00%.

Composition of the molybdenum-type high-speed steels (M group)
includes 0.80-1.15% carbon, 4.50-8.509% molybdenum, 4.00-4.25%
chromium, and 1.00-5.00% vanadium. Tungsten also is usually present,
up to 6.509%. Cobalt, 5.00-12.00%, is present in some grades and not
at all in others.

The molybdenum-type steels (M group) are lower in cost than the
tungsten grades. However, they are more sensitive to heat treatment
and overheat easily. The non-cobalt M grades are somewhat tougher
than the cobalt-alloyed T steels. Annealed, the M steels have 45-55%%
the machinability of water-hardening steels, whereas the T steels have
only 40-509% machinability.

All tool steels are somewhat susceptible to decarburization—the
loss of carbon from surfaces because of its reaction with elements in
the atmosphere at high temperatures. Grades having significant
amounts of molybdenum, cobalt or silicon are more seriously subject
to this loss of carbon, which results in lower surface hardness and
wear-resistance. Decarburization is largely a function of time, and
usually is significant only when the tool is soaked for long periods at
a high temperature (over 1400 F). On high-speed and shock-resistant
steels, decarburization must be considered by the weldor.
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Hot-work die steels (H group)—have medium to high impact
strength, medium-high to high red hardness, and other properties that
are ideal for hot-work tooling applications. There are three important
sub-groups.

Chromium-type grades have 0.35-0.457% carbon, 5.00-7.00% chro-
mium, 1.50-5.00% molybdenum or 1.50-7.007 tungsten, and sometimes
0.40-1.009%¢ vanadium. Nickel may replace some of the chromium
content. These steels are air-hardening. They are used on high-impact
and other high-stress applications where temperatures do not exceed
600 F, except for short periods of time. Forging dies represent a major
field of application, also mandrels and hot shears. One grade used for
aircraft structural parts resists softening during continuous tempera-
tures up to 1000 F. These steels have good weldability.

Tungsten-type grades have 0.25-0.50% carbon, 9.00-18.00% tung-
sten, and 2.00-4.00% chromium. The chromium content of one grade
is 129%. These steels have high resistance to softening and deformation
at high temperature, although they do not withstand as high impact
forces as the chromium-type grade. They withstand temperatures up
to 1100 F and are extensively used in extrusion and casting dies, shear
blades, and punches. Deep hardening is achieved by either air- or oil-
quenching, although they tend to scale in air. A major disadvantage
of this group is that they are subject to cracking from thermal shock.
The steels cannot be safely water-cooled during service. They are
normally preheated before use at elevated temperature.

Molybdenum-type grades have 0.55-0.65% carbon, 5.00-8.00% moly-
bdenum, 4.009 chromium, up to 6.00% tungsten, and 1.00-2.00% vana-
dium. They cost less than the tungsten-type steels but require greater
control of hardening temperature because of their tendency to de-
carburize. Otherwise they have characteristics and service perform-
ance similar to the tungsten grades.

Some other tool steels have higher impact strength at room tem-
perature, but the hot-work steels surpass these and have superior
toughness at elevated temperatures. Annealed steels in this group
have 60-70% machinability of water-hardening steels.

Shock-resisting tool steels (S group)—have high impact strength
and are used in riveting tools, impact hammers and chisels, rock tools,
and similar applications. They harden to a medium depth when
quenched from above the critical range. Some grades are quenched
in water, most in oil.

S-group steels have 0.50-0.609 carbon plus other alloying ele-
ments, often 0.12-0.25% vanadium. Some of these steels have 0.70-
0.85% manganese, 1.00-2.007% silicon, and 0.25-0.50% molybdenum.
Other grades include over 1% chromium and over 2% tungsten; these
are oil-hardening types.

The shock-resisting steels are subject to considerable distortion
during heat-treat, but this condition usually does not mean much on
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the class of tools to which they are applied. They have low to medium
red hardness. Grades having silicon and molybdenum are especially
subject to decarburization at high temperatures. However, the soft-
ening at the surface that results from loss of carbon is not likely to
be serious on the class of service in which these tools are used. Ma-
chinability of these steels, when annealed, is 80-859; that of water-
hardening tool steels.

Low-alloy tool steels (L group)—with 0.50-1.209; carbon and not
more than 2% additional alloying content, are frequently substituted
for the higher-cost and more-difficult-to-machine tool steels. Some of
these steels for general-purpose application have 1.00-1.50% chromi-
um. Others have up to 1.009% manganese, 0.459% molybdenum, or
0.20% wvanadium.

In addition to these more common groups of tool and die steels,
there are other special application steels. Many mavericks do not fall
under the industry-wide standardization systems, even though they
have excellent performance records.

Graphitic tool steels—are proprietary quality steels, not as uni-
versally available as other tool steel types. They are produced in
various compositions paralleling other tool steels ranging from the
low-alloy steels to the high-carbon high-chromium types. Regardless
of the analysis, they all have considerable free graphite.

Controlled graphite content gives these compositions good machin-
ability in the annealed condition, excellent resistance to abrasive
wear after hardening, excellent resistance to wear by friction together
with anti-galling properties, good resistance to stress cracking, and
better weldability than conventional steels for the comparable service.
The graphitic tool steels include water-hardening, oil-hardening and
air-hardening types.

The segregated graphite in these steels has a low yield point and
serves to relieve internal stresses during the heating and cooling
associated with welding and heat-treating.

A number of the conventional tool steels are available from their
producers in free-machining versions, through the use of graphite,
free sulphur, aluminum or other special additives.

Major Problems in Welding Tool Steel

The metallurgy of tool steels may be summarized by these im-
portant facts: (1) they cover a wide range of analyses and properties;
(2) all have a high-carbon content, good hardenability, and very low
ductility; (3) all require considerable time at high temperature for
the carbides to go into solution; and (4) they are notch-sensitive and,
being susceptible to formation of cracks from various causes, they
fail by brittle fracture after cracks do occur.

In welding the tool steels, problems to be guarded against include
weld cracking, underbead cracking, decarburization, and the intro-
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duction of impurities by atmospheric contamination or otherwise.
These problems demand further study.

Weld cracking—results from too rapid a rate of cooling. Stresses
develop as the weld metal shrinks in relation to the adjacent base
metal. These stresses tend to cause cracks through the weld metal,
usually in the longitudinal direction. On multiple-pass welds, weld
cracks may be limited initially to the root bead but will travel through
the succeeding beads when subjected to service stresses. This has
been discussed at considerable length in Chapter 12 on Welding High-
Carbon Steel.

Cracking is especially pronounced in welding tool and die steels.
Carbon content of the simplest water-hardening grades usually ranges
from 0.90 to 1.109¢ but may run to 1.40%. Carbon content of the other
tool steels range to 2.50'/, in addition to the presence of multiple
carbide-forming alloying elements. Compared to alloy steels, tool
steels have very rigid structures and develop internal stresses when
hardened.

Carbon pick-up in the weld deposit, particularly in the first bead
or layer, can not be avoided because of the base metal’s high carbon
content. This complicates the stresses developing during weld cooling.
The amount of carbon pick-up by the weld metal, when welding a
high-carbon tool steel with a mild steel electrode, may seriously lower
its duectility and increase its crack sensitivity despite preventive
measures.

There are four ways to avoid weld cracking, in addition to those
already mentioned in Chapter 12. These approaches require (1) pre-
heating the base metal, (2) depositing a ductile weld metal, (3) limit-
ing excessive carbon pick-up to the first bead or layer, and (4) im-
mediately stress-relieving the joint.

Underbead cracking—in the base metal may occur whether the tool
steel is annealed or hardened. Consider the worst condition: welding
on cold base metal.

If the cold tool steel is in the annealed condition when welded, it
has a quenching effect on the overheated base metal adjacent to the
weld. As cooling progresses, a transformation to hard martensite along
the fusion line occurs. Base metal in this zone expands and remains
expanded when transformed into martensite, while the massive un-
transformed adjacent base metal shrinks to its original volume. This
produces locked-up tensile and compressive stresses that tend to erack
the brittle crystals of martensite in the narrow hardening zone.

If the cold tool steel is in the hardened condition when welded,
welding anneals the base metal immediately outside the transition
zone. The result is a zone of untempered martensite parallel to the
fusion line. This weakened structure may produce immediate micro-
cracks. In any case this brittle structure will be susceptible to fracture
during service. If the alloy is a complex of multiple carbides, the
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danger of micro-cracks and early fatigue failure is greatly increased.

Micro-cracks, once formed, can be corrected by reheating the metal
to the melting point; however, this is a highly impractical process.

Underbead cracking can be avoided or minimized by (1) preheat-
ing the base metal, (2) limiting heat input during welding to the mini-
mum required to produce sufficient penetration for good fusion, (3)
cooling the entire weldment slowly and uniformly, and (4) immediate-
ly stress-relieving the joint.

Decarburization—or loss of carbon, is a frequent cause of surface
softening or worse. Standard practice when machining tool compo-
nents, especially with tool steels most subject to decarburization, is to
leave a grind allowance. This permits removal of scale and/or de-
carburized surfaces after heat-treating, and also permits dimensional
correction for any minor warpage or size change that may occur. For
these reasons, the opportune time to weld is during initial construction
of a tool before this final over-all grinding is performed.

When edge and surface properties are of vital importance, tools
already finished to size should be heated in a controlled-atmosphere
furnace or oil bath, or protected in some other manner. Coating the
surface with powdered borax is one satisfactory means of protection.
Blanketing the tool in cast iron chips is also effective.

High-speed steels and hot-work steels, especially, should be pro-
tected against decarburization. If the steel is held for any length of
time at a red heat or above, sprinkle exposed surfaces with powdered
borax. When welding, the weld bead and exposed surfaces of the base
metal within the heat-affected zone can be so protected immediately
after the weld is deposited.

The high carbon in tool steels has a tendency to react at high
temperatures with other elements to form gases. The molten steel
easily absorbs these gases, which contribute to porosity and underbead
cracking.

Decarburization and its effects are avoided or minimized by (1)
not overheating the base metal, (2) not soaking it at high temperature
any longer than necessary, (3) using low-hydrogen or inert-gas shield-
ing in welding, or welding in a protective atmosphere, and (4) carry-
ing out hardening and annealing, when required, in a protective
atmosphere and with the tool blanketed by an inert or carbonaceous
material.

Impurities—frequently factors in weld cracking and underbead
cracking, are seldom found in the tool steels as supplied by the mill.
These steels are produced under extremely rigid controls. Incorrect
heat-treatment or other processing during manufacture of the tool
may introduce oxygen, hydrogen or other undesirable elements. Also,
surfaces of tools taken from service for repair or edge renewal may
be contaminated from coolants, greases, or protective coatings on the
work materials processed through the tooling.
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No welding of a tool steel should be attempted unless surfaces are
perfectly clean and dry. In cleaning such surfaces, use care to not
produce any brush or tool marks that will later function as stress
raisers and weaken the structure. Notch sensitivity is especially acute
in the high-hardness tool steels.

In tool and die welding, processes that provide the means for
scavenging any undesirable elements from the weld metal are pre-
ferred. The electrode must not be a source of such elements. Elec-
trodes must be thoroughly dry and preferably have a low-hydrogen
type coating. In addition to hydrogen contamination of the weld, low-
hydrogen electrodes have good deoxidizing and scavenging character-
istics that remove undesirable elements and compounds from the weld
deposit.

Heat Treatment of Tool Steel

The weldor who wants to work successfully with tool and die steels
must adhere to the heat-treat requirements of the specific alloy being
welded. Some generalities can be discussed for rough guidance, but
the steel supplier usually makes specific recommendations available
for each grade. He may not make welding recommendations, but the
weldor who understands heat-treating can interpret the heat-treat rec-
ommendations to help establish a welding procedure.

A weldor who is not working daily with tool steels can do well to
work cooperatively with an experienced tool steel heat-treater. The
heat-treater, familiar with his specialized furnaces, protective atmos-
pheres, and the idiosyncrasies of specific grades of tool steel, can help
the weldor develop the complete procedure and then relieve the
weldor of much of the non-welding activity.

Annealing—of the tool steel is accomplished by heating slowly to
a point slightly above the critical range, holding at that temperature
long enough for heat to penetrate through the entire piece, and then
cooling very slowly. A typical maximum cooling rate for high-speed
steel is 50 F per hour, down to 1000 F (to a point within or below the
tempering range). Further cooling usually occurs at a faster rate, in
still air. The cooling rate must be adjusted to suit tool size; small
pieces can be cooled at faster rates.

Packing to prevent decarburization or scaling is not usually re-
quired when annealing in a protective atmosphere. However, pro-
cedures recommend that high-speed steel be packed in clean charcoal
or other carburizing material mixed with dry ashes, lime or sand.
This is called pack annealing and is accomplished in a controlled tem-
perature, atmospheric furnace. Graphitic tool steels should always
be pack annealed.

We've already learned that the water-hardening steels tend to dis-
tort and change size during heat-treatment. And, because of internal
stresses developed during water quenching, they are easily cracked
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if used on tool components with design features such as sharp corners
and abrupt seetion changes that constitute stress raisers. These
stresses may cause initial breakage during quenching. For this reason,
shallow hardening is often achieved more safely by use of a fine water
spray. Remember that the hardenability of these steels increases in
relation to the carbon content. Where submersion in a bath is re-
quired, because of piece size for example, a saline (salt-saturated)
bath gives less distortion than a straight water bath.

Stress-relieving—releases residual or locked-up internal stresses
set up by machining or by the cooling of weld metal on annealed base
metal. Stress-relieving is done below the critical range, usually at
1100-1300 F, and is sometimes called suberitical annealing. A clean,
open fire can be used, but tools most susceptible to decarburization
and scaling should be packed. Cooling is held to a slow rate. Do not
stress relieve a weld on hardened tool steel at this high temperature
or you will upset the necessary balance of hardness and toughness
achieved by the prior tempering. Follow the same slow heating and
slow cooling cycle used for annealing.

With annealed base metal, the common procedure is to preheat,
weld, stress relieve, finish machine, stress relieve, and grind; then
harden and temper. If the base metal is already finished to size, pre-
heat, weld, stress relieve, and grind weld flush.

Hardening—of the tool steel is accomplished by slowly heating to
a point above the critical range, holding at this heat long enough to
allow complete solution of the carbides, then cooling rapidly. Small
units may be heated more quickly than large ones. The rate of heat-
ing—and of cooling—is inversely proportionate to alloy content. The
higher alloy steels are normally heated very slowly to the upper
critical temperature and then raised quickly to the hardening range,
which may be several hundred degrees higher.

Steels hardening over 1600 F scale badly in an oxidizing atmos-
phere. This also promotes decarburization. Such steels should be
heated in a protective atmosphere while packed in an inert or slightly
carburizing material. Steels hardening under 1600 F do not scale
heavily and thus need less protection against oxidation. Excessive
soaking of the tool steel at a high temperature causes decarburization,
scaling, and grain coarsening.

Quenching—from the hardening temperature can involve rapid
cooling down to somewhere below the upper limit of the tempering
range. This is known as interrupted quenching. High-speed steels,
for example, can be bath-quenched down to 900-1100 F, and then air-
cooled to 150 F before tempering. Some steels are cooled all the way
in the quench-bath to the lowest permissible temperature before
tempering.

Tempering—follows immediately after quenching to relieve the
hardening stresses, to prevent cracking, and to toughen the alloy’s
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hardened structure. In most cases, the tool steel is not allowed to
return to room temperature between quenching and tempering.
Liquid-quenched tools are removed from the bath at 150-200 F and
tempered immediately. Air-quenched tools are cooled to 100-150 F,
depending on alloy content, and then tempered.

Within the recommended tempering range for the specific steel
grade, a higher temper gives greater toughness at some sacrifice of
hardness. Tempering at the low end of the range gives maximum
hardness and wear-resistance but lowers the toughness.

Tempering above the recommended range may result in loss of
toughness without any improvement in hardness. At several hundred
degrees above the tempering range, some steels attain considerable
toughness but sustain considerable loss of hardness.

Good heat treatment always includes tempering after quench-
hardening, but tempering is sometimes omitted when service con-
ditions indicate that little toughness is required. CAUTION: Welding
on hardened but untempered tool steel will probably crack or burst
the piece.

LS * * *

The major points to remember are these:

e Fast heating of the tool steels is hazardous. Sudden localized
heating of hardened tool steel may cause the highly-stressed cold plate
to crack. Even annealed tools may crack under such conditions, and
the lower alloy steels will distort badly if they don’t crack.

¢ Quenching, while needed for hardening a tool steel, implies fast

Fig. 19-5. Drow die for producing bottom cops for steel piling, in portable
horizontal press, wore excessively from obrosive action of the 3/16-in. boiler plate
work material until refoced with semi-austenitic high-corbon chromium weld depaosit.
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cooling. The rate of cooling that is best for one grade of steel may be
much too fast for another. Heat-treaters follow supplier-recommended
cooling rates for each tool steel; the weldor should do the same.

e Remember that a specific grade may vary greatly from other
members of the same group in its behavior at high temperatures.

e The temperatures required in welding the tool steels—preheat-
ing before welding, stress-relieving after welding, hardening the weld-
ment, tempering—are all keyed to the basic heat-treat recommenda-
tions for the specific grade.

e One more fact to remember: Don’t get too many irons in the fire!
If the steel is at that point in its heating or cooling cycle when some-
thing else should be done to or with it, that something else MUST be
done or you'll be in trouble. For example: Letting the steel soak too
long at a high temperature will dangerously weaken its structure.

Preheating Tool Steels for Welding

Preheating of tool steels before welding is necessary for a number
of reasons, primarily these: (1) to minimize the possibility of thermal
shock damaging the steel as the welding arc is applied; (2) to slow up
the cooling and prevent the formation of an excessively hard fusion
zone; (3) to prevent excessive hardness in the weld itself; and (4) to
help equalize the cooling of weld and base metal and thereby minimize
the possibility of shrinkage cracks.

Tool steel to be welded must be preheated whether it is in an
annealed or hardened condition. There should be no exception to this.
The use of low-hydrogen electrodes, a graphitic tool steel, and other
measures may make success less dependent on preheating but do not
make preheating unnecessary. Welding cold tool steel is very likely to
result in the weld falling out as soon as the tool is put to use.

CAUTION: The preheat temperatures for welding must not be
confused with the preheat temperatures normally included in the steel
supplier’s heat-treat recommendations. The latter show the tempera-
tures at which the soft steel should be preheated before subjecting
it to the hardening medium and temperatures.

When preheating hardened tool steels—for welding, be careful not
to exceed the temperature at which the tool was last tempered or
drawn. If this is unknown, preheat into the lower half of the steel
supplier’s recommended tempering range for the specific steel. (On
small parts, do not exceed the low limit. On large parts, do not exceed
the midpoint of the tempering range.) If the specific grade of tool
steel cannot be identified, preheat only to the lower limit of the temper-
ing range typical for the general class of steel.

When preheating annealed tool steels—for welding, preheat to the
upper limit of the steel supplier’s recommended tempering range for
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the specific steel. Higher preheat temperatures (1100 to 1300 F) are
often used, but are seldom necessary and usually require too much
time. In some cases, a high temperature will slow up the cooling of
the weld metal through the critical range to such an extent that ex-

cessive grain coarsening and carbide precipitation will occur in the
heat-affected zone of the base metal.

Tool steels should be heated slowly to the preheat temperature, in
order to ensure full heat penetration and a uniform increase in tem-
perature throughout the piece. As the alloy content increases, the rate
of temperature increase should be slower.

Preheating tool steels is preferably performed in a brine or oil
bath brought to temperature slowly, or in a furnace with variable
temperature control. These methods ensure better distribution of the
applied heat around the piece. Small sections are often heated on a
hot plate over an open fire, but the temperature is more difficult to
control. The hot surface beneath the steel block and the cold air
above create a condition of severe internal stresses.

The entire piece must be preheated. Using an oxyacetylene torch
is hazardous, particularly on the higher alloys. Even on the water-
hardening steels, the non-uniform heat distribution of torch heating
may cause distortion.

The amount of base metal preheat should be maintained as constant

Fig. 19-6. Cone for steel
mill uncoiler is econom-
ically resurfaced with
oir and oil hardening
tool steel weld metal
for longer life than waos
obtained with all tool
steel. Cone is preheated
before hardsurfacing.

@Seismicisolation:


https://telegram.me/seismicisolation

334 METALS AND HOW TO WELD THEM

as possible throughout the welding operation. Metal beyond the weld
zone can be insulated with asbestos to retain the heat. The welding
technique should further limit heat input by low penetration, use of
the smallest diameter electrode that will fill the gap adequately, inter-
mittent welding, and depositing stringer beads instead of weaving.
Every effort must be made to hold temperature in the heat-affected
zone of hardened base metal below the upper limit of its tempering
range. Higher heat input will weaken the base metal structure and
may draw its hardness excessively. Interpass temperature should be
checked and time taken to permit it to drop back to the original level.

If any of the preheat is lost during the welding operation, reheat
the base metal to the original level before continuing welding.

Selection of Electrodes

As discussed in the welding of alloy steels, Chapter 13, it is not
practicable to match the chemical analysis of the base metal with that
of the deposited metal.

In the first place, some tool steel analyses do not make satisfactory
welding rods or electrodes. Some, for example, may have a variable
deposition efficiency that depends on arc length and other welding
variables. It is better to use an electrode with known welding char-
acteristics and deposit anabysis that can be depended upon.

Secondly, the numerous electrodes and welding rods that would be
necessary for the great variety of tool steels used in a typical plant
would result in increased costs and confusion in purchasing, stocking
and use. It is much more satisfactory to have only a few general-pur-
pose electrodes. In addition, some of the alloys would be costly to
produce in electrode form in relatively small quantities.

In either repair welding of broken tools or in the build-up of a
worn cutting edge or forming surface, it is unnecessary and usually
inadvisable to match the base metal exactly. For instance, some
properties of the metal used in a blanking die block are required only
to provide maximum wear life of the cutting edge. The same harden-
ability, fine grain size, and edge strength are not needed in repair of a
fracture across an outside corner of the block. Likewise, a built-up
cutting edge on a worn tool does not need the depth of hardening of
the base metal.

The following electrodes have the greatest range of application
in the welding of tool and die steels:

Low-hydrogen ferrous electrodes—can be used broadly in the re-
pair of broken tools, and in their initial construction. They are espe-
cially applicable to the water-hardening carbon tool steels (W group),
to the low-alloy tool steels (L. group), and with care to lower-alloy
steels of other groups. On the higher-alloy steels, they can be used to
fill a weld after first buttering sides of the bevelled groove with an
austenitic stainless steel.
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Electrode E-11018-G deposits an alloyed filler metal of high tensile
strength as-welded. Electrode E-9018-G has a lower strength but offers
better ductility and impact resistance. Although these electrodes give
desirable welds on hardened tool steels without further heat-treat-
ment, their maximum hardness and tensile strength are developed by
oil and water quenching.

These electrodes give a weld deposit that are practically free of
hydrogen, reducing the possibility of micro-cracks and underbead
cracks. They have excellent deposition characteristics. In using them
to weld tool steels, penetration must be kept to a minimum, to avoid
excessive carbon pick-up from the base metal.

Because of the low-carbon content of the low-hydrogen electrodes,
weld deposits do not have high hardness and should not be used for
wear-resistant purposes. Also they should not be used under high
heat service conditions.

On any weld, before using low-hydrogen, high-tensile electrodes
it is preferable to (1) butter with austenitic 25-20 stainless steel, or
(2) make a root pass with the austenitic, or with a lower-carbon, more
ductile low-hydrogen electrode.

When depositing dissimilar metals in a multiple-layer weld or
pad, it is advisable that the lowest layer have the highest draw tem-
perature. Thus, deposit of additional layers is less likely to affect
properties of the one at the bottom.

Austenitic stainless-steel electrodes—of 257 chromium, 207 nickel
content can be used where a ductile joint is needed: welding many
broken tools, fabricating a tool from two or more tool steel parts,
welding dissimilar metals such as tool steel to mild steel, and in de-
positing the bottom layer for hardsurfacing with tool-steel electrodes.

Fig. 19-7. Draw punch and ring used in production of automotive front door panel
were fabricated quickly by using metal-arc welding. Tools cost much less than would
conventional cast die.
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This type electrode (E-310-15) does not deposit hard metal. If
the fracture crosses a cutting edge or forming surface, finish off the
working surface with an air-hardening electrode or high-speed steel
electrode as required. The high-alloy content of the E-310-15 austen-
itic electrode discourages excessive admixture of base metal.

To weld a broken tool or die, make a bevel groove along the line
of fracture and fill with a stainless-steel electrode. On heavy welds,
or where greater strength is needed, butter the groove surfaces with
the stainless steel, then complete the weld with a low-hydrogen high-
tensile ferrous electrode such as E-11018-G.

Although the austenitic alloys have good ductility, their rate of
shrinkage during cooling will be greater than that of the hardened
tool steel base metal. If the austenitic alloy is a single layer there’s
no danger, but better assurance of success is had on heavier welds by
making additional layers of high-tensile, low-hydrogen electrode (E-
11018-G). A heavy mass of austenitic alloy may exert too much stress
on the base metal and cause underbead cracking along the fusion line.

High-carbon steel electrodes—depositing 0.70% or higher carbon
are used on many strength-weld applications. Their main advantage
is the limited pick-up of carbon from the base metal. However, a dis-
advantage in their use on hardened steel is that the low ductility of
the deposit may develop excessive stresses between the rigid structures
of base metal and weld bead, producing cracks.

Tool-steel electrodes—of composition comparable to each main
group of tool steels are sometimes used for repair welding or initial
construction of tooling. In general, they are premium priced due to
the high cost of fabricating them into rod form. Because of their
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Fig. 19-9. Long-life chromium
corbide hardsurfacing is de-
posited on large die ring worn
from severe obrosion and mod-

erate impact.

composition, some require high welding current or have other unde-
sirable deposition characteristics.

Air-hardening electrodes—of high-carbon, 5% chromium content
for hardsurfacing and build-up of forming and cutting tool edges give
a martensitic deposit when cooled rapidly from above their critical
temperature (1600 F). Alloyed deposits are hard as-welded, but prop-
erties are improved by heat-treat. They are air or oil hardening. These
general-purpose tool-steel electrodes give deposits having excellent
toughness, impact strength, and edge strength. They are used exten-
sively on all kinds of tool applications at temperatures up to about
600 F.

High-speed steel electrodes—for hardsurfacing and build-up of cut-
ting tool edges give a martensitic high-molybdenum deposit. Weld
metal retains full hardness to temperatures above 1000 F. Deposits
are used as-welded, or properties may be improved by heat-treat.

# ® * *

Deposits made by these last two electrode types are non-machinable
as-welded, but can be ground to size. Deposits may be annealed for
machining. Both electrodes give metal with high edge strength.

Other hardsurfacing electrodes—can be used for special-purpose
tooling requiring unusual properties. The most commonly used are the
chromium-carbide types and the austenitic manganese steel types.
See Chapter 18.

Repair of Broken Tools

Tool steels are relatively expensive. Their initial cost per pound
in log, bar or other mill form or as pre-ground flats and rounds, is
higher than that of most other steels. When fabricated into an intri-
cate die, for example, after many precision machine, bench and heat-
treat operations, the total investment in a single component may run
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into the hundreds of dollars. If this component is fractured, the choice
may be to repair-weld or to scrap the part at a considerable loss.

Breakage of tools may be the result of (1) production wrecks or
accidents, (2) fatigue failure occurring after the tool has been in service
for a commendable length of time, or (3) early failure from additive
residual and service stresses. In the latter case, there is often a
fatigue factor involved. If the failure occurs early after the tool has
been placed in service and provided there was no faulty setup or mis-
alignment or excessive vibration in the machine, the fault may have
been incorrect design, use of wrong steel, or improper heat-treat. The
best welding technique used in repair of the component is unlikely to
prevent a repeated failure if incorrect design or the wrong steel caused
the first failure.

We can therefore limit ourselves to considering welding for the
repair of production wrecks, fatigue failures, or early failures due to
improper heat treatment. Fractures resulting from accident may occur
anywhere in the tool. Fracture resulting from fatigue or heat-treat
usually occurs along a stress line or at some other point conducive to
high stress concentration. A ductile weld metal along the line of
fracture may prevent any recurrence of the failure, since fracture
itself relieved the high localized stresses.

It is necessary to determine just what properties are needed at the
point of welding. On many tool components, the steel’s high tensile
strength is not needed at all to withstand high service stresses but is
a byproduct of the method by which the needed wear-resistance and
dimensional stability are attained.

A major problem in repairing tools is frequently that of maintaining
dimensions on the broken tool components. For example, on a pro-
gressive-die plate where center distances of dowel holes and die open-
ings must be held to a fraction of 0.001 in., weld repair may be im-
practical if not impossible. For the greatest possibility of success in a
case like this, weld without annealing the base metal. Depending on
where the fracture lies, brazing may be applicable here. Or, welding
with an austenitic alloy may be the answer.

In welding steels with 1.00°¢ carbon or more, the penetration
needed for a sound weld raises the carbon content of the weld metal
to a point where it no longer is sufficiently ductile to withstand shrink-
age stresses. When welding such steels use a 259 chromium, 209
nickel (25-20 stainless) electrode (E-310-15). If a large weld, butter
with the stainless and complete with a high-tensile low-hydrogen elec-
trode.

There are few exceptions that can be made to the general rule that
welding should not be attempted while the tool is mounted in the pro-
duction machine. For that matter, the broken component should be
disassembled for welding so that it can be uniformly preheated without
disturbing other components of the tool.
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Decision: Anneal or Weld Hard?—When the situation permits, re-
pair-weld tool steel while in the hardened and tempered condition in
order to eliminate the full annealing and complete hardening cycle,
and to avoid possible necessity of costly correction of changed dimen-
sions (not a factor on all tools, such as a boring bar). If the base
metal was previously hardened but not tempered, it cannot be safely
welded and annealing will be necessary.

When repairing tool steel in the annealed condition, remember
that low-melting alloys will not stand hardening temperatures. Also,
the welding electrode used must give a weld deposit that is responsive
tc heat treatment.

When repairing tool steel in the hardened condition, a greater
choice of welding methods and filler metals is permitted.

The basic procedures available are:

1. Anneal, preheat, weld, stress relieve, machine, harden, and

temper.

2. Preheat, weld with austenitic stainless electrode, and temper.

3. Preheat, butter with austenitic stainless electrode, fill with

multiple layer of high-strength electrode metal, and temper.

In either an annealed or hardened condition, tool steel should not
be oxyacetylene welded. The slowness of this process introduces too
much heat to the base metal. This causes distortion, excessive soften-
ing of hardened metal or excessive embrittlement of annealed metal,
and cracking. Nearly all repair of the tool and die steels is by
shielded-arc welding.

Preparing for welding—is relatively simple. If the tool is to be
annealed for welding, clean and dry all surfaces thoroughly, and
anneal. Assemble the pieces together very closely and anchor in
position. Unless the joint can and will be brazed, bevel out the frac-
ture in a single V if the plate is thin. Usually a double V will be
required, depositing weld metal on both sides. Use extra care in
ensuring that the groove is of uniform width for the full length of
the weld. The root gap should not be more than 4, inch.

If the tool has been annealed, the groove can be cut by torch or
by grinding. If hardened, the groove should be cut by grinding or
arc-air gouging. Be especially careful in grinding thin plate. The
usual wheel speeds are 5000-6000 sfpm. Do not apply too much pres-
sure and use a clean, sharpened wheel. Glazing or discoloration of
hardened steel indicates damage to the steel. The presence of vana-
dium in the steel greatly increases the possibility of damage by
grinding. Preheating before grinding or flame cutting will lessen
the possibility of damage.

Be sure that all cracks are eliminated from tha surfaces to be
welded. Be sure that all surfaces of the pieces are perfectly clean
and smooth.

When welding—a combination of good practices is needed. Al-
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ways preheat. Use the smallest diameter electrode that will satis-
factorily fill the gap. On multiple-pass welds, it is best to continue
with a lg-inch electrode unless the plate is very thick. Weld flat, or
better yet weld slightly uphill so that slag rolls back covering the
weld, thereby limiting decarburization and oxidation. Do not strike
arc on tool steel outside of weld zone. Strike the are on a carbon
block or piece of copper lying adjacent to the weld.

Peening each bead will reduce the formation of shrinkage cracks.
Peen only while weld metal is at high heat. Otherwise, weld-crack-
ing may result.

Build up weld metal slightly. Maintain required preheat tempera-
ture between passes. If the groove is long, blanketing the hot weld
with inert insulating material will slow up the cooling rate so that
entire weldment can later be cooled uniformly.

Stress relieving the weld—should be done immediately after the
weld cools. The weld should be cooled slowly to the preheat tempera-
ture, and then the entire structure cooled to about 100-150 F. At
this point, the tool can barely be held in the hand. Temper immedi-
ately to relieve hardening stresses, to prevent cracking, and to in-
crease toughness.

Relieve stresses by tempering at the preheat temperature. If
welding was done on annealed stock, stress relieve at a higher tem-
perature (usually 1100-1300 F), especially if the weld is to be exposed
to any post-weld machining. Always temper in favor of the base
metal except after hardsurfacing.

After stress relieving and the structure has returned to room
temperature, let it sit for awhile to stabilize. Then grind back the
weld flush with the tool steel surface in order to eliminate any stress-
raiser effect. Take the same precautions as when preparing the
groove. Remember that grinding must get under any scale with a
single pass. Check to make certain there are no toe cracks.

Brazing and Braze-Welding

These methods are often used successfully in repair of the hard-
ened high-speed steels (T and M groups), air-hardening steels (H
group), and even high-carbon, high-chromium steels (D group). These
steels are usually tempered in the neighborhood of 1000 F for maxi-
mum wear-resistance. If heated briefly to 1200 F during brazing,
their hardness will not be appreciably reduced.

Low-melting copper-based alloys are used. (Silver-brazing type
alloys are preferred because tool steels containing chromium develop
a film of chromic acid when in hot contact with copper alloys.
Chromic oxide then prevents a good wetting of surfaces to be joined.)
Because braze alloys melt at a low temperature, no further heat
treatment of the tool is possible. Neither can these alloys be used
where service temperatures in the weld area will exceed about 500 F.
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Nor can they be used successfully where high stresses are experienced
at frequencies conducive to fatigue.

On most repair jobs where a brazing alloy can be used, this
procedure may be followed:

1. Fit the pieces of the broken part together and check to make
certain no fragments have been lost from the fractured sur-
faces. Brazing should be used only for closely mated surfaces.
Separate the pieces to be welded.

2. Preheat the broken parts uniformly at lower end of temper-
ing range.

3. Coat the fractured surfaces with a brazing flux.

4. Again, fit the pieces together as snugly as possible and clamp
or wire them together.

5. With the brazing wire held along the fracture, apply heat along
the joint to about 1200 F. An oxyacetylene torch with neutral
flame may be used, but avoid thermal shock from sudden direct
impact of flame on the cold steel. The wire will melt, the braze
alloy being “sucked” into the joint by capillary action. Be
careful not to overheat, especially on the A and D group steels.

6. Allow the brazed tool to cool slowly.

Brazing alloys are available in flat strip, rod or wire forms. In
initial construction, lap and butt joints are frequently made by sand-
wiching the flux and braze alloy cut from strip stock between the
hardened steel parts. A stronger bond, and more ductile joint for
dissimilar tool steels can be obtained by using a commercially pre-
pared bimetal “sandwich.” Production brazing with silver-braze alloys

Fig. 19-10. Low-hydro-
gen electrode is used
effectively in correcting
machining errors in tire
curing mald made from
free machining steel
having high sulphur con-
tent.
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is best done by induction heating, and with straight copper alloys in
an atmosphere controlled furnace.

If the pieces cannot be fitted together snugly, cut a groove along
the fracture and braze-weld the part. Copper alloys yield readily
during cooling and thus contribute little to development of residual
stresses along the joint.

Welding Hot-Work Steels

Because of the thermal service conditions under which hot-work
steels are used, a constant metallurgical structure is usually required
throughout the tool. Most of these tools, such as forging dies, are
large and heavy. Being exposed to high temperatures, such die blocks
must expand and contract uniformly and to do so must have an identi-
cal coefficient of thermal expansion over the entire member.

The intermittent heating and cooling to which many of these tools
are exposed in service, make conventional welding of doubtful value.
If welded, the weld metal should have the same transformation-tem-
perature-time characteristics as the base metal, and the heat-affected
zone should be as thin as possible. Ordinarily, a hot-work tool steel
is most satisfactorily welded by use of a filler metal having the same
composition. The producers of the hot-work tool steel to be welded
may be able to supply an electrode or welding rod that deposits the
same or comparable metal.

Fig. 19-11. CuMing edges
of this angle shear die
were built up with tool steel
deposit, providing long life
without cost of solid tool
steel construction,
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To weld, preheat slowly to above the upper critical point (about
1500 F); continue to preheat but rapidly to the yellow temperature
range (1900-2000 F); weld using filler metal of same composition;
normalize above the lower critical point (at about 1450 F): and cool
slowly in air or under a neutral insulator such as lime. Then harden
and temper.

Shock-resistant tools are handled in the same way, although a
lower-strength low-hydrogen electrode (E-7018) is sometimes used.

Usually fracture of high-speed steel results in fracture at a point
where resistance to shock, vibration, or torsional stress is far more
important than red hardness. However, high heat transfer through
a tool body or other exposure to high red heat may necessitate spe-
cial weld considerations. In this case, preheat as for the hot-work
steels; weld with high-speed electrode; before weld cools below red
heat take it back up for annealing at 1600-1650 F'; cool slowly in
furnace with tool packed in lime or other inert material. Then harden
and temper.

Building Composite Tools and Dies

The high-alloy tool steels are expensive. Substantial savings can
be obtained by composite fabrication of tooling. The tools are made
by using low-cost, machinable metal such as mild steel for the main
body of the tool and building up on this base the cutting or forming
edges of hard tool steel. These edges are laid by hardsurfacing with
weld metal deposited from a standard tool-steel arc-welding elec-
trode. Although such tools are low in cost they often have longer life
than tools made by more conventional methods.

In selecting a base metal for a composite tool, choose the least
expensive and most readily available material that will function ade-
quately. This may be a mild steel. However, some tools require
specific properties in the tool body that are not available in mild
steel. The right material may be a cast iron, a medium-carbon steel,
or a high-tensile low-alloy steel. Composite fabrication enables you
to build a tool with exceptional edge strength and wear-resistance,
together with a base or tool body with the impact strength, machin-
ability, duectility, or whatever else you need.

Blanking dies, trimming dies, forming dies, drop-hammer dies,
shear blades, lathe tools, planer tools, woodworking tools, milling
cutters, and many other types of tools have been made successfully
by these methods.

The two general-purpose electrodes that fit most needs in building
up working edges and surfaces on composite tools are (1) the chro-
mium-type, air and oil hardening tool-steel electrode, and (2) the
molybdenum-type, high-speed steel electrode. The first is used on
all applications except where high red hardness is needed. The
second type is used on cutting tools and other applications where
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full hardness is needed at temperatures as high as 1000 F.

Deposits provided by both electrodes are hard as-welded, although
they may be heat treated. Edges may be ground to sharp corner or
smoothly radiused, in either case retaining the contour under severe
metal-to-metal impact loading. Both electrodes provide metal that
can be finished very smooth, that have a low coefficient of friction,
and that resist micro-welding and galling.

Additional hot strength for a mild steel or low-alloy base metal
can be provided by depositing a layer of 25-20 stainless steel prior
to the tool-steel surfacing. Other hardsurfacing electrodes are avail-
able to provide special properties as needed to tool surfaces (see
Chapter 18).

Tool-steel surfaces should be deposited in multiple layers with
minimum current consistent with adequate fusion. With multiple-
layer deposits, admixture of the base metal is largely limited to the
bottom layer, and the undiluted outer working surface will have
maximum desired properties. At least three layers of the tool steel
should be deposited to achieve this effect.

In determining the size of the weld, allowance should be made for
later redressing or sharpening of the tool. However, excessive thick-
ness of the surfacing material only increases the cost and may also
reduce the impact strength somewhat.

In most cases, the tool-steel surfacing material will be deposited
on annealed or soft base metal. Preheat the base metal to 400-500 F,
and maintain this temperature between passes.

The preheat and interpass temperatures must be high enough to
prevent underbead cracking. However, if the tool-steel surface is
to be used as-welded and will not be further heat-treated, the pre-
heat and interpass temperatures must be low enough for the weld
deposit to be quenched quickly to form martensite. If the interpass
temperature is too high, either pearlite or untempered martensite
will form, neither of which will have good wear-resistance. By keep-
ing down the interpass temperature, the weld metal will transform
to hard, wear-resistant martensite. This metal will be tempered when
the next layer is deposited. The last layer may be tempered by de-
positing an extra layer and then grinding it off, or by postheating
with an oxyacetylene torch.

Composite tools are often furnace tempered at 1025 F to relieve
weld stresses and to ensure more uniform properties than are ob-
tainable by tempering with an extra layer of deposited metal or by
torch heating. Before tempering, the completed weld should be
allowed to cool long enough to give the austenite time to transform
to martensite. Any untransformed austenite will, during tempering,
transform at high temperature to a different type of martensite. This
has lower hardness and wear-resistance than the martensite formed
at the lower temperature during initial rapid cooling of the weld.
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Hardened tool steels to be hardsurfaced can be preheated to a
higher temperature, but never above the temperature at which they
were last tempered. During hardsurfacing, care must be taken to
prevent the heating of more than a local area and then for as short
a time as possible.

Building Up Worn Tools and Dies

Worn edges or surfaces of tools and dies can be easily restored
by using tool-steel electrodes and hardsurfacing techniques as for
making composite tools. Similarly, product engineering changes that
usually demand retooling or at least expensive alteration hard steel
tools can often be accommodated with little time delay and mini-
mum cost.

To restore a cutting or forming edge, first grind back the surface
to provide a shelf of adequate uniform depth (at least %5 inch) be-
low original surface line. The weld deposit must be at least this
thick after it has been ground down. A cutting edge should have
somewhat greater depth, depending on tool size and cutting forces
involved.

Be certain that all surfaces to be faced are clean of scale and
oxide, and that all cracks are removed. Cracks in the ground surface
may be detected by rubbing in kerosene or a light oil, wiping off the
oil, and then brushing on a tale or chalk powder. The oil in any
cracks will ooze out and darken the powder in a few minutes. One
crack-detection process calls for inspection of the surface with ultra-
violet light. The cracks show up as bright lines, for the oil used is
fluorescent. Magnetic-particle inspection also reveals cracks.

Do not expect to melt to the bottom of a crack with the are. All
too often the crack remains and later progresses right up through
deposited weld metal. Cracks should be completely removed by
grinding before any welding is done.

After the built-up surface or cutting edge has been ground back
to size, check carefully to make certain that there are no weld cracks,
nor toe cracks at edge of deposit.

Definitions of New Words

Bainite. An aggregate of needle-like ferrite and carbide particles.
It is tougher than martensite and harder than austenite or pearlite.

Decarburization. The loss of carbon from a ferrous alloy in a
reactive atmosphere at high temperatures.

Differential hardening. (1) The characteristic of certain steels to
develop high surface or case hardness and to retain a tough, soft
core. (2) Any hardening procedure designed to produce only local-
ized or superficial hardness.

Interrupted quenching. Any quenching procedure that cools the
metal part way in one medium or at one rate, and then completes
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the cooling in another medium or at another rate. Term is usually
applied only where the temperature of interruption is in the critical
or immediately sub-critical range, and where the metal is held for a
definite period at the temperature of interruption.

Pack annealing. Any annealing in which the object is surrounded
by inert material to prevent reaction at high temperatures. Usually
this packing is done in a box-like container. Similarly, we have
“pack hardening” and “pack carburizing” in which packing is done
with a carbonaceocus material; at high temperature the surface of
the metal picks up carbon from this surrounding material and devel-
ops a hard case when cooled at a fast rate.

Suberitical annealing. Heating of a metal to a point below the
critical or transformation range, in order to relieve internal stresses.

Temper. (1) The amount of carbon present in a steel: 10 temper
is 1.00% carbon. (2) The degree of hardness left in a steel after
quench-hardening and tempering. (3) The degree of hardness that
an alloy has after heat treatment or cold-working, viz. the alumi-
num alloys.

Review Questions

1. Name the elements that give high-temperature hardness to
high-speed tool steels.

2, What is the primary reason for using a low-carbon, ductile
filler metal when making a repair weld of a tool steel?

3. Two pieces of hardened high-carbon, high-chromium die steel
are heat treated. One is heated quickly to 1700 F and quenched
in oil. What will be the difference in the hardness and in the
micro-structures?

4. Improper grinding by using too much pressure or the wrong
type of wheel may overheat or burn the surface of tool steel.
In what way does this injure the tool?

5. Why should certain tool-steel deposits be cooled to 200 F or
lower after welding or during quenching before the deposit is
heated for tempering?

6. Why should tool steel be preheated for welding, whether the

steel is in an annealed or hardened condition?

. Which die, a simple or an intricate one, can be more suitably

made from water-hardening steel? From air-hardening steel?

What steps can be taken to prevent excessive decarburization

when welding across a wear-resistant surface?

Explain why it is not necessary to match the analysis of the

parent metal when welding a tool or die.

10. Give a typical procedure for welding a tool and die steel to

achieve: (a) High strength in the joint. (b) A wear-resistant
die draw radius. (c) A cutting edge of high red hardness.

© e N
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CHAPTER 20

WELDING THE EXOTIC METALS

Our entry into the space age has necessitated the introduction of
newer metals to be fabricated—metals to meet the demand for light-
weight structures having high strength at high temperatures. Matching
Man’s progress into space, stride for stride, has been the extensive
development of nuclear energy applications in defense and in public
power generation. This has created the need for metals with extremely
high resistance to corrosion and erosion from new powerful chemicals
and from hot liquid metals, and metals capable of high absorption of
gamma rays.

For many years, we had known of metals having these needed
properties. But these were “exotic” metals—laboratory curiosities that
behaved strangely in contrast to other metals better known to engi-
neers and weldors. They were difficult and costly to extract from their
ores, and difficult to work with because of their great affinity for ele-
ments common to the atmosphere and for elements used in most re-
fractory materials. In small percentages the exotic metals have long
been important as alloying elements in ferrous and other metallurgical
products. Now, however, these exotic metals are also available for
commercial application in pure and alloyed form.

Among such metals are titanium. zirconium, tantalum, columbium,
vanadium and molybdenum. These metals possess a combination of
unigque characteristics—high corrosion resistance, high strength at
high temperatures, and good physical properties in general—character-
istics that make them the modern design engineer’s dream-come-true.
The proven and potential value these hold for Man so excite our engi-
neers and challenge their ingenuity that, for many people, these ele-
ments are truly the exotic metals.

Unfortunately, these materials cannot be manufactured or fabri-
cated without difficulties. Stringent precautions must be applied to
avoid embrittlement by absorption of oxygen, nitrogen or hydrogen
at elevated temperatures. Thus, the fabrication of these materials
presents two problem periods: during the initial production of the
metal, and during any subsequent hot working, welding or brazing that
must be performed to produce a finished product. For this reason, all
of these operations must be performed under an inert atmosphere or
vacuum with complete freedom from grease or other foreign materials.
Many of the alloys of these exotic metals work-harden readily during
rolling and comparable mill operations, requiring frequent annealing
under an inert atmosphere.

Working under such conditions naturally increases production costs,
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but these increased costs are often outweighed by the ability of these
inetals to give service and application where more common metals
would not be usable. It must be stressed, however, that economic use
of titanium or any of the newer expensive metals depends on careful
design and fabrication that use fully their special properties while
utilizing a minimum quantity of material consistent with strength re-
quirements. Consequently, most items fabricated from these metals
are relatively light gage and small in size.

Since the prevention of embrittlement is the prime consideration
when fusion welding these metals, conventional oxyacetylene or metal-
arc welding processes are unsuitable. In some instances resistance
welding can be employed, but here again precautions must be ex-
ercised. Generally, techniques involving use of the TIG process have
proved most satisfactory. Most sections of these high-cost metals are
within the preferred thickness range for resistance welding and TIG
welding.

Welding is complicated by the need to protect not only the molten
weld pool but all parts of the component being welded as well. Thus,
it is necessary to create an inert-gas shield that will give a far greater
than normal coverage of the workpiece and of the weld deposit.

Cleanliness is of the utmost importance. Any grease or oxidation
products on the sheet’s surface prior to welding will provide another
source of contamination. Mechanical cleaning methods and normal
degreasing treatments should be carried out, but care must be exercised
in using chemical cleaning agents since some of them may form ex-
plosive compounds with the exotic metal being welded.

Probably the most popular of the newer metals, and one in which
the greatest amount of experience has been gained in fabrication, is
titanium.

Titanium and Its Alloys

Titanium is a silvery-gray metal that weighs about % as much as
steel. Pure titanium is soft and has a low ultimate tensile strength
(45,000 psi). Many references to its use as a structural material actual-
ly apply to its alloys. The more extensively used alloys incorporate
rather high percentages of chromium and iron; chromium and alumi-
num; manganese; or manganese and aluminum. Zirconium and va-
nadium are also used as alloying agents.

The very good corrosion resistance of titanium and its alloys has
broadened its use into the marine field and into chemical processing
equipment. Its primary application, though, remains in aireraft struc-
tural and engine components. Commercially-pure titanium is used ex-
tensively for aluminum anodizing racks and in unfired pressure vessels.

Alloyed titanium has a remarkable high strength-weight ratio, re-
taining its strength and corrosion resistance at sustained temperatures
up to about 800 . When uncontaminated, it has exceptional fatigue
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life. Hardened alloys have an ultimate tensile strength ranging as high
as 200,000 psi, and relatively low ductility. Therefore, welding is
usually done on the annealed metal. Some of the alloys, however, are
not hardenable by heat-treatment.

Titanium has a normal closely-packed hexagonal crystal structure
at room temperature. This alpha phase transforms at 1625 F to the
heta phase—a body-centered cubic structure. Alloying elements in-
fluence the alpha-to-beta transformation. The addition of aluminum
stabilizes the alpha phase and raises the transformation point. In
contrast, chromium, iron, vanadium or zirconium additions slow up
the transformation from beta to alpha during cooling and stabilize the
beta phase at lower temperatures. The result is a grouping of the
titanium alloys according to the crystal structure that exists at room
temperature and throughout their useful range of temperature ap-
plication.

With the rigid observance of good practices, the commercially-pure
titanium and the alpha alloys can be MIG or TIG fusion welded with
joints having properties equivalent to the parent metal. Resistance
spot and seam welding, electron-beam welding in a vacuum, and
brazing have also been used successfully. The mixed alpha-beta alloys
are sensitive to micro changes caused by heating and cooling above
1500 F, and are subject to embrittlement by welding. A few of these

Fig. 20-1. Best known of all exotic metals is titanium. Sheets of a titanium alloy are
here being resistance welded for a space capsule bulkhead.
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alloys have been successfully fusion welded in production under
rigidly controlled conditions. Attempts to weld the low-ductility beta
alloys have been discouraging. All three types have been spot welded
in production, with good tension-shear strength but usually poor cross-
tension strength.

In many respects, the titanium alloys have physical properties,
fabricating and heat-treat characteristics comparable to the high-nickel
alloys such as Inconel. However, the high chemical activity and the
sensitivity of titanium to embrittlement impose limitations and require
special welding procedures. In addition to its high reactivity with the
gaseous elements mentioned (oxygen, hydrogen and nitrogen), titanium
at high temperatures readily absorbs carbon and its compounds which
also have adverse effects. Even a minute amount of one of these
elements may have a drastic influence on properties of the metal.

Hot titanium -+ air, moisture, dirt, grease = contamination.

Although simple, this equation is at the heart of the most basic con-
sideration in welding titanium: the elimination of contamination. And,
it'’s equally applicable when welding any of the other reactive metals.

TIG Welding of Titanium

Considerable effort has been expended to develop satisfactory
techniques for fusion welding titanium. TIG welding has become
generally accepted as the standard process to use.

Joint designs for titanium are about the same as those for other
metals. With the TIG process, butt welds may be made with or without
filler rod, depending on the thickness of the joint and the fit-up. If
fit-up is good, filler rod is not required; if poor, filler metal is added to
obtain full-thickness joints. The filler metal usually is of the same
chemical analysis as the parent metal.

When welding material up to 0.062-in. thick, good welds can be
made with no filler metal using a square-butt joint with tight fit-up.
If a thicker material is welded (up to about 0.125 in.), square-butt
joints with clearance of 2 to 1 times the base metal thickness are
recommended, Filler rod should be used.

When a single-V butt joint is used on thickness above 0.125 in.,
the first pass should be made without filler, and the fusion zone should
be kept to about 12 the plate thickness. The second pass is then made
with filler in the conventional way.

Because of molten titanium’s extreme chemical reactivity, thorough
cleaning and drying of joints and filler material before welding is
very important.

For scale-free material, a simple degreasing operation is sufficient
to remove dirt and oil, followed by light wire-brushing. For materials
with large amounts of light oxide scale, acid pickling treatments are
generally used.

The most effective and practical titanium cleaning method is a
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good, thorough wire-brushing. A clean, stainless-steel brush is pre-
ferred. A new, clean steel brush is adequate if surfaces are wiped
free of any brush-deposited rust. Sandblasting is recommended for
any heavy or difficult-to-remove scale.

Since hot titanium has the usual property of dissolving even its own
oxide, all cleaning should be done just prior to welding, covering a sur-
face distance from the weld joint of about 10 times the base metal
thickness. Surface should be antiseptically clean; even a finger-print
smudge may cause some weld embrittlement.

Whenever the hot metal (above 800 F) comes in contact with air,
contamination occurs. When welding, therefore, inert-gas shielding is
most essential and must be adequate in all directions. In some cases,
an auxiliary trailing shield will be sufficient to keep the weld zone
blanketed with inert gas until it has cooled below 800 F. Back-up bars
should be provided to protect the underside of the weld.

Starting and stopping the arc should be done with the aid of an
amperage-varying control unit. This will avoid burn-through, since
lower amperage can be used when starting and stopping, and will
also allow the torch to be held in place until the weld has cooled. If a
variable-amperage control unit is not available, starting and finish-
ing tabs should be used to take up the burning and contamination.

Good ductility and the color of the weld are both functions of prop-
er shielding. Therefore, weld quality may be estimated by its color,
but only if the colors are very distinguishable.

For example, if the surface of the weld is a metallic silver color,
shielding was excellent, and the weld has good ductility. A light straw
color ranging to a light blue color indicates the weld was not protected
at low temperature, but ductility is probably good.

On the other hand, if the weld color ranges from dark straw to
dark blue, the weld was not adequately shielded and poor duectility is
the result. Should the weld be dark blue, gray or yellowish, or if

q
> H
Fig. 20-2. Welding

chamber that can be =
purged of air and filled

with inert gos, is typical

of those used for join- Lo e AT
= e S CXO)(O)
ing tantalum, and other g = 23 \b‘\ D . Ir ']
highly reactive metals. = ;
[ = 1] ‘
e p——

~@Seismicisolation: -


https://telegram.me/seismicisolation

352 METALS AND HOW TO WELD THEM

deposits have little or no lustre, the shielding was extremely poor and
the welds are very brittle.

The keynote to successful titanium welding is adequate gas shield-
ing.

Similar precautions must be observed in connection with any heat-
treatment of titanium and its alloys. Welds on commercially-pure
titanium may be stress-relieved at 1000 F, and air cooled. Welds on the
alpha alloys require 2 hours at 1000-1200 F for full stress-relief.

Welding Tantalum

Tantalum has many electrical applications and is used in chemical
equipment for its high resistance to acids and in anatomical com-
ponents for its corrosion resistance and non-irritation of living tissues.

Strong, ductile welds can be made on tantalum by using the TIG
welding process and taking into consideration this metal’'s melting
point and great reactivity at high temperatures. Electron-beam
welding and copper brazing in a vacuum, and resistance seam and
spot welding are also employed.

Tantalum has an extremely high melting point of 5,425 F, as com-
pared to approximately 2,700 F for most steels. Also, at elevated
temperatures (570 F and higher) tantalum combines with oxygen,
nitrogen and hydrogen; in fact, it combines with all but the inert gases.
When welding tantalum, all undesired gases must be kept away from
the weld area.

Other points must also be kept in mind: the thermal conductivity
of tantalum is somewhat lower than that of steel; the thermal coefficient
of expansion is about half that of steel. Aside from these points, the
physical properties of tantalum and mild steel are similar.

Because of its relatively low work-hardening rate, it is not usually
necessary to anneal tantalum before welding. However, if tantalum
kas been deliberately hardened by cold working, its ductility will be
extremely low compared with the normally excellent ductility of this
metal.

WELD

Fig. 20-3. Fixtures for longitudi-
nal TIG welds on tantalum fea-
ture porous metal back-up plate,
or copper back-up plate grooved
and drilled for flow of inert gas
to protect underside of joint from
reactance with otmospheric ele-
ments.
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TRAL CUP
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Fig. 20-4. Fixture for making -
circular butt-welds on tantalum. 2 ’
Inert gos back-up and trailing
cup cover the entire heated area
with inert gas until it has cooled. %
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Thorough cleaning of the metal is required. Tantalum is shipped
cleaned and ready to use. If, during unpacking or prior in-plant opera-
tions the material picks up dirt and oil, cleaning by degreasing will be
satisfactory before welding.

After cleaning, the tantalum must be wiped dry or dried in a warm
air draft. Immediately prior to welding, a final cleaning with a cloth
saturated with alcohol is recommended to remove surface dust and
finger marks in the weld area.

It is necessary that the weld and heat-affected zone be flooded with
an inert gas to exclude all gaseous contaminants that could reduce
the ductility of the weldment. Helium, argon or a mixture of the two
can create an atmosphere to which tantalum is inert at all temperatures.
And, when the purity of the gas is maintained at a high level, the weld
and heat-affected zones exhibit ductility similar to the parent metal.

Where a perfectly ductile weld zone is required, a welding chamber
that can be purged of air and filled with inert gas is desirable. Es-
sentially, a welding chamber (Fig. 20-2) provides a perfectly sealed
enclosure which allows a wide visual range; arm holes or a remote
control device to manipulate the weldment; a vacuum system to
evacuate the air where purging is not considered satisfactory; a pure
inert gas supply; a welding system including power supply, torch and
ground cable.

Provisions in the fixture design must allow clearance for inert gas
flow around all heated surfaces. If back-up plates are used, they must
have deep, wide grooves open to the inert-gas atmosphere.

To weld a sealed assembly, provisions must be made to either as-
semble after purging or add weep holes for gas circulation during
welding.

In many cases, the use of a welding chamber is impractical because
of the weldment’'s size or shape. In such cases, the heated surfaces
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Fig. 20-5. Fillet welding fixture
performs the triple functions of
holding alignment, chilling, and
inert gas back-up of heated
area.

can be protected by proper gas-backed fixturing (Figs. 20-3, 4 and 5).
This usually serves three purposes:

1. To hold the work in proper alignment.

2. To chill the work in order to limit the heat-affected area.

3. To act as a seal to exclude the outside air and to conduct the

inert gas to the heated areas.

The welding power source most desirable for TIG welding tantalum
is a DC welder capable of maintaining an arc at 10 to 300 amp.

Accessory equipment should include a remote control foot switch
with a contactor relay switch to extinguish the arc at the conclusion
of a weld pass. Solenoid control of torch, trail and back-up gas with
purge and post-weld gas flow timing intervals is a desirable feature
to ensure controllable gas coverage without gas waste. High-frequency
arc starting is mandatory to avoid tungsten pick-up in the fusion zone.

A motor generator set with the necessary accessories will be ade-
quate for most welding operations.

The welding torch nozzle size should be as large as is feasible to
provide maximum inert gas coverage over the molten puddle with low
gas velocity. The electrode size depends on the welding current.
Thoriated tungsten electrodes are recommended because of their ex-
cellent arc initiation and are stability characteristices.

The choice of helium or argon for welding tantalum is dependent
on many factors. The most important consideration is their individual
arc characteristics. Normal TIG welding voltages are from 10 to 12
volts DC straight polarity in an argon atmosphere and 16 to 20 volts in
helium. These values are for similar arc lengths.

Where back-up cups or large diameter expanding fixtures are used,
the low density of helium relative to air is a desirable factor. The
Lghter helium forces the air down and away from the back side of the
weld joint. Conversely, argon is more desirable on the top surface
because of its greater density relative to air.
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Welding Columbium

Columbium is used primarily for its resistance to corrosion by most
water-based liquids and by various liquid metals. Alloyed with 1%
zirconium, it is used in nuclear equipment.

Most of the statements referring to the welding of tantalum, apply
equally well to the welding of columbium (also known as niobium).
The principal difference between the two metals is that the melting
point of columbium (4,379 F) is somewhat lower than that of tan-
talum. It oxidizes rapidly above 750 F, and absorbs hydrogen within
the range of 500 to 1750 F; both with adverse effect on the metal’s
ductility at room temperature.

Welding Zirconium

Alloys of zirconium are employed in nuclear applications, in chemi-
cal equipment, and in anatomical components for surgical purposes.

Zirconium and the zirconium alloys (Zircaloy-2 and Zircaloy-3)
possess excellent weldability; but, like titanium, they readily absorb
and alloy with oxygen, nitrogen and hydrogen when heated to high
temperatures.

To combat the detrimental effects these elements have on me-
chanical and corrosion properties, arc welding must be conducted in a
high-purity inert atmosphere. When welding is exceptionally critical,
a dry-box should be used.

The dry-box is a chamber in which the work, torch, fixtures and

Fig. 20-6. Columbium is another of the highly reactive metals thot can be welded
safely. Here TIG welding of tubing protects hot weld and base metal from atmosphere.
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power leads can be installed, and which can be evacuated to about 0.1
to 5 microns and then refilled with helium or argon at atmospheric
pressure.

When zirconium and Zircaloy were first welded for nuclear reactor
applications, the chambers were evacuated to 0.03 microns for at least
12 hours, then back-filled with helium. With the purity of today’s
zirconium, however, any slight contamination that may occur through
relaxed standards for dry-box welding can be accommodated.

The dry-box atmosphere can be further purified of residual air
(due to insufficient pump-down or leakage during refilling) by holding
an arc on scrap zirconium for several minutes. The operation is then
halted when discoloration-free weld beads are obtained.

Welding zirconium outside a dry-box will satisfy many nuclear
applications, and almost all non-nuclear applications, if Grade A helium
or argon of guaranteed high purity is employed.

Precautions, however, must be taken when designing the shielding
equipment to be used when inert-gas arc welding. Proper shielding
will exclude all trace of air from the weld metal and heat-affected zone
until the metal has cooled to below 700 F. Rapid cooling can be pro-
moted by using copper back-up plates and hold-down clamps.

Inert-gas shielding of the weld bead’s underside, plus a trailing
shield, are absolutely essential if zirconium is to be welded outside a
dry-box. The trailing shields must be designed to meet the weldment’s
contours.

Shielding lines should be designed and assembled to permit uniform
movement of inert gas. A dead-end pocket in the shielding gas flow
line, such as a Y or T fitting, cannot be purged of all air, which will
then continue to bleed into the shielding gas during welding. Indica-
tions of air or moisture in the shielding lines can often be recognized
by discoloration of the electrode’s end. In TIG or MIG welding, the
electrode tip should be shiny-bright after welding has been completed.

Shielding lines should be grease- and oil-free, and preferably made
of a metal such as annealed copper, or of a high-grade plastic such as
Teflon or Tygon.

Prior to welding, the shielding lines, nozzles and back-up plates
should be thoroughly purged, using about 10 times the volume of the
shielding passage. After completion of the weld, the shielding gas
should continue to protect the weld and heat-affected zone until it has
cooled to below 700 F.

When using the MIG welding process, the welding wire should be
hard-drawn and coiled to have a “cast” (diameter of an unimpeded
coil) of about 20 in. or less to ensure good electrical contact at the
guide tube. The wire should be shiny-bright, and the MIG torch should
have provisions for gas purging at the point of wire entry to prevent
drag of air into the torch with the wire.

Annealing should be avoided unless the weld has been cold-worked.
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It may cause additional grain growth, if time or temperature is high
enough, thus further reducing weld ductility. Short time heating be-
low transformation temperature will not change weld structure or
heat-affected zone, but will relieve stresses already caused by welding.

The corrosion resistance of the weld metal and heat-affected zone
is comparable to wrought material, providing the weld is free from
contamination. Frequently, the surface of the heat-affected zone will
show poorer corrosion resistance than the fused weld metal. This is
due to the concentration of any contaminants in the shielding gas at
the surface of the heat-affected zone, whereas in the weld they are
distributed throughout.

Welding Molybdenum

Molybdenum-based alloys and arc-cast molybdenum are best for
welding. The most common of the alloys has 0.5% titanium. The alloys
have more high-temperature strength than unalloyed metal, and above
1700 F are stronger than any metal previously used.

With a melting point of 4,730 F, molybdenum alloy is ideal for use
in gas turbines, ramjets and rockets. In sheet form it can supply plate
elements for vacuum tubes; in wire form, it is a heating element in
electric resistance furnaces.

The three arc-welding methods—TIG, MIG and atomic-hydrogen—

Fig. 20-7. TIG welding
of Zircaloy-2 extruded
tubes is being performed
here in 40-ft. dry-box.
Operafor views process
through perthole of inert-
gas welding chamber,
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are most effective on relatively heavy parts and sheets more than 4,
in. thick. They have also been used on thinner sheets.

Manual arc-welding is possible, but it is not so reliable as automatic
welding. Whether MIG or TIG is chosen, oxygen and nitrogen must
be carefully controlled since they have a negative effect on ductility.
Only purified argon and helium, therefore, can be used. Carbon diox-
ide cannot be used. Molybdenum alloys also can be brazed or electron-
beam welded in a vacuum, or resistance welded.

Oxygen should not exceed 0.005% in the atmosphere, and nitrogen
must be held well below 0.1 for maximum ductility. In conventional
or careless heat-treatment, the surface may be contaminated by oxygen
to a depth of several thousandths of an inch. This surface metal does
not recrystallize when reheated and causes unpredictable behavior
during forming or later in service. Before welding or heat-treat, sur-
faces must be absolutely clean. This includes the necessity for removal
of surface oxidation.

Preheat for welding is optional; however, when welding complex
assemblies, a preheat of 400 F has been found efficient.

Corner and edge welds are more easily made than butt welds, which
in turn are less difficult than fillet welds.

Stress-relief is recommended in all cases, but timing and tempera-
ture should not be such as to allow metal recrystallization unless con-
siderable forming is to be done. Molybdenum work-hardens in such
a way as to cause properties to vary greatly in different directions;
therefore, weld beads should not be peened.

Vanadium

Vanadium, used in nuclear and high-temperature applications,
readily absorbs oxygen, nitrogen, carbon and their compounds with
unfavorable results. Ductility of this metal is fairly good in the an-
nealed condition, but very low when work-hardened. Therefore, any
welding should be done with the metal annealed.

Welding recommendations developed for zirconium apply, in gen-
eral, to vanadium.

Review Questions

1. Why are the exotic metals so difficult to fabricate?

2. What welding process is preferred for most assembly operations
on the exotic metals?

3. What is the major extra precaution to be taken in shielding with
inert gas?

4. Does the addition of chromium as an alloying element tend to
raise or to lower the transformation point of titanium?

5. When making a single-V joint in titanium of 0.1875-in. thickness,
how should the first pass be made?
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CHAPTER 21

GOOD WELDS AND HOW TO MAKE THEM

The importance of welding was emphasized in the first chapter of
this book. Now that the major metallurgical considerations in welding
have been discussed, the reasons of why welds are preferred in joining
metals will be better understood.

Welding is the only commercial method which can be used for join-
ing metals that is capable of giving full strength to the joint. Welds
having yield strength and ultimate tensile strength equal to or greater
than the parent metal, are usual rather than the exception. Filler
metals in welding rods and electrodes are carefully engineered, their
chemical composition is rigidly controlled, and their melting and depo-
sition by electric arc assures higher quality than is normally available
in the parent metal (Fig. 21-1).

Tensile strength and toughness are the two most important proper-
ties in evaluating how well a joint will perform.

As deposited, the weld metal should have higher yield strength than
the parent metal. Thus, any accidental overload of the structure or
assembly will produce yield in the parent metal rather than in the
weld. Since the parent metal has much greater mass than the weld,
failure is less likely to occur.

The higher tensile strength of the weld metal has no adverse effect
on the pieces joined by it. Below the yield point, the welded members
act as a continuous beam. Table 21-1 compares typical properties of
mild steel weld metal (E-60xx electrode) with those of two common
structural materials—one a mild steel, the other a low-alloy high-
strength steel.

The relative ductility of materials, as measured by standard elonga-
tion tests, is not ordinarily of any great significance. No more than

Fig. 21-1. The superi-
or quality of weld met-
al relative to the par-
ent metal is indicated
by this etched section
of a plug weld in mild
steel plate. The more
uniform homogeneous
structure of the weld
metal is apparent.
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Table 21-1. Comparative Properties of Weld Metal

ASTM-ASME PLATE METAL WELD METAL

PROPERTIES T Pop— DEPOSITED WITH
(Mild Steel) | (Low Alloy) |E-60XX ELECTRODE

Ult. Tensile Strength, psi 60-72,000 65-75,000 62-90,000
Yield Point, psi 33,000 50-65,000 52-86,000
Elengation, % in 2 in. 28 20-22 17-25

a few percent elongation is made use of during the usual service of a
weldment. No appreciable elongation can occur until the yield point
of the material has been reached. Since the structure is designed with
a large safety factor, the stress is not at all likely to reach the yield
point. Thus, comparisons are of little value. If the weld metal has a
higher yield point than the parent metal, the possibility of its full
ductility ever being needed is very slim.

When materials of very high strength but little ductility are joined
in a structure, it is often desirable to weld with an electrode that will
furnish weld metal of good ductility so as to minimize shrinkage
stresses. But most welding is not in this category.

For lack of a better yardstick, ductility (elongation) is often asked
for when toughness is the property actually desired. Toughness is not
easily defined, but it is the ability to absorb energy, not only the
ability to deform. This toughness is partially the result of ductility,
and also is related to tensile strength.

The usual values for tensile strength and elongation are obtained
from tests made at room temperature under a slow pulling load. Two
metals that test the same for tensile strength and elongation may vary
appreciably as the velocity of the applied load increases.

Standard impact tests provide values that represent the metal's
toughness under impaet but more truthfully reflect the metal’s notch
sensitivity. The values change radically under different types of im-
pact, and as the size and shape of notches change.

Most failures from shock loading are related to metal fatigue, or
occur at low operating temperature. Toughness evaluated at room
temperature may be lost at a lower temperature. The important factor
in early shock-load failures is the transition temperature of the metal—
that point below which the metal fails under shock loads by brittle
fracture with little or no apparent absorption of energy.

Properly designed weldments normally will not fail from shock
loads, provided the transition temperature of parent metal and weld is
lower than the temperature at which the weldment will operate. Where
weldments are to be used outdoors or otherwise exposed to low
temperatures, electrodes having low transition temperatures are de-
sirable,
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Electrode types in order of desirable transition temperatures are
as follows: low-hydrogen types E-xx16 or E-xx18 (lowest transition
temperature) ; E-xx24 and E-xx27; E-xx10 and E-xx11; E-xx13; and
E-xx12 (gradually increasing to highest transition temperature).

In many cases, the fact that mild steel welds made by metal-arc
welding are usually stronger than the base metal is overlooked. The
tendency is to seek insurance against weld failures by building up
the weld thickness. Where codes exist that cover weld specifications,
these provide a safety margin. The designer calculates the required
weld size and then adds a bit for good measure. The weld shop foreman
looks at the print and decides he'd better increase the specified size to
be safe. The job then goes to the weldor who, not knowing the chain of
additions, makes the prescribed weld on the heavy side.

In the case of a fillet weld, the ¥4 inch weld that becomes 3§ inch
takes twice as much filler metal!—unnecessarily. And, the overwelding
may cause distortion and high locked-in stresses that actually reduce
the effective yield strength.

Butt welds, too, are often overwelded. Figure 21-2 shows a set of
welded tensile specimens, not one of which was welded all the way
into the root. Two of these welds were reinforced by build-up, and
the others tested after being ground flush with the surface. Each of
these test bars failed through the parent metal and not through the

Fig. 21-2. All four butt-welded tensile bars failed in the parent metal even though
weld penetration was incomplete in each cose. Root opening in specimen at left
is over 30% of effective throat; yet the weld held.
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weld or the heat-affected zone. 100% penetration should not be speci-
fied unless loading demands it.

Welds are stronger than most people realize. Even porosity, under-
cuts, slag inclusions, and other “defects” have far less influence than is
commonly acknowledged. Of course, some jobs must have more rigid
control of these defects than others. A rotating shaft, for instance,
when ground after welding will have its fatigue strength much reduced
by the presence of even minute pores in the weld deposit. Titanium
used in a highly stressed wing structure must not be porous.

The weldor can'’t be expected to investigate all the conditions under
which the weldment must give service. A good weld, then, is one which
meets the job specifications when they exist. Such specifications usual-
ly govern production welding and field construction, and often do not
exist in repair welding.

Every Weld a Good Weld

Every weld should be a good weld. Occasionally something goes
wrong. The most frequent cause of a poor weld is carelessness on the
part of the weldor, generally involving a poor welding technique.
“Any job worth doing is worth doing well.” This saying is particularly
applicable in welding.

Doing a job well does not mean overwelding. It means doing the
job properly, depositing sufficient weld metal to meet the structural
requirement of the job but not so much as to make it too costly. Care
and pride in the work being done would help eliminate some of the
defective welds produced.

The weldor should remember that properly made welds will result
in products that are stronger, lighter in weight, more pleasing in ap-
pearance and generally at less cost. His continued success depends on
his making good welds. If careless habits or the lack of knowledge
causes him to make poor welds, these faults must be corrected.

The best means of overcoming such difficulties is to determine what
causes the defect and how it may be corrected. That is how good
welds may be made consistently.

Problem: Appearance of Weld

Probably the most common of welding defects is poor weld appear-
ance. While this is not a defect which is detrimental from a structural
standpoint, it most certainly detracts from the finished appearance of
the weldment.

Cause—1. Failure to clean finished weld deposit. 2. Improper joint
preparation. 3. Poor welding technique. 4. Failure to set current prop-
erly or improper electrode manipulation. 5. Use of the electrode in
a different position than that for which it was designed.

Cure—1. Be sure to remove all slag, flux and spatter from weld
bead and the adjacent base metal. 2. Use proper joint preparation:
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get best fit possible. 3. Use the proper technique for the electrode
selected. If the electrode is deposited with a weave, keep the motion
uniform. Travel along the joint at a constant rate. 4. Do not use ex-
cessive welding currents. 5. Select an electrode designed for the
position to be welded. If such an electrode is not available, position
the work to meet the requirements of the electrode. Electrodes with a
stable, soft quiet arc deposit beads of good appearance. Coated elec-
trodes with this arc characteristic usually have powdered iron in their
coating.

Problem: Weld Spatter

Weld spatter is an appearance defect of no consequence to the struc-
tural function of the weld. Excessive spatter is not necessary, however,
and its appearance on a weldment is not pleasing.

Cause—1. Too high a welding current. 2. Wrong electrode. 3.
Wrong polarity. 4. Too large an electrode.

Cure—1. Select the proper current setting for the diameter elec-
trode and plate thickness. 2. Be sure that the electrode does not have
an inherent spatter producing characteristic. Powdered-iron-coated
designs of particular electrode types produce much less weld spatter.
3. Make certain the polarity is correct for the electrode. 4. Use an
electrode of the proper diameter for the plate thickness.

Proeblem: Undercut

Undercut generally is more of an appearance defect than a struc-
tural detriment (Fig. 21-3). However, under some service conditions,
an undercut may act as a stress raiser and be the start of a fatigue
crack. Unfortunately, however, some inspection agencies are against
undercut of any type and demand that it be chipped out and the joint
rewelded. For these reasons undercut should be avoided.

Cause—1. Welding current too high. 2. Electrode diameter too
large. 3. Improper electrode manipulation. 4. Use of the welding elec-
trode in a position other than that for which it was designed.

Cure—1. Use a moderate welding current and do not try to weld
too rapidly. 2. Use a smaller diameter electrode. 3. Don’t let the
molten weld puddle get too large. A uniform weave of the electrode
will tend to prevent undercutting when making butt welds. Excessive
weaving will cause undercut and should be avoided. Undercut on the
vertical plate when making a horizontal fillet weld is caused by the
electrode being held too near the vertical plate. 4. Select an electrode
suitable for the position required for a specific job.

Problem: Incomplete Penetration

While most of the defects discussed thus far are appearance defects,
incomplete penetration may result in structural failure from one of
two causes. First of all, with incomplete penetration there may not be
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sufficient weld metal to withstand the stresses developed in the joint.
Secondly, incomplete penetration may result in a cracking of the weld.
The fact that strength can still be maintained even though penetration
is incomplete, is demonstrated by Fig. 21-2.

Cause—1. The welding speed is too fast. 2. Improper joint prep-
aration. 3. Insufficient welding current. 4. The electrode used is too
large.

Cure—1. Do not weld too rapidly. If the speed of travel is too fast,
insufficient weld metal is deposited. 2. Be sure to allow sufficient gap
at the bottom of the weld. Use a back-up bar if possible. Chip or cut
cut the back of the joint, then deposit a back-up bead. Never expect
excessive penetration from an electrode. If the plates are over 3 in.
thick, play safe and bevel them. 3. Be sure to use sufficient welding
current to attain proper penetration. If necessary, switch to an elec-
trode type having deeper penetration characteristics. 4. When welding
in narrow grooves, use small diameter electrodes,

Problem: Poor Fusion

Poor fusion is sometimes associated with incomplete penetration and
likely it is a structural fault. Often, poor fusion cannot be detected
without a radiographic examination of the weld. This difficulty is
serious since it may be present in a weld that outwardly appears to be
strong and perfect.

Cause—1. Improper current setting. 2. Improper welding technique.
3. Failure to prepare joint properly. 4. Wrong size welding electrode.

Fig. 21-3. Fillet weld undercuts, up to 15% of plate cross-section in depth, did not
cause tensile failure through the weld. Weld undercuts are serious only under
extreme fotigue conditions.
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Cure—1. Remember heavier plates require more current for a given
electrode than small plates. Be sure to use sufficiently high welding
current to insure correct deposition of weld metal with a good pene-
tration of the base metal. 2. In connection with welding technique, be
sure the weave is wide enough to thoroughly melt the sides of the joint.
3. In preparing the joint, be sure the face of the groove is clean and free
of foreign material. 4. Use an electrode sufficiently small to reach
the bottom of the groove in making the weld.

Problem: Distortion

When welding on precise work, one of the greatest difficulties con-
fronting the weldor is that of avoiding distortion of the work. In some
instances, a distorted weldment is of no value. In others, it means that
considerable work must be done to return it to the desired shape. Such
problems may be avoided by proper designing and the exercising of
due care during welding.

Cause—1. Improper welding sequence. 2. Insufficient control of
the welding heat. 3. Shrinkage of deposited weld metal, pulling parts
together and changing their relative positions. 4. Failure to maintain
proper dimensions by welding parts in a distorted position.

Cure—1. Before attempting to weld a new and difficult weldment,
study the structure and develop a definite welding sequence. 2. Exer-
cise care in distributing the welding heat by skip sequence, back step-
ping, etc., to prevent excessive local heating. Preheat is sometimes de-
sirable to avoid an excess heat condition, particularly on heavy struc-
tures, 3. The effects of weld metal shrinkage can be minimized by pre-
forming the parts sufficiently to compensate for weld shrinkage. Clamp-
ing or tack welding the parts will also help resist shrinkage. The higher
welding currents and speed available with submerged-arc and vapor-
shielded arc welding result in minimum weld shrinkage and distortion.
4. Be sure the various parts of the weldment are properly aligned prior
to starting welding. Preheating may be helpful prior to welding since
it will tend to relieve stresses brought about by rolling or forming.

Problem: Warping

While heavy plates may tend toward distortion, thin plates are very
easily warped during a welding application. When working with thin
gage material, care must be exercised to avoid warping it. This defect
may not structurally weaken the part, but the finished weldment will
certainly be less pleasing to the eye. Additionally, the warped weld-
ment may not function properly when put to use. Warping, in some
instances, may be removed by flame heating applications. It is best,
however, to follow a welding program that will hold warping to a
minimum.

Cause—1. Improper preparation of the joints to be welded. 2. The
wrong welding procedure. 3. Failure to clamp parts properly. 4. Ex-

~@Seismicisolation: -


https://telegram.me/seismicisolation

366 METALS AND HOW TO WELD THEM

cessive local heating in the area of a weld. 5. Shrinkage of deposited
weld metal.

Cure—1. Be careful of the fit-up when it comes to joint prepara-
tion. Do not have excessive space between the parts to be welded.
Where there is likely to be shrinkage despite all normal precautions,
hammer the joint edges thinner than the rest of the sheet before weld-
ing. This will elongate the edges so that weld shrinkage will cause
them to pull back to their original shape. 2. To avoid shrinkage use a
back step or skip sequence welding procedure. 3. Clamping the parts
adjacent to the joint will tend to eliminate shrinkage. If possible use a
back-up bar to increase the speed of cooling the weld. 4. In welding
thin-gage material, weld as rapidly as possible to prevent excessive
local heating in the vicinity of the weld. 5. To avoid shrinkage of the
weld metal, use a high speed welding electrode with moderate pene-
trating characteristics.

Problem: Cracks

Cracks in a weld usually indicate weld failure or at least the start
of a condition that may lead to weld failure if it is not corrected. There
are many kinds of cracks in welds, some of which are more serious
than others. Even so, all types of cracks should be considered as points
of weakness and steps taken to eliminate their cause and occurrence.

The most common cracks in and about a weld joint are crater cracks,
underbead cracks and longitudinal cracks. Cracks along the edge of
the weld are sometimes referred to as toe cracks, then there are also
hairline cracks across the weld and micro-cracks.

While these various cracks appear in different parts of the weld and
result from different causes, identification and elimination of the basic
fault leading to such structural defects will result in crack free welds.

Cause—1. The base metal is not of a weldable grade material. 2.
Improper preparation of the weld joints. 3. Wrong welding procedure.
4. The weld joint is too rigid. 5. Welds too small for the size of the
parts being joined in the structure.

Cure—1. Avoid trying to weld a high-sulphur, high-phosphorus
steel. If necessary to weld this type of base metal, use a low-hydrogen
electrode. If the carbon content of the metal being welded is over 0.459%
carbon, preheat prior to welding. 2. In preparing joints for welding,
space the members uniformly so the gap is even. In some instances
this may mean there is a gap in the welding groove while in other
instances the parts may be welded closely together. The size of the
weldment and the welding problem at hand will determine the gap
spacing. Be sure surfaces to be welded are completely free of dirt, oil,
moisture or other contamination. 3. Be sure the welding procedure is
such as to provide sound welds of good fusion. The welding sequence
should allow the open ends of the weldment to move as long as possible.
Avoid stringer bead welding if cracking is a problem; use a weaving
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technique to make a full size weld, doing the job by sections 8 or 10 in.
long. Crater cracks may be eliminated by filling the weld crater at the
end of each bead. Preheating the parts to be welded is often helpful in
avoid cracked welds. If electrodes are of type whose performance is
affected by moisture pick up, be sure they are thoroughly dried before
using. 4. Be sure the structure to be welded has been designed proper-
ly and a welding procedure developed to eliminate rigid joints. 5. Al-
ways be sure the weld bead is of sufficient strength to withstand the
stresses that might develop from the heat of welding. Do not use too
small a weld bead between heavy plates. Be sure to use welds of
sufficient size on all joints.

Problem: Porosity

Porosity in welds does not normally present a problem from a
strength standpoint, unless the weld is extremely porous. Uniformly
distributed porosity that is microscopic in size may be beneficial under
some service conditions. Surface holes in the weld bead are undesir-
able from an appearance standpoint and can be starting points for
fatigue cracks or result in other defective weld conditions. Weld im-
perfections closely related to porosity are blow holes, gas pockets and
slag inclusions. These conditions tend to weaken the weld much more
than ordinary porosity.

Cause—1. One of the major causes of porosity is poor base metal.
2. Improper welding procedure also results in porosity of weld metal.
3. Porosity may be an inherent defect of the welding electrode being
used.

Cure—1. Be sure the base metal is one that will produce a porosity-
free weld. High sulphur, phosphorus and silicon steel sometimes pro-
duce gaseous combinations which tend to make blow holes and gas
pockets. Non-ferrous material high in oxygen also tends to result in
porous welds. Base metal containing segregations and impurities con-
tribute to porosity. 2. The welding procedure has much to do with the
soundness of finished welds. Do not use excessive currents but be sure
that each layer of weld metal is completely free of slag and flux before
depositing another layer. Puddle the weld, keeping the metal molten
sufficiently long to allow entrapped gases to escape. Use a weaving
pass in making the weld since a series of stringer beads is apt to con-
tain minute pin holes. 3. Since some electrodes have a tendency to
produce sounder welds than others, try to use such electrodes in
making welds. Most low-hydrogen electrodes will be found helpful in
eliminating porosity. When using the submerged arec process, be sure
the flux is suited to scavanging gaseous elements. When using bare
electrodes, thorough drying of them or selection of a type that has a
copper flash coating will eliminate oxygen or hydrogen being intro-
duced into the weld from moisture on the surface of the electrode.
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Problem: Brittle Welds

Brittleness in a weld is a very undesirable characteristic. This weak-
ness, though generally not readily apparent, might result in a weld
failure under conditions of extreme loading or shock. Brittle welds can
and must be avoided if the desired life and maximum efficiency are to be
obtained from a weld joint. This type of weld is not desirable under
any condition even though it may be a type of weld that produces an
extremely hard deposit which might seem satisfactory for overcoming
abrasive wear.

Cause—1. The most general cause of the brittle weld is the use
cf excessive welding heat in the making of a weld. 2. Welding high
carbon or alloy base metals without proper considerations. 3. Improp-
er joint preparation. 4. Failure to use a satisfactory welding electrode.

Cure—1. Avoid excessive welding heats as they may result in a
coarse grain structure and burnt metal which tend to result in a brittle
weld. 2. If there is any likelihood of a brittle weld, exercise care in
selecting the base metal. It should not be welded until the analysis
and welding characteristics are known. In some instances the weld
deposit may absorb alloying elements from the base metal to make it
hard and brittle; lower welding current and faster electrode travel will
decrease penetration and admixture. Multiple layer welds will provide
upper layers of less alloy content and greater strength. 3. Improper
welding procedure or base metal preparation often results in brittle
welds. When welding on medium carbon (above 309¢ carbon) or cer-
tain alloy steels, the weld zone may become hard and brittle as a result
of rapid cooling. Avoid this by preheating to 300 to 500 F prior to
welding. While a single pass deposit may tend to embrittle, multiple
pass welds will result in annealing of the hardened zone to produce a
refined structure in the weld deposit that lacks brittleness. Annealing
at 1100 to 1200 F after welding will generally reduce hardened areas
formed by welding. 4. Use a coated electrode that will deposit metal
which when mixed with base metal will provide a weld metal of
ncnbrittle composition.

Problem: Cerrosion

The corrosion of weld deposits on base metal after welding is an
undesirable characteristic. While this corroded condition may not be
classified as either a structural or appearance defect, it is undesirable
and may lead to one or the other of these defects by its persistence.
Welds that corrode may eventually fail because of cracks and other de-
fects resulting from corrosion. The light metals are especially suscepti-
ble to corrosion as are the unstabilized stainless steels.

Cause—1. Improper weld deposit for the corrosive working condi-
tions. 2. Failure to clean weld deposit and base metal after welding.
3. Metallurgical effects of welding.

Cure—1. Corrosion will be a problem when the weldment incorpo-

~@Seismicisolation: -


https://telegram.me/seismicisolation

GOOD WELDS AND HOW TO MAKE THEM 369

rates a material that corrodes readily when exposed to corrosive at-
mosphere. Exercise extreme care in selecting the base and filler metals
of weldments to be subjected to corrosive atmosphere. This selection
should be based on the best metallurgical knowledge of the material
to withstand corrosion. 2. Be sure to completely remove flux and other
materials deposited on the base metal which might tend to accelerate
corrosion. It is extremely essential that the light metals, such as
aluminum and magnesium, be thoroughly cleansed of their fluxes,
since the welding flux used on these materials is of a highly corrosive
type. 3. When welding stainless steel, use a filler metal equal to or
better than the base metal. When the application calls for an austenitic
material, an extra-low carbon or stabilized stainless base metal is pref-
erable to avoid corrosion after welding. Otherwise, carbide precipita-
tion in the heat-affected zone of the stainless may result in a loss of the
corrosion resisting qualities. These qualities can be restored after
welding, however, by annealing the weldment at 1900-2050 F,

Problem: Magnetic Arc Blow

Magnetic arc blow, or arc blow, as it is more commonly known, is
a difficulty sometimes encountered in welding in tight places using a
DC power source. The magnetic field developed causes the arc to jump
one way or another from the point at which it is directed. This condition
naturally makes welding much more difficult and the appearance of the
finished weld less pleasing.

Cause—The magnetic field developed by the DC arc causes the
arc to blow away from the point at which it is directed. This difficulty
is quite prevalent at the ends of joints and in the corners of weldments.

Cure—Arc blow can frequently be eliminated by proper location
of the ground connection on the work. Making the ground connection
in the direction the arc blows from the point of welding will often
prove helpful in reducing arc blow. Separating the ground into two or
more parts also is generally quite helpful. Another means of eliminat-
ing arc blow is to weld toward the direction the arc wants to jump. Use
a short welding are. In some instances the placing of a bar across the
open end of a weld groove will complete the magnetic circuit to provide
a path for the magnetic lux which would otherwise crowd across its
arc.

If these suggestions do not eliminate arc blow, switch to AC welding
which is arc blow free.

The Good Weld

It is the aim of every weldor to produce good welds. A weld is not
satisfactory if it will not perform the function desired of it. Many
characteristics are expected of a satisfactory weld! It should be strong,
yvet have sufficient duectility to withstand the service conditions to
which it will be subjected. Usually, a weld is expected to be sufficiently
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tight to provide a leakproof joint. In some instances, this leakproof
characteristic is expected to resist corrosion as well. Wear resistance,
likewise, is a quality that is important, so far as welding is concerned.
Appearance, likewise, plays an important role in the finished product.
In fact, a satisfactory weld usually produces a product that is lighter in
weight, stronger, more pleasing in appearance and generally less costly.

How to Reduce Costs

Everyone engaged in manufacturing is interested in reducing costs.
Sometimes this desire is motivated by the hope of making a greater
unit profit and on other occasions to permit production of lower cost
products to promote greater sales. The greater the savings made pos-
sible by welded fabrication, the more widespread will be the use of
various welding processes.

There are many ways in which welding costs may be reduced. Some
are the responsibility of management in directing the activities of the
weldor, while in other instances the weldor himself can materially
reduce the costs of fabrication by welding.

Management can contribute greatly to the reduction of cost by in-
creasing the effective time the weldor works. This can best be done by
setting up a program where the weldor’s activities are confined to
welding with other people doing the non-welding work in connection
with the fabrication. The effective time of the weldor can also be in-
creased by providing him with convenient, comfortable working quar-
ters.

The easiest way to increase actual welding time is to replace manual
welding methods by automatic, semi-automatic or manual automatic
processes. Of course, such replacing of processes can not be done
without careful study to determine whether the replacement is feasible.
On many operations, a change to submerged-arc welding will eliminate
the cost of joint preparation. Also, such a change often reduces or
eliminates preheating. On long joints and highly repetitive work,
change to any method utilizing continuously fed electrode wire elimi-
nates time required for changing electrodes and also eliminates the
waste of electrode ends.

Good Equipment Essential

In any welding operation, if the weldor is expected to do an efficient
job of welding, working at a maximum duty cycle, he must have equip-
ment with which he can work. The welding equipment must be good
and in good condition. In arc welding for example, he should have an
electrode holder that will stay cool and does not require work stop-
page to permit cooling of the holder. He should be provided with ef-
ficient welding jigs. If preheat is required, efficient equipment must be
provided for this purpose. The welding machine should be located so
that current adjustment may be made quickly and easily. Electrodes
should be readily available and of a type that may be slagged easily.

~@Seismicisolation: -


https://telegram.me/seismicisolation

GOOD WELDS AND HOW TO MAKE THEM 371

It is also essential that the material with which the weldor is to work
is clean. A weldor cannot be expected to be efficient and make sound
welds if much of his time is spent in trying to weld over rusty or greasy
metals or if he has to take time to clean the work before he can start
his job. If chipping and peening are required, adequate air tools should
be provided to handle such jobs.

On production welding jobs, particularly where the weldor is
engaged in the fabrication of repetitive articles, the parts should be pre-
assembled in jigs so that the weldor is welding a high percentage of
kis time. If the job is one that requires multiple-pass deposits, the
products being fabricated should be arranged in welding stages so that
the weldor can move from one to another, when cooling between
deposits is required. In this way, many parts will be in process at one
time and little time will be lost waiting for them to cool down.

Increasing Speed Reduces Costs

The cost of nearly any welding operation can be reduced provided
the speed of welding is increased. Care must be exercised, however, to
be sure that an increase in the speed of welding does not result in a
reduction of the weld quality.

Since much of today’s production welding is by are welding meth-
cds, there are many ways in which the speed of this process may be in-
creased. Preheating the work always provides a means of increasing
welding speed; likewise the use of readily weldable base metals makes
possible welding at a high speed.

The use of the highest welding current practical together with the
largest practical welding electrode will give a high melt-off rate,
meaning that more metal is deposited in a given length of time. The
type of electrode is also a key to the speed at which it may be deposited.
The E-602x series electrodes have a high melt-off rate. The E-6014
and E-6012 are medium high and the E-6013 is medium while the melt-
off rate of E-6010 and E-6011 electrodes is low. Vapor-shielded arc
welding and submerged-arc welding both permit high deposition rates.

Welding in the flat position or positioning the work so that welding
might be done in the flat position offers a means of increasing the
speed at which welding is done. Changing the polarity will increase
the speed of melt-off on some electrodes but it nearly always is at the
sacrifice of some other properties of the electrode. The speed at which
weld metal is deposited may also be increased by using the shortest
possible are and if possible by dragging the electrode. Heavily coated
electrodes often permit this, whereas bare electrodes don’t.

In building up a surface where the highest quality of weld metal is
not necessary, applicator bars or similar fill-in bars or rods may be
welded in place. Where high quality weld metal is desired on build-up,
it is often possible to feed in an additional metal through a second
electrode. This electrode is held in the hand and melted into the base
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mietal by the electrode connected to the holder. In this manner twice as
much weld metal is deposited in a given period of time. Hardsurfacing
can be greatly speeded and costs reduced by using submerged-arc
welding.

Decreased Power and Material Costs

Welding costs may be reduced by studying the problem at hand and
selecting the least expensive welding procedure that will produce satis-
factory results. This can best be done by taking in consideration the
first cost of the equipment, its maintenance cost, portability, the avail-
ahility of power, gases and other materials. Be sure that the material
being used on the job is necessary.

Often, costs may be reduced by using less expensive base metal
which will produce highly satisfactory results. Likewise, use the least
expensive welding electrode or rod that will secure the desired results.
If the job is one of arc welding, burn the electrode down to the shortest
possible stub. When using expensive electrodes, for example as in
hardsurfacing, use the stub by arcing the stub to the end of the new
electrode. Using coil-fed continuous electrode eliminates this problem.
Also, submerged-are welding generally permits more economical ap-
plication of high-alloy materials in the flux rather than in the ex-
pensively fabricated electrode.

Placing the arc welding machine power switch in the welding booth
enables the weldor to cut the machine off when it will not be needed
for a long period of time. With gas welding equipment, use gas-saver
equipment to cut down the consumption of welding gases when the
torch is not in use.

Reduce Amount of Welding

Another effective way of reducing welding cost is to reduce the
amount of welding required on a job. Care must be exercised here to
insure that a finished weldment will have adequate strength. In some
instances, the amount of welding may be reduced without materially
affecting the strength, because the weld is stronger than needed. In
these cases intermittent welding might serve as well as the continuous
weld specified. Likewise. it is possible to reduce the amount of weld-
ing required by redesigning the weld section or by eliminating build-up
which rarely gives added strength. When reducing the strength of a
weld joint by reducing the amount of welding, always be sure that the
safety factor meets the requirements established for the service
conditions.

The higher welding currents and speed of submerged-arc welding
greatly reduce the amount of filler metal required in a joint. Under
certain conditions, inert-arc welding eliminates the need altogether
although the cost of the shielding medium must be considered.

The amount of welding can be reduced without lowering the orig-
inal strength of the weld joint. This is done by using a higher strength
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welding electrode or rod which will permit a reduction in the amount
of weld metal deposited without changing the overall strength of the
weld joint. Likewise, a deeper penetrating filler material or deeper
penetrating welding procedure will produce similar results. Frequent-
ly a weld joint may be redesigned; for example, a small welding groove
may be one way to produce a more efficient joint.

Never be guilty of making oversize welds that then necessitate grind-
ing or machining them to the base metal just for the sake of appear-
ance. Weld to size and make them of such pleasing appearance that
you and your customer will be happy to see the unfinished weld
surface,

Remember, though, that labor and overhead are the most expen-
sive items in welding costs. The cost of the materials of welding are
minor when compared to labor and overhead. Quality materials are
essential for if they will not do the job for which they are used, it will
be necessary to replace them with a resulting loss of labor.

Definitions of New Words

Are blow. Jumping of the welding arc away from point at which
the electrode is directed, a condition sometimes experienced with DC
current, resulting from magnetic effects particularly when working in
close quarters.

Melt-off rate. The rate at which metal is deposited from a welding
electrode or rod, usually stated in terms of weight of electrode or rod
consumed per unit of time.

Review Questions

1. Which of the following will tend to increase underbead cracking,
which will decrease it and which will have no effect:
a. Preheating?
b. Welding with work cold?
c. Welding with an E-6010, E-6016 or coated 18-8 stainless steel
electrode?
d. High current and slow travel? Medium current and medium
travel speed?
e. Steel containing 0.207 carbon and 0.607% chromium? Steel
with 0.60% carbon and 0.20% chromium?
Would underbead cracking be more likely in the first part of a con-
tinuous bead or in the last part?
3. Can underbead cracking be eliminated by following a weld bead
with a second weld bead?
4. How does preheating affect the tensile strength, the ductility, the
hardness and the impact strength of a weld?

Is it possible to have magnetic arc blow during the welding of non-
magnetic materials, such as 18-8 stainless, high-manganese steel,
copper, ete.?
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Appendix 1—DICTIONARY OF
METALLURGICAL AND WELDING TERMS

Abradant. A substance which causes abrasive wear, i.e. displace-
ment or removal of surface material by a scratching action.

Admixture. The interchange of filler metal and base metal during
welding resulting in weld metal of composition borrowed from both.
Limited admixture is necessary to complete metallurgical union across
the joint.

Agglomerated flux. A granulated flux for submerged-arc welding
to which any alloying elements can be added without loss of individual
and physical identity. Thus, during welding no complex chemical com-
pounds in the flux need be broken down before the alloying element is
free to enrich the weld metal as intended.

Aging. The recrystallization that occurs over an extended period
of time, resulting from austenite or other normally elevated-temper-
ature structure being retained at a temperature and under conditions
where it has no permanent stability. The result may be a change in
properties or dimension. Under some circumstances, aging can be
advantageous.

Air-hardening. Characteristic of a steel that becomes partially or
fully hardened (martensitic) when cooled in air from above its critical
point. Not necessarily applicable when the object to be hardened has
considerable thickness.

Allotropic change. The shifting of atoms relative to one another,
resulting in a change in the state or structure of a material. Certain
metals are allotropic in that their atoms can rearrange from one crystal
structure to another at certain critical temperatures, each structure
having distinet properties and stable within definite limits of temper-
ature and pressure.

Alloy. A material having metallic characteristics and made up of
two or more elements, one of which is a metal.

Annealing. The process of softening a metal by heating it, usually
above the upper critical temperature, and then cooling it at a slow rate.

Are blow. Jumping of the welding arc away from point at which
the electrode is directed, a condition sometimes experienced with DC
current, resulting from magnetic effects particularly when working in
close quarters.

Atom. The smallest unit of an element which can take part in a
chemical reaction.

Austenite. A solid solution of carbon or iron-carbide in face-cen-
tered cubic iron.

Automatic welding. Welding with equipment that automatically
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controls the entire welding operation (including feed, speed, etc.). In
arc welding, the electrode or welding rod supplying filler metal is fed
automatically into the arc to compensate for its melt-off and thus
maintain the correct length of arc. Granulated flux or shielding gas,
when called for by the specific process, is also fed automatically
through the welding head.

Bainite. An aggregate of needle-like ferrite and carbide particles.
It is tougher than martensite and harder than austenite or pearlite.

Base metal. Often called parent metal, the metal used in work-
pieces being joined together.

Blowhole. A defect in metal caused by hot metal cooling too rapid-
ly when excessive gaseous content is present. Specifically, in welding,
a gas pocket in the weld metal resulting from the hot metal solidifying
without all of the gases having escaped to the surface.

Brittleness. The tendency of a material to fail suddenly by break-
ing, without any permanent deformation of the material before failure.

Carbide. The chemical combination of carbon with some other
element. A metallic carbide takes the form of very hard crystals.

Carbide precipitation. As a result of prolonged heating or of slow
cooling after partial or full transformation, atoms of carbon and a
metallic element migrate to the grain boundaries. The atoms here
gather and combine as carbides. In high chromium alloys, the affinity
(attraction) of chromium and carbon for each other leads to the for-
mation of a thin intergranular layer of chromium carbides.

Carbon equivalent (as used in ferrous metallurgy). The relation-
ship of carbon, sulphur and phosphorus content as to the combined
effect of these alloying elements on certain properties of the material.
In the United States, this is considered to be the total carbon, plus
one-third of sulphur and phosphorus content by percentage of weight.
NOT to be confused with:

Carbon equivalent (as used in welding only). The relationship of
carbon and various alloying elements as to their effect on the cracking
cf weldments by the formation of hardness zones.

Case. A thin layer of metal below the surface having composition,
structure or properties distinctly different from the main body, or
core, of the part.

Cementite. Iron carbide (Fe;C) constituent of steel and cast iron.
It is hard and brittle.

Coated electrode. A consumable metal arc-welding electrode hav-
ing a relatively thick covering around the core of filler metal. As the
covering melts off, it stabilizes the arc and provides the chemicals
needed for removing impurities from the weld metal.

Cold shortness. The characteristic tendency of a metal toward
brittleness at room temperature or lower.

Cold welding. The microscopic fusion of high spots on the metallic
surfaces in contact under great pressure. Often a factor in the wear
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of two sliding members, where the heat from friction or resistance to
movement caused by surface irregularities promotes such fusion and
further movement causes the weaker member to rupture locally in the
form of “galling.” Cold welding is also a method of permanently join-
ing certain metals, especially aluminum.

Combined carbon. This is the percentage of carbon that is com-
bined with metal atoms in a crystal constituent of an alloy, as is the
iron-carbide cementite commonly found in steels and cast irons.

Composition. The contents of an alloy, in terms of what elements
are present and in what amount (by percentage of weight).

Compressive strength. The resistance of a material to a force which
is tending to deform or fail it by erushing.

Constituent. A physically and chemically homogeneous portion of
a crystal system visible under the microscope. Solid phases in an alloy
may be elemental metals, solid solutions or compounds.

Consumable electrode. A metal electrode that establishes the arc
and gradually melts away, being carried across the arc (deposited) to
provide filler metal into the joint.

Core. The innermost mass of metal having composition, structure
or properties distinetly different from the outer or surface metal,
known as the case.

Crack propagation. The development, growth, or progress of a
crack through a solid.

Crater cracks. Cracks across the weld bead crater, resulting from
hot shrinkage.

Creep. The slow deformation (for example, elongation) of a metal
under prolonged stress. Not to be confused with that deformation
which results immediately upon application of a stress.

Critical cooling rate. A rate of cooling that is fast enough to trans-
form austenite into 100"+ martensite.

Critical temperature. See “transformation temperature.”

Crystal. A solid body whose atoms are arranged in a definite pat-
tern which repeats itself in various directions, corresponding with
growth in size of the erystal

Curie point. The temperature at which a cooling metal (iron,
nickel or cobalt or an alloy of these) becomes magnetic. At temper-
atures above this point, the normally magnetic material is nonmagnetic.

Decarburization. The loss of carbon from a ferrous alloy in a reac-
tive atmosphere at high temperatures.

Deoxidizing. The removal of oxygen from the molten weld metal,
usually by chemical combination with other elements forming inor-
ganic compounds that float to the surface of the molten metal to form
slag when cooled.

Deposition rate. The speed with which filler metal is added to a
weld joint, usually stated in terms of volume of metal deposited per
minute.
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Differential hardening. (1) The characteristic of certain steels to
develop high surface or case hardness and to retain a tough, soft core.
(2) Any hardening procedure designed to produce only localized or
superficial hardness.

Ductility. The ability of a material to become permanently de-
formed without failure.

Elastic limit. The maximum stress to which a material can be sub-
jected without permanent deformation or failure by breaking.

Elasticity. The ability of a material to return to original shape and
dimensions after a deforming load has been removed.

Element. A substance which can’t be broken down into two other
substances. Everything on Earth is a combination of such elements,
of which there are only 103.

Elongation. The stretching of a material by which any straight-
line dimension increases.

Eudurance limit. The maximum stress that a material will support
indefinitely under variable and repetitive load conditions.

Eutectoid mixrture. A mixture of two or more constituents, formed
on cooling from a solid solution, to which state it can return again
when heated.

Fatigue failure. The cracking, breaking or other failure of a mate-
rial as the result of repeated or alternating stressing below the materi-
al’s ultimate tensile strength.

Fatigue limit. The maximum stress that a material will support
indefinitely under variable and repetitive load conditions.

Fatigue strength. The resistance of a material to repeated or alter-
nating stressing, without failure.

Ferrite. Pure iron of body-centered cubic crystal structure. It is
soft and ductile.

Ferrous. Descriptive of a metallic material that is dominated by
iron in its chemical composition.

Fill welds. Welds in which a filler metal is deposited into the joint
from an electrode or welding rod, fusing with the base metal on each
side.

Filler metal. The metal which is deposited into the joint from an
electrode or welding rod in order to achieve a weld of desired
properties.

Flux. A fusible non-metallic material that dissolves and prevents
further formation of metallic oxides, nitrides or other undesirable in-
clusions within the weld.

Forge welding. A process of joining metals by pressure, usually
with the assistance of heat but at temperatures below that at which
there would be true fusion.

Free carbon. This is the percentage of carbon that is not combined
and usually exists as free atoms at grain boundaries, or in the form of
pure carbon flakes of graphite.
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Freezing. The solidification of a hot liquid metal. In the case of
pure iron, this starts and ends at the same temperature. With the
addition of carbon, freezing starts at one temperature and ends at a
lower temperature.

Fusion. Melting of metal to the liquid state, permitting two con-
tacting or neighboring surfaces to partially exchange their contents
with the result that there is a thorough blending of the compositions
after cooling.

Fusion line. The junction between the metal that has been melted
and the unmelted base metal.

Fusion welds. Welds in which the two metal members to be joined
are fused directly to each other, without the addition of filler metal
from consumable electrode or welding rod.

Grain. The crystalline body which may be viewed under a micro-
scope as having definable limits.

Grain boundaries. The irregular separations of adjacent crystals
that are oriented in different directions and therefore cannot join in
a continuation of the basic lattice pattern.

Grain growth. The increase in size of individual crystals as the
result of absorption within a cryvstal of atoms at the grain boundaries,
or of the wedding of adjacent similarly-oriented crystals,

Graphitic carbon. Free, uncombined carbon existing in a metallic
material, in the form of flakes.

Hard crack. See “underbead crack.”

Heat-affected zone. The portion of the base metal, adjacent to a
weld, the structure or properties of which have been altered by the
heat of welding.

Hot crack. Also known as “auto ecrack,” resulting from stress con-
centration in relatively thin weld metal that is last to freeze. Both
root cracks and crater cracks are forms of hot cracking,

Hot shortness. The characteristic tendency of a material toward
brittleness at elevated temperatures.

Hot shrinkage. A condition where the thin weld crater cools rapid-
ly while the remainder of the bead cools more slowly. Since metal
contracts or shrinks as it cools, and this shrinkage in the crater area
is restrained by the larger bead, the weld metal at the crater is stressed
excessively and may crack.

Inert gas. A gas, such as helium or argon, which does not chem-
ically combine with other elements. Such a gas serves as an effective
shield of the welding are and protects the molten weld metal against
contamination from the atmosphere until it freezes.

Inoculants. Alloying combinations added to a cast iron for the pur-
pose of modifying its microstructure, and therefore its mechanical and
rhysical properties. Usually functions in gray iron by forming nuclei
(when added just before casting), thereby accelerating the separation
of carbon and fine distribution of the resulting graphite flakes.
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Instant hardness. The hardness of a metal at an elevated tempera-
ture as determined by removing the metal sample from the heat and
instantly punching it with a standard indentation point and load,
then measuring the indentation after cooling to get the hardness value.

Intergranular corrosion. As a result of carbide precipitation, the
loss of chromium from the austenite crystals adjacent to grain
boundaries weakens the material’s resistance to corrosion,

Interpass temperature. When making multiple-pass welds, the
lowest temperature of the deposited weld metal at the time the next
pass is started.

Interrupted quenching. Any quenching procedure that cools the
metal part way in one medium or at one rate, and then completes the
cooling in another medium or at another rate. Term is usually applied
only where the temperature at point of interruption is in the critical or
immediately sub-critical range, and where the metal is held for a defi-
nite period at the temperature of interruption.

Lamination. An elongated defect in a finished metal product, re-
sulting from the rolling of a welded or other part containing a blow-
hele. Actually, the blowhole is stretched out in the direction of rolling.

Load. The amount of a force applied to a material or structure.

Lower critical temperature. The temperature at which an alloy
completes its transformation from one solid structure to another, as it
cools.

Malleablizing. The process of annealing and cooling white cast iron
<0 as to transform some of the combined carbon to graphite. Also used
to describe the heat treatment after welding or other operations for re-
storing the original malleable structure.

Manual welding. Welding in which the electrode is in fixed position
in a holder held by the weldor, who guides it along the joint while
maintaining the proper arc gap.

Martensite. A structure resulting from transformation of aus-
tenite at temperature considerably below the usual range, achieved
by rapid cooling. It is made up of ultra-hard, needle-like crystals that
are a supersaturated solid solution of carbon in iron.

Matrix. The principal, physically continuous metallic constituent
in which crystals or free atoms of other constituents are embedded.
It serves as a binder, holding the entire mass together.

Mechanical property. A material’s ability to resist or withstand a
particular kind of physical force applied against the material. This
ability is measurable by mechanical means.

Melt-off rate. Or deposition rate, the rate at which metal is de-
posited from a welding electrode or rod usually stated in terms of
weight of electrode or rod consumed per unit of time.

Metal. An element that has all or most of these characteristics:
solid at room temperature; opaque; conductor of heat and electricity;
reflective when polished; expands when heated and contracts when
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cooled. For all practical purposes, we also use the word metal in
speaking of many alloys—materials having metallic characteristics,
even though they may contain more than one element including non-
metals.

Metallurgy. The science and technology of extracting metals from
their ores, refining them, and preparing them for use.

Microconstituents. Structural components of a metallic body that
are not continuous but appear as crystalline members of a larger mass
when viewed through a microscope.

Micro-cracks. Cracks or fissures in a metallic structure which can-
not be seen except with the aid of a microscope.

Microshrinkage. Shrinkage of individual crystals or crystal “trees,”
that tend to pull away from each other. Such shrinkage is micro-
scopic, as opposed to shrinkage that tends to change the over-all di-
mensions of the entire body.

Microstructure. The detailed structure of a metal or alloy, as
revealed by microscopic examination, showing the various continuous
phases as well as any non-metallic inclusions.

Modulus of elasticity. The ratio of tensile stress to the strain it
causes, within that range of elasticity where there is a straight-line
relationship between stress and strain. The higher the modulus, the
lower the degree of elasticity.

Mushy stage. The elevated temperature range during which a
metal or alloy is essentially a liquid with a varying content of solid
crystals.

Nomn-consumable electrode. A carbon or tungsten welding electrode
that merely establishes the are and maintains it, without being melted.

Non-ferrous. Lacking iron in sufficient percentage to have any
dominating influence on properties of the material.

Ore. The rock or earth in which we find metals in their natural
form.

Orientation. The principal direction in which a erystal has de-
veloped, relative to polished surface or some other reference plane.

Overheating. Sufficient exposure of a metal to an extremely high
temperature for an undesirable coarse grain structure to develop. The
structure often can be corrected by suitable heat treatment, cold
working or a combination of these.

Pack annealing. Any annealing in which the workpiece is sur-
rounded by inert material to prevent reaction at high temperatures.
Usually this packing is done in a box-like container. Similarly, we
have “pack hardening” and “pack carburizing” in which packing is
done with a carbonaceous material; at high temperature the surface of
the metal picks up carbon from this surrounding material and develops
a hard case when cooled at a fast rate.

Parent metal. The metal to be welded or otherwise worked upon;
also called the base metal.
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Pearlite. A continuous granular mixture composed of alternate
plates or layers of (pure iron) ferrite and (iron-carbide) cementite.

Penetration. (1) The depth below the surface of the base metal to
which welding heat is sufficient for the metal to melt and become
liquid or semi-liquid. Also called the depth of fusion. (2) The ability
of arc or electrode to reach into the root of the groove between two
members being welded,

Photomicrograph. A photograph taken through a microscope,
showing a greatly enlarged area and revealing structural details not
visible to the naked eye.

Physical metallurgy. That division of metallurgy applying to the
changes in structure and properties of metals as a result of shaping,
fabricating and treating.

Physical property. An inherent physical characteristic of a material
which is not directly an ability to withstand a physical force of any
kind.

Pick-up. The absorption of base metal by the weld metal as the
result of admixture. Usually used specifically in reference to the mi-
gration of carbon or other critical alloying elements from the base
metal into the weld metal. Depending upon the materials involved,
this can be an asset and not a liability.

Porosity. The scattered presence of gas pockets or inclusions in a
metallic solid.

Postheating. Heat applied to the base metal after welding or cut-
ting, for the purpose of tempering, stress-relieving, or annealing.

Precipitates. A result of a solid solution decomposing, usually into
another solid solution and the precipitate—one or more elements,
atoms of which tend to group together.

Precipitation hardening. The process of heating to a temperature
at which certain elements precipitate forming a harder constituent,
and usually then cooling at a rate to prevent return to the original
structure.

Preheating. The heating of parent metal prior to welding or cutting
for the purpose of minimizing thermal shock and of slowing the cooling
rate.

Process metallurgy. That division of metallurgy applying to the
extracting, refining, and primary shaping of metals into a usable form.

Properties. Those features or characteristics of a metal that make
it useful and distinctive from all others.

Proportional elastic limit. The stress point beyond which (1) an
increase in stress is no longer proportionate to the increase in strain,
and (2) an increase in stress results in permanent deformation.

Radial crack. A crack originating in the fusion zone and extending
into the base metal, usually at right angles to the line of fusion. This
type of crack is due to the high stresses involved in the cooling of a
rigid structure.
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Radiographic quality. Soundness of a weld that shows no internal
or underbead cracks, voids or inclusions when inspected by x-ray or
gamma ray techniques.

Recrystallization. In a metal, the replacement of deformed or dis-
located crystals by new unstrained crystals. This process is usually
carried out after cold working operations by heating the metal for a
sustained period at a suitably high temperature.

Red hardness. The property of a metallic material to retain its
hardness at high temperatures.

Refined zone. The base metal zone of fine-grained austenitic struc-
ture below the coarse-grained zone, progressing away from the weld.
Metal in the refined zone was heated to the transformation temperature
just long enough to recrystallize as austenite, and then cooled before
the grains had time to grow.

Refractory. The quality of resistance to the effects of high tempera-
tures, especially the ability of a material to maintain its hardness and
shape. A “refractory” material has an exceptionally high melting point,
in contrast to a “fusible” material which has an exceptionally low
melting point.

Residual stresses. Internal stresses that exist in a metal at room
temperature as the result of (1) previous non-uniform heating and
expansion, or (2) a composite structure composed of a ductile con-
stituent and a brittle one.

Reverse polarity. An arrangement of the leads from a direct cur-
rent power source whereby the electrode is the positive pole and the
workpiece is the negative pole of the are.

Root. The narrowest point in the gap between two members to be
welded, or the point in the gap furthest removed from the electrode.
Usually these points are one and the same.

Root crack. A weld crack originating in the root bead, which is
usually smaller and of higher carbon content than subsequent beads.
Crack is caused by shrinkage of the hot weld metal as it cools, placing
the root bead under tension.

Seed erystals. Solitary crystal units, or unit cells (often a single
cube), which are formed first as metals cool and which are repetitive
in three dimensions. The growth of the crystal extends outward from
this original seed crystal.

Segregation. The tendency of alloying elements, under certain
heat conditions, to separate from the main crystalline constituent dur-
ing transformation and to migrate and collect at the grain boundaries,
There they often combine into undesirable compounds.

Semi-automatic welding. Welding in which the electrode, welding
rod and/or flux is fed automatically but the welding head or gun is
held in the hand and guided manually along the joint.

Shielding. Primarily the protection of metal molten by the arc
from oxidizing or otherwise reacting with elements in the surrounding
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air. Usually, the shielding also stabilizes the arc.

Slag. The non-metallic layer that forms on top of molten metal.
It is usually a complex of chemicals (oxides, silicates, etc.) that float
to the top of the hot molten metal. When a bead of weld metal cools,
the slag “cap” on the bead can be readily chipped or ground away.
In wrought iron, slag is the iron silicate constituent which is distrib-
uted throughout the pure iron in the form of threads, fibres or
stringers extending in the direction of rolling.

Slip bands. Bands, visible under a microscope, stretching across a
deformed polished surface and caused by numerous closely spaced
parallel slip lines.

Slip lines. The parallel lines, visible under a microscope, on a
specimen that has been polished and then deformed. Lines show the
strain along slip planes which permitted the deformation to take place.

Slip plane. The plane within a crystal along which one layer of
atoms slip, under stress, relative to another layer of atoms.

Soaking. Prolonged heating of a metal at a selected temperature.

Solid solution. A continuous crystal in which one metal remains
dissolved within another, without interruption of the atomic structure
of that metal.

Solution. The state in which atoms of one element are dissolved
‘(uncombined, but held suspended) by crystals of another element.

Solution heat treatment. Heating an alloy to a suitable temperature
for a sufficient period of time for one or more alloying constituents to
enter into solid solution (to be dissolved by the principal grains), and
then cooling rapidly in order to retain the solution at room tempera-
ture.

Space lattice. The definite geometric pattern or structure in which
atoms arrange themselves, and in which a basic cell is repeated along
three-dimensional lines. Each solid crystal (or “grain,” if atoms are
of a metal element) develops around such a space lattice.

Stabilized stainless steel. A high-chromium steel that does not lose
its chromium from solid solution by precipitation, because of the ad-
dition of elements that have a greater attraction for carbon than does
chromium.

Straight polarity. An arrangement of the leads from a direct cur-
rent power source whereby the workpiece is the positive pole and the
electrode is the negative pole of the arc.

Strain. The physical effect of stress, usually evidenced by stretch-
ing or other deformation of the material.

Stress. The load, or amount of a force, applied to a material, tend-
ing to deform or break it.

Stress crack. See “radial crack.”

Stringer bead. A weld bead deposited along a straight line, with-
out weaving. Term is usually used only when there are a number of
such beads deposited parallel to each other. '
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Stringers. The tendency of segregated atoms of alloying elements
or their compounds to attach to one another in thread-like chains.

Suberitical annealing. Heating of a metal to a point below the
critical or transformation range, in order to relieve internal stresses.

Supercooled. The condition of a material that has been cooled at
such a rate that it is still liquid at a temperature below its normal
freezing point. In the case of a metallic material, this effect may also
be the result of certain alloying elements.

Temper. (1) The amount of carbon present in the steel: 10 temper
is 1.00% carbon. (2) The degree of hardness that an alloy has after
heat treatment or cold-working, viz. the aluminum alloys.

Tensile strength. The resistance of a material to a force which is
acting to pull it apart.

Toe crack. A crack originating at the junction between the face
of the weld and the base metal. It may be any one of three types:
(1) radial or stress crack; (2) underbead crack extending through the
hardened zone below the fusion line; or (3) the result of poor fusion
between the deposited filler metal and the base metal.

Transformation range. Unless otherwise specified, the temperature
range during which a metal when cooled is changing from one type of
crystal structure to the structure it will have permanently at room
temperature,

Transformation rate. The rate of speed at which a metallic mate-
rial changes from one state (type of physical structure) to another,
as temperature of the material increases or decreases. Unless other-
wise identified, it applies to the transformation of a heated material
into that crystal structure which exists at room temperature.

Transformation temperature. The temperature at which a metal
changes from one type of structure to another. This is usually differ-
ent when heat is being added than when heat is being taken away.
And usually, the transformation starts at one temperature and is com-
pleted at a slightly higher or lower point.

Transition zone. The base metal zone of mixed structure, below the
refined zone, where some grains have transformed to austenite,

Ultimate tensile strength. The maximum pulling force to which
the material can be subjected without failure.

Underbead erack. A crack in the hardened base metal just under
the fusion line. It usually originates in the coarse-grained zone and is
caused by hydrogen released from the austenite as it transforms dur-
ing cooling. If cooling is rapid, the free hydrogen cannot escape to the
surface and exerts tremendous pressure on the hard martensite crystals
being formed. Underbead cracks occur parallel to the fusion line.

Upper ecritical temperature. The temperature at which an alloy
begins to transform from one solid structure to another as it cools.

Weld metal. A product of fusion, the metal that was fully melted
by the heat of welding.
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Welding rod. Filler metal, in wire or rod form, used in the oxy-
acetylene welding process and those arc welding processes wherein the
electrode does not furnish the metal needed in the weld.

Work hardening. The capacity of a material to harden as the result
of celd rolling or other cold working involving deformation of the metal.

Wormholing. The forming of an irregular cavity as a result of
internal shrinkage during solidification of a cast material. If the cast-
ing is broken open, the cavity can readily be seen by naked eye.

Yield strength. The stress point at which permanent deformation
results.

Appendix 2—MELTING POINTS OF SOME ELEMENTS

ELEMENT CENT. FAHR. ELEMENT CENT. FAHR.
Hydrogen —259 —434 Uranium 1,132 2,070
Oxygen —218 —360 Manganese 1,260 2,300
Nitrogen —210 — 346 Beryllium 1,277 2,332
Phosphorus 44 111 Silicon 1,420 2,588
Sodium 97 207 Nickel 1,452 2,646
Sulphur 113 236 Caobalt 1,480 2,696
Selenium Z218 424 Chromium 1,520 2,768
Tin 232 450 lron 1,530 2,786
Bismuth 271 520 Titanium 1,668 3,035
Cadmium 321 610 Thorium 1,750 3,182
Lead 327 621 Zirconium 1,852 3,366
Zine 419 787 Vanadium 1,900 3,450
Antimony 630 1,166 Hafnium 2,222 4,032
Magnesium 651 1,204 Boron 2,316 4,200
Aluminum 659 1,218 Columbium (Niobium) 2,468 4,474
Calcium 810 1,490 Maolybdenum 2,610 4,730
Barium 850 1,562 Tantalum 2,996 5,425
Silver 960 1,761 Tungsten 3,410 6,170
Copper 1,083 1,981 |Carbon 3,828 6,700

Appendix 3—KEY TO CHEMICAL SYMBOLS OF ELEMENTS

SYMBOL ELEMENT SYMBOL ELEMENT
Ag Silver N Nitrogen
Al Aluminum Na Sodium
B Boron Ni Nickel
Ba Barium 0 Oxygen
Be Beryllium P Phosphorus
Bi Bismuth Pb Lead
c Carbon S Sulphur
Ca Calcium Sb Antimony
Cb Columbium Se Selenium
cd Cadmium Si Silicon
Co Cobalt Sn Tin
Cr Chromium Ta Tantalum
Cu Copper Th Thorium
Fe Iron Ti Titanium
H Hydrogen u Uranium
Hf Hafnium v Vanadium
Mg Magnesium w Tungsten
Mn Manganese In Zinc
Mo Molybdenum Zr Zirconium
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For definitions of welding metallurgy terms,
see Appendix 1, page 375.

ABLARION . vusvinion e oone o287
Abrasion tests ................. 290, 301
Admixture ........ 103, 151, 170, 183, 327
Age-hardening .............co0ou.. 268
Agglomerated fluxes ..100, 207, 253, 264
APING (oo s S R R e e 152
Air-hardening electrodes ........... 337
Air-hardening tool steels ........... 322
Allotropic change .......coovvivnnn. 116
Alloy castirons.. ... . iveiiveis 55, 218
Alloy steel ............... 49, 53, 62, 191
Alloy-steel castings ................ 62
Alloy-steel electirodes .............. 98
Alloy-steel welding ................ 191
Alloying agents . .49, 53, 99, 110, 163, 260
Aluminum ....ovveennsvsness 69, 163, 269
Aluminum alloy properties......... 272
Aluminum castings ............. 70, 276
Aluminum numbering system....... 270
Aluminum welding process chart...273
Annealing ............ 122, 139, 268, 320
Are Blow: soaisssiimassarmnsinranes 369
Aretorch ..., 17
Arc welding circuit......... 6, 75, 78, 95
Argon arc welding .......... ... ... 77
Atmospheric contamination ........148
AtOm ...t 113
Austenite ........... R 118, 130
Austenitic manganese steel.......... 255

Austenitic stainless steels 63, 64, 152, 245
Automatic are welding...76, 81, 83, 84,
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AWS electrode classification ..... 92, 94
Bainite: :casmammpsressen sk 321
Bare electrode welding ............ 76
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Brass coviiiieiiioi i 67, 281
Braze welding ........ 90, 195, 228,

Braging .ouusissnaweses 90, 195, 253, 340
Brazing tool steels.................. 340
Brinell hardness testing ............ 39
British thermal unit (Btu) ......... 43
Brittlewelds ................cccouunn 368
Brittleness .......... 25, 34, 61, 348, 368
Bronzes: . ... oarssiiyiiie 68, 281, 283
Build=up ..............o.... 193, 262, 345
BUHOrNg oo omis i 182, 335

Carbide precipitation ........... 64, 151
Carbon-are welding ..............c.0 7
Carbon dioxide shielding ........... 80
Carbon effect....111, 129, 130, 138, 179,

192, 246, 299
Carbon equivalent ................. 217
Carbon pick-up............ 170, 183, 327
BT o HE e 49, 51
Carbon-steel electrodes ............ 92
Carbon tool steels ................. 320
Carburizing ................... 130, 141
Case hardening ............... 141, 320
Cast aluminum cooivsvesvessas 70, 275
Cast iron ...................... 53, 215
Cast-iron filler metal............... 222
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Cementite ..ooocvasnviiissass 116, 131
Chemical symbols ......... e 386
Chillediron ........oovvu... e 218
Chrome-iron ........coieoieceies 244
Chrome-nickel steels ........ 63, 64, 245
Chromium ........ovevvunnn 56, 111, 260
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Chromium die steels ............... 325
Chromium-nickel steels ......... 63, 245
Chromium steels ...... 63, 233, 240, 242
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Cliptest ....coovvvvivnnrennrnnnnnns 201
CO. MIG welding .......... 80, 160, 206
Coated electrodes ................ 77, 92
e o111, 324
Coeflicient of thermal expansion.... 45
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Cold shortness ...............000.0... 61
Cold weather welding ........... 35, 162
Cold welding cast iron.............. 223
Cold working < .......vvevnvens 121, 267
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Columbium welding ................ 355
Combined carbon ............couuu. 217
Composite tool construction ...318, 343
Compressive strength .............. 27
Contaminants ............ 163, 199, 327
Contrackion ciiiiiiiviimrmrsssnidsss 164
Cooling eyele .................. 171, 329
Cooling of welds .......... 149, 205, 327
Cooling rate sooiiioiaissiia, 142, 329
Copper .......cooovvn.. 55, 111, 260, 279
Copper alloys ....ovovmimmnniny 67, 281
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COrrosion ........eeeeueecennrannsss 368
Corrosion resistance ......... 40, 63, 152
Cost factors in welding............. 370
Coast reduction .......ccccivueeneen 370

Cracking of base metal....185, 327, 366
Cracking of weld metal 153, 180, 327, 366

Crater cracks .....ccvauvees 153, 182, 366
Critical temperature ........... 116, 133
Crystal structure..109, 113, 115, 126, 138
Cuarie point .. coiiiiiiaivnisesin 128
Cutting edges ............. 303, 319, 343
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Decarburization ............... 324, 328
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Ductile brom ... oivieiaiesin 58, 218, 229
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263, 297, 338
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ELC stainless steels, .. .64, 153, 247, 249
Electrical resistance ..............un 41
Electrode manipulation ........ 101, 261
Electrode selection .........92, 208, 334
Electrode types ....... R 92
Electron beam welding ............. 89
Electroslag welding ................ 84
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Exotic metals ...................... 347
Explosive welding .................. 9
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247, 249
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Failure of metals........... 119, 331, 337
Fatigue strength....ccoovo...... 27, 360
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File hardness ...................... 40
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Flame hardening .......... 141, 319, 320
Flash welding ....... T T 88, 161
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Flux ......coovveee.. 76, 80, 81, 100, 207
Forge welding ............... 2, 89, 162
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Grain growth .......... 54, 110, 114, 118
Grain size ........ 113, 120, 122, 149, 172
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Graphitic carbon ........... 55, 217, 326
Graphitic tool steel ................ 326
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Hardenability ..............cc00uuss 330
Hardenable stainless steels ......... 63
Hardened steel ....... 137, 142, 330, 332
Hardening (ovaciaaiianaii, 125, 330
Hardness .......... 37, 138, 143, 288, 301
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Hardsurface alloy chart............. 310
Hardsurfacing ............ 193, 287, 343
Heat-affected, zone 147, 149, 172, 187, 327
Heat conductivity ........ Easm ) 43, 44
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Heat-treatable welds ............... 298
Heat-treated alloy steels ....... 211, 212
Heat-treating processes ............ 138
Heat treating tool steels............ 329
Heat treatment ................ 125, 329
Helium arc welding ................ 77
Hexagonal close-packed ............ 116
High-carbon chromium die steels...323
High-carbon facings .......... 298, 303
High-carbon steel . .51, 132, 137, 179, 317
High-chromium alloys ............. 233
High-manganese stainless .......... 250
High-manganese steel .............. 255
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High-manganese steel build-up..... 262,
296, 302
High-speed tool steels......... 324, 343
High-speed tool steel electrodes 302, 337
High-tensile electrodes ............ 98
High-tensile steels ..... 55, 212, 317, 335
Hot shorlness ....eevesisvsssissess 61
Hot shrinkage .. ocississssrinssass 153
Hot-work die steels ............ 325, 342
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Impact strength ................35, 325
Impact tests ...ccvvvicieiivninnnnss 292
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| 1T 154
Ineonel: oo sane e 71
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253, 350
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Instant hardness ................... 295
Interrupted quenching ............ 330
Iron carbide ..........coc00ue. 116, 131
Iron-carbon diagram ............... 135
Joint preparation...... 155, 197, 274, 339,
348, 350
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Low-alloy, high-tensile steels..55, 212
Low-alloy steel castings ............ 62
Low-alloy tool steels............... 326
Low-carbon steels .............. 49, 157
Low-chromium steels .............. 237
Low-hydrogen electrodes....... 96, 149,
184, 334
Low-temperature fracture ...... 35, 162
Machinability of weld .............. 176
Magnesium alloys .........c00n. 71, 277
Magnetic are blow ................. 369
Magnetic properties ............00n 128
Malleable cast iron.......... 58, 219, 229
Manganese ................ 67, 111, 356
Manganese steel ................... 255
Manganese steel castings .......... 62
Manual welding electrodes ...... 92, 208
Martempering ................. ....141
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Martensite .............0... 137, 142, 327
Martensitic stainless steels ., .63, 237, 240
Material cost reduced .............. 372
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Mechanical properties .............. 11
Medium-carbon steel ........... 51, 169
Melt-nif ¥ale oovvcovcoocimsms s 371
Melting points .....ccovioiiaian 42, 386
Metal-arc stud welding ............ 84
Metal-are welding ................ 76
Metal-inert-gas arc welding ....... 78
Metal-to-metal wear ............... 289

Metallurgy fundamentals 3, 107, 125, 147

Micro-cracks ..cceviviennrsnennasss 328
Microscopic study .................. 107
Microshrinkage .................... 71
MIG welding .......... 78, 160, 206, 253
Modulus of elasticity ............... 21
Molybdenum ...... 56, 111, 260, 324, 357
Molybdenum die steels ............ 325
Molybdenum high-speed steel ..... 324
Molybdenum welding .............. 357
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Multiple-pass welds ..170, 175, 183, 205,

297, 327, 335, 344

Mushy stage ........... veens..129, 148
Nick-break test ..........ccovvnvnnn 37
Nickel ...o.ncanise 56, 61, 112, 260, 284
Nickel alloys ............co0vuen 72, 284
Nickel welding of cast iron........ 227
Nitriding .......ccoiiiiiiinennnnn. 141
Nitrogen: ... oovovessvsvasin 112, 163
Nodular iron ... 58, 218, 229
Non-ferrous metals ............. 67, 267
Non-hardenable stainless steels . .... 63
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Normalzing oo 140
Notch toughness .......covvvuvennns 33
Qil-hardening tool steels ........... 321
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Overwelding .................. 361, 373
Oxidation ........000000 ...41, 148, 252
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Oxyhydrogen welding e
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Pack annealing ......coovvvvvnnnnn. 329
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Penetration ................ 81, 101, 363
Percussion welding ................ 89
PhospBotis . .coevssnessssss 68, 112, 163
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PostReatitg ..o 175
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Precipitation .............. 64, 151, 276
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Selenium .........c0iiiiiiiiiiaa. 163
Semi-austenitic facings ........295, 302
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Shielded-arc electrodes ......... 76, 92
Shielded-arc welding 76, 92, 100, 159, 208
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Silicon .....viiiiinriiiiiinnn. 112, 163
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Slag inclusions .......ccceeevinneen. 154
LT ;- 119
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Softening base metal .............. 187
Soldering .....coovvvuveennn 91, 195, 253
Solid solation v vesvssuvsssnnsas 118, 130
Selidification of iron ............... 126
Solidification of steel .......... 128, 135
Solution heat treatment ............ 70
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Spatter ........ T RN e S e 363
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Speed of welding ..75, 81, 101, 149, 371
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Spot welding ................ 78, 87, 161
Stabilized stainless steels ...... 64, 152,
248, 250

Stainless steel ................00 63, 223
Stainless steel electrodes. .. .98, 182, 297,
302, 335

Stainless steel welding....152, 223, 251
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Stress control ............. 166, 224, 340
Stress cracks ............. 136, 205, 327
Stress raisers ........cco0na 33, 35, 330
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Testing
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Thermal conductivity ............ 43, 44
Thermal expansion ................ 45
Thermit welding ................ B9, 162
TIG welding ...... 78, 160, 206, 253, 350,
352, 356
Time-temperature curves ..... 125, 126
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Titanium welding .................. 348
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Tool-steel electrodes ............... 336
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Toughening of steel ................ 142
Toughness ................coo-., 31, 360
Transformation ............ 122, 127, 136
Transformation range .............. 133
Transformation rate ..127, 131, 134, 142
Transition temperature ......... 35, 360
Travel speed, electrode .......... 75, 81
Trouble shooting .............. 359, 362
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Tungsten carbide .................. 109
Tungsten carbide facings ..... 293, 302
Tungsten die steels ................ 325
Tungsten high-speed steel .......... 324
Tungsten-inert-gas-arc welding .... 78
Twin-arc welding .................. 82
Two-electrode combinations ....62, 209
Ultrasonic welding ................. 91
Underbead eracking . ..180, 185, 327, 366
Underbead hardness ........... 174, 176
Undercut ....... O 363
Upset welding ............cov0uvvsn 88
Vanadium ........oo0nuenn. 113, 260, 358

Vapor-shielding arc welding....83, 160
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Weld appearance .......... 217, 351, 362
Weld metal properties. . ... 100, 149, 159,

163, 359
Weld process selection ...... 75, 206, 251
Weld spatter ................... ...363
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Welding current ........75, 81, 93, 101
Welding electrode types ............ 92
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Welding processes.............. 75, 387
Welding rods ................76, 77, 100
Welding speed .............. 81, 101, 149
Welding variables ..... .. ........... 204
White east iron ............ 57, 218, 229
White-hot stage .. ... ... .. ........ 130
Work-hardening ............ 63, 121, 267
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