Fundamentals of Welding



Welding Handbook

Seventh Edition, Volume 1

Fundamentals of Welding



Welding Handbook

Seventh Edition, Volume 1
Fundamentals of Welding

The Five Volumes of the
Welding Handbook, Seventh Edition

1 Fundamentals of Welding
2 Welding Processes —

Arc and Gas Welding and Cutting,
Brazing, and Soldering

3 Welding Processes —
Resistance and Solid State Welding
and Other Joining Processes

4 Engineering Applications —Materials

5 Engineering Applications —Design



Welding Handbook

Seventh Edition, Volume 1

Fundamentals of Welding

Macmillan Education



Library of Congress Number: 75-28707
International Standard Book Number: 0-87171-126-5

American Welding Society, 2501 N.W. 7th Street, Miami, FL 33125

ISBN 978-1-349-03075-0 ISBN 978-1-349-03073-6 (eBook)
DOI 10.1007/978-1-349-03073-6

©1976 by American Welding Society.
Softcover reprint of the hardcover 7th edition 1976 978-0-333-19874-2
All rights reserved.

Note: By publication of this handbook, the American Welding Society does
not insure anyone utilizing this handbook against liability arising from the use
of such handbook. A publication of a handbook by the American Welding
Society does not carry with it the right to make, use, or sell patented items.
Each prospective user should make an independent investigation.



Contents

Welding Handbook Commiittee . . ............c.ccvuuiiinennunnvennenns X
Foreword. .. . ....... ... 0 i e i e e s xi
Preface. . ... e e e e e s Xiv

Chapter 1, Survey of Processes for joining

andCutting Materials. . . ..................... ... il 1
Introduction ..........coiuiiiiiiiiii i s 2
ArcWelding .. .....coi i e 3

Shielded Metal ArcWelding ..................coieiiin.. 3
Submerged ArcWelding . .......... ... 6
Gas Metal Arc and Flux Cored Arc Welding .................. 7
Gas Tungsten Arc Welding. . ............coiiiiiiiiinnn, 10
Plasma Arc Welding .............cooiiiiiiiiiiniiiiinin, 11
Electroslag and Electrogas Welding. ......................... 12
Resistance Welding ............ ... oot 14
Flash Welding. .. ......... . e 16
Oxyfuel Gas Welding. ........... ... 17
Solid State Welding .. ..ottt 18
Diffusion Welding ... ..........cooiiiiiiiiiii i 18
Friction Welding ............. ... oottt 19
Electron Beam Welding. . .................oiiiiiiiiiiiiinn, 20
Laser Beam Welding . ..............coiiiiiiiiiiniiinnn., 21
Brazing. .. .......oiiiiiiiiii i e i i s 23
Soldering . ....coviiiii e 25
Adhesive Bonding ........... ... ittt 26
Welding Plastics. .. ......ooiiiiiin it 27
Thermal Cutting Processes ............ccovvviiiiiiiiiiiin., 28
Oxygen Cutting. . ....oviiiiiiet ittt eiiaas 28
Plasma Arc Cutting . ..........coiiiiiiiii ittt 29
AirCarbon ArcCutting .........oooiiiiiiiiiiiii i, 29
Laser Beam Cutting . ...........coiiutiiiiiiiiiiieenens 30
Supplementary Reading List...................oooiiiiiiiiiat, 31
Chapter 2, Physicsof Welding .. .. ............ ... 33
Introduction .......... ..ottt 34
Energy Sources for Welding. ..............coviiiiiiiiiiina., 38
Electrical Sources of Welding Energy........................ 38

v



CONTENTS

Chemical Sources of Welding Energy ........................ 41
Optical Sources of Welding Energy.......................... 44
Mechanical Sources of Welding Energy ...................... 48
Solid State Sources of Welding Energy....................... 50
Arc CharacteristiCs. . ... oov vt iiiie it i e 52
Definitions. .. ...ttt i i e 52
ThePlasma.......ccoovniiiiiiiiiiiii it 52
TeMPEIatUre ... ..ottt ittt 53
Radiation. .......cccoviniiiiiiniiiiiiiii ittt 55
Electrical Features .. .........coviieiiiiiiiiiiinneennnen, 55
Influence of Magnetic Fieldson Arcs........................ 56
Metal Transfer ...ttt 59
Effect of Polarity on Metal Transfer in Argon ................ 60
Effect of Other Gases on Metal Transfer ..................... 63
Short Circuiting Transfer ..................ciiiiiiiiiinn, 64
Pulsed Current Consumable Electrode Transfer ............... 65
Submerged Arc Transfer.............coviiiiiiiininnnn.. 65
Covered Electrode Transfer ...............cvviiiiineennnne, 66
Melting Rates. ....... ... ...ttt iineaennnn. 66
General Controlling Parameters......................c.ov... 66
Melting Rates in GMAW . ....... ... iiiiiiiiiiiiennnnnnn 68
Melting Rates in SAW..........coiiiiiiiiiiiiiiiiiiiinnnn, 69
Melting Rates with SMAW .. ... .. ... ... .. oo, 69
Physical Properties of Metals and Shielding Gases............... 71
Thermal Conductivity .............ccoviiiiiiiiiiiiinnn, 73
Coefficient of Expansion. .............cooviviiiiiiiiiin., 73
Ionization Potentials ..............cccoiiiiiiiiiii it 74
Thermionic Work Function ................ ..ot 74
Metal Oxides. . .....coiiit it it e 74
SpecificHeat. ... 75
Supplementary Reading List....................cooiiiians. 77
Chapter 3, HeatFlow inWelding. . . ............................... 79
Introduction ...ttt i e 80
Peak Temperatures. . . ..o.ovv ittt iinnnesneneeens 80
Peak Temperature Equation...............cooiiiiiieenan.en 80
Calculating Width of Heat-Affected Zone .................... 81
Cooling Rates. . ....ciit ittt ittt iie e i einaannnns 84
Thick and Thin Plate Cooling Rate Equations ................ 84
Preheat Temperature and Critical Cooling Rate ............... 85
Solidification Rates . ...............coiiiiiiiiiiiiiiiinaaenn, 88
Effect of Dendrite Spacing ................coiiiiiiiin.t, 88
Effectof Energy Input. ...t 89
Typical Weld Thermal Cycles. ...........c.ooiviiiiiineon.. 90
Effects of Energy Input and Preheat Temperature. ............. 90

vi



Contents

Effect of Plate Thickness and Weld Geometry................. 95
Effect of Thermal Characteristics. ........................... 96
Control of the Width of the Heat-Affected Zone .............. 97
Supplementary Reading List. . ............... ... ... .. ....... 98
Chapter 4, Welding Metallurgy. . .................................. 99
Introduction ....... ... i e 100
General Metallurgy ............. ... oo i 100
Structureof Metals. . ...........c.oiiiiiii i 100
Phase Transformations .......................ooiiiiiiaan, 103
Effects of Deformation and Heat Treatment ................. 107
Review of Commercial Alloys . .............c.ovviinvenenn, 117
The Metallurgy of Welding. .. ......................ooi.. 122
WhatIsaWeld?....... .. ... ... i i 122
WeldMetal......... ..o 123
The Heat-Affected Zone.............. ... ...t 131
Base Metal. . ......... . i e 137
SUMMAIY . ..o e 142
Weldability Testing . ...ttt iiiiiianannn, 143
Theoretical Tests ... ......ovvrireiiiiniiiienreeennnnnn, 143
Simulated Tests. . ........c.oovivire i i 143
Actual Welding Tests. .. ....vvrtiiiiinniiiiianneenennn. 145
Brazing and Soldering Metallurgy............................ 149
Supplementary Reading List.................. ..ot 151
Chapter 5, Testing for Evaluation of Welded Joints ... ............... 153
Introduction ......... .ot e e 154
Tensile Properties—Strength and Ductility. .................... 155
Tension Tests . ..ottt i ess 155
Hardness Tests .. .........ccoiiiiiiiiiiiin .. 163
Constant Load Rupture Tests. . .............oooiiiiiinn.. 166
Bend Tests. . ....oovii it 166
Fracture Toughness ... ..o e, 170
Concepts Relating to Fracture Toughness. ................... 171
Linear Elastic Fracture Mechanics ......................... 174
Engineering Procedures for Elastic-
Plastic Toughness. .........cooviiiii i 179
Special Problems of Welded Joints ........................ 183
Fatigue Properties of Welded Structural Joints ................. 186
Description of Phenomenon. ....................... ... ... 186
Measurement of Fatigue Properties......................... 189
TestSpecimens. ...t 190
Fatigue Strength of Welded Joints. . ........................ 191
Summary of Fatigue Data................. ... ...t 198
Improvement Techniques .................cooivieniin... 200



CONTENTS

Corrosion Fatigue .............. . iiiiiiiieeenennn. 200
Thermal Fatigue............. ... . i it 200
Corrosion Factors Affecting the Testing and
Performance of Welded Joints .. .................c..o0... 201
Typesof Corrosion ..., 201
Corrosion Testing of Welded Joints ........................ 204
Evaluation of Corroded Weldments ........................ 206
Elevated Temperature Behavior..................... ... ... .. 207
Creep-Rupture Phenomena. . ....................coovnn, 207
TestMethod .. ... i i i i 207
Method of Reporting and Extrapolating. .................... 208
Significance of Weld Discontinuities. ... ...................... 209
Types of Weld Discontinuities. ............................ 209
Effect of Discontinuities on the Performance
of Welded Joints ............. .. oo, 212
CodeStandards. ... 215
Reference List. . ......oootiini i i ens 217
Supplementary Reading List. . ............... ..o it 219
Chapter 6, Residual Stresses and Distortion ... ..................... 221
Introduction ..ottt i e 222
Causes of Residual Stresses. ... .........oooverenranrenenenn.n. 224
Macroscopic and Microscopic Residual Stresses.............. 224
Formation of Residual Stresses ............................ 225
Thermal Stresses during Welding and
Resulting Residual Stresses................cciivvunn.... 229
Residual Stresses and Reaction Stresses
inWeldments ............coooiiiii i 230
Effects of Residual Stresses. . ..............coiiiinivini..n. 231
Fracture under Tensile Stresses. ..................ccovautn 231
Buckling under Compressive Loading. ...................... 234
Fatigue Fracture. .......... ... ... i 236
Effects of Environment. ...........cvviiiiininnennnneennn. 237
Measurement of Residual Stresses in Weldments. . .............. 238
Classification of Techniques for Measuring
Residual Stresses ..........coviiiiiiiii it 238
Measurement of Residual Stresses by
Stress-Relaxation Techniques..................cooiiit 239
Measurement of Residual Stresses by
X-ray Diffraction Techniques. ........................... 243
Typical Residual Stresses in Weldments . ...................... 244
Distribution of Residual Stresses in
Typical Welds. . ... 244
Various Factors Affecting Residual Stresses
inWelds ... e 244



Contents

Weld Distortion . ... ...t i e 248
Fundamental Types of Distortion .......................... 248
Transverse Shrinkage of Butt Welds ........................ 250
Transverse Shrinkage of Fillet Welds ....................... 255
Longitudinal Shrinkage of Butt Welds ...................... 255
Longitudinal Shrinkage of Fillet Welds ..................... 256
Angular Changeof ButtWelds ............................ 256
Distortion Caused by Angular Changes

of Fillet Welds . .......... ... i 258
Bending Distortions Induced by
Longitudinal Shrinkage................................. 260
Buckling Distortion . ..........ccoiiiiiiiiiiiiiie .. 261
Solution of Practical Problems. ............................ 261
Design and Procedures for Reducing Residual
Stresses and Distortion . ........... .o, 265
Reduction of Residual Stresses. ............................ 265
Control of Distortion ...........cocoiiiiiiiiinnnenene... 265
Correction of Distortion. ..............ccoviiiineneeen... 267
Thermal and Mechanical Treatments of
Weldments . .....o it e et 268
Reasons for Thermal and Mechanical
Treatments of Weldments............................... 268
Common Thermal Treatments for Weldments . .............. 269
Peening ...t e 273
Proofstressing . ............ i 274
Vibratory Stress Relief ................ ... ..o oot 274
Reference List. . . ......oviiiiiii i it i 276
Supplementary Reading List. ..o, 278
Appendix A, Terms and Definitions. . ............................. 279
Appendix B, Metric Practice Guide .. .......................l L 337
Index . ... e e 361

ix



Welding Handbook Committee

S. Weiss, Chairman (1972-1975)

A. W. Pense, Chairman (1975- )
S. D. Reynolds, Jr.,

Vice Chairman (1973-75)*

C. Weisman, Secretary

I. G. Betz

R. L. Frohlich

Z. P. Saperstein**

R. E. Somers

I L. Stern
R. T. Telford
W. L. Wilcox

*Membership expired May 31, 1975
**Resigned June 3, 1975

University of Wisconsin—
Milwaukee

Lehigh University
Westinghouse Electric Corp.

American Welding Society
Frankford Arsenal
Westinghouse Electric Corp.
American Welding and
Manufacturing Co.
Bethlehem Steel Corp.
American Bureau of Shipping
Union Carbide Corp.

Gilbert Associates, Inc.



Foreword

For those involved in the welding industry, 1976 marks not only the 200th
birthday of the United States, but also the beginning of the Seventh Edition of
the Welding Handbook. The need for a revised, updated Handbook has proba-
bly never been greater. During the period to be spanned by the Seventh Edi-
tion, welding manufacturers and fabricators will continue to face complex
problems including product safety and liability, energy depletion, potential
shortages of materials, availability of trained and qualified labor, and the ris-
ing cost of practically every aspect of production. This new edition is
therefore offered as an aid to the user and producer of welded products in the
beginning of the nation’s third century. This edition should provide them with
the information and reference material they will need as well as possible
answers to some of the problems they will be confronting.

The Welding Handbook Committee has prepared an outline of the Sev-
enth Edition based on its evaluation of the Sixth Edition and the anticipated
needs of the industry. Five volumes are tentatively planned for this edition.
This volume, Fundamentals of Welding, is the first of the five and focuses on
basic welding technology. It is introduced and described in the Preface on p.
Xiv.

Welding and cutting processes will be covered in Volumes 2 and 3 of this
edition. Volume 2 will include arc and oxyfuel gas welding, brazing, solder-
ing, surfacing, and cutting, and Volume 3 will survey resistance and solid
state welding and other miscellaneous joining processes such as electron beam
and laser beam welding. In addition to basic process descriptions, each
chapter will discuss equipment, materials, general applications, process
parameters, welding procedure, types of welds, and weld quality.

The last two volumes will be devoted to engineering applications.
Volume 4 will survey the materials used in welding in terms of their
metallurgical and mechanical properties and their weldability. Volume 5 will
focus on design and will present chapters on engineering applications,
automation and control, safety and inspection, and economics and cost
estimating.

In addition to outlining the contents of the Seventh Edition, the
Handbook Committee also set up some guidelines for organizing and writing
Handbook chapters and for presenting each volume in the most coherent
manner possible. Their goals include—

o A fresh approach to each chapter with the introduction of new and im-

portant information

e Concise, well organized presentation of topics

xi



FOREWORD

e Inclusion of as much tabulated and factual (objective) information as

possible

o Good reference material for each chapter

e A high degree of cross-referencing between Handbook volumes and

chapters with a minimum of overlap and repetition

o A more useful index for each volume

The Committee has also recommended some format changes in the Sev-
enth Edition which are reflected in the present volume. For one thing, the
pages in each Handbook volume will now be numbered consecutively from
beginning to end. This replaces the old practice of numbering the pages in
each chapter as a separate unit and should help the reader find information
more quickly and easily.

Another change involves the presentation of reference material. While
the Committee stressed the need to condense Handbook data, it also felt the
Handbook should be a good cross-reference to other important and more
detailed publications. Recognizing that the Handbook can be neither timeless
nor all-encompassing, the Committee requested each chapter chairman to
compile lists of pertinent, up-to-date references for his chapter. These
references should guide the Handbook user to other important documents
such as codes, specifications, and technical reports and should supply him
with the latest information on standardizing, qualifying, and controlling
welding processes and materials. This reference material will take two forms:
A Supplementary Reading List which will appear at the end of each chapter
and an optional Reference List, also at the end of the chapter, corresponding
to internal text references. (In this volume, Chapters 5 and 6 contain both
types of bibliographical material.)

Another feature of the Seventh Edition is the use of metric units as the
primary system of measurements in text, figures, and tables. This reflects the
policy adopted by AWS for all its technical publications and is a response to
the needs of an industry rapidly converting to the metric system. The metric
units to be used in the Seventh Edition are those of the Systéme International
d’ Unités (SI) which is the internationally accepted metric system. SI units will
be given first in text to be followed parenthetically by U.S. customary units. In
tabular material, SI and U.S. units will be given in separate columns. As for
figures, those that are not dual dimensioned will be accompanied by tables
giving SI and U.S. customary equivalents.

As already mentioned, the Handbook Committee is anxious to imple-
ment a better system of indexing for the Seventh Edition. Since the Handbook
is primarily a reference book, its usefulness is largely dependent on the ease
with which the reader can locate the information he is looking for. Obviously,
a thorough and well-organized index is essential. The Committee’s aim is to
present such an index for each volume. In addition, each volume will contain
a running, cumulative index of all volumes published up to that point. This
means that Volume 2 will contain a composite index for both Volumes 1 and
2 and so on through the publication of Volume 5 which will contain a com-
posite index for the entire edition.

In developing plans for the Seventh Edition, the Handbook Committee is
breaking with some long established traditions. In this regard, the Committee
members urge Handbook readers to keep their copies of earlier editions

xii



Foreword

because they contain data that may not be repeated in the Seventh Edition.
This new edition will provide what the Committee judges to be the latest and
most essential information available; it will not contain, for instance, infor-
mation about lesser used or obsolete welding processes or specific welding
applications such as industrial piping and automotive products.

Perhaps the greatest difficulty in publishing the Handbook is to recognize
the needs of the individuals who will use it. Pinpointing the Handbook reader-
ship is a very complex task. Nevertheless, a decision had to be made regarding
the level to which this publication would be aimed. Catering to engineers at
the expense of shop or supervisory personnel or vice versa would be grossly
unfair. The intent of the Committee is, therefore, to appeal to a large and
diverse group by including information ranging from factual shop data to ex-
planations of intricate processes and material properties.

This foreword would not be complete without acknowledging all the
contributors to Volume 1 of the Seventh Edition. The authors of the chap-
ters—the chapter chairmen and their committees—had an especially difficult
task because they were actually writing new chapters rather than just updating
old ones. In addition, individuals outside the chapter committees were con-
tacted to review chapters and offer comments and suggestions. All of these
participants were very generous in applying their own valuable time and crea-
tive ability to an often unrewarding and laborious assignment. The companies
who supported these individuals also deserve mention. They not only con-
tributed personnel to this project, but made their research and production in-
formation available for Handbook use. And so to all these contributors, the
members of the Welding Handbook Committee extend their sincere apprecia-
tion.

The success of future Seventh Edition volumes is directly dependent
upon the voluntary effort of qualified individuals such as those just men-
tioned. It is therefore appropriate to introduce the Seventh Edition by in-
forming all of you of our urgent need for contributors to forthcoming
volumes. The Handbook Committee hopes that you will step forward volun-
tarily or when requested to participate in creating this very important and
unique publication—the Welding Handbook.

STANLEY WEISS

Chairman, Welding Handbook
Committee

© xiii



Preface

The present volume on welding fundamentals deals only with the basic
technology of welding. The practical applications of this technology will be
taken up in later volumes. The traditional “first volume” chapters such as
physics of welding, welding metallurgy, mechanical testing, and residual
stresses and distortion are of course included, but most of the material in
these chapters is new (that is, not extracted from the previous Sixth Edition
volume). In addition, two new chapters have been added, one on heat flow in
welding and one presenting a concise survey of the major joining and cutting
processes. The latter chapter is less theoretical in nature than the others, but
it is still essential basic information for someone starting out in the field. A
capsuled, but comprehensive process survey of this type has not appeared in
the Handbook previously.

Two appendices, extracted from documents prepared by the AWS Com-
mittee on Definitions, Symbols and Metric Practice, are included at the end
of this volume. Appendix A presents a glossary of welding terms and defini-
tions. Appendix B is a guide to the use of metrication in the welding indus-
try. The recommendations outlined in it have been followed in “metricating”
Volume 1.

The contributors to Volume 1 selected their topics and data carefully in
the hope that approximately nine years from now, when this volume is super-
seded, the information presented here would not be drastically out of date.
Consequently, we may have skirted with danger in a few cases by introducing
or expanding discussions of somewhat controversial topics such as linear
elastic fracture mechanics and vibratory stress relief. However, we felt it was
important to present not only the traditional aspects of welding fundamen-
tals, but those fields that will be gaining prominence in the near-decade to
come. (We did not forget the classics, however. For example, the iron-car-
bon phase diagram and the Charpy V-notch test results are also included.)

We have also tried to give the Handbook an up-to-date appearance by
using contemporary typefaces (and typesetting methods) and have introduced
a new two-column page format. The two-column page format offers two ad-
vantages: It is more economical because it allows for about 20 percent more
type characters per page and it is easier to read because the length of each
text line is shorter.

As already mentioned in the Foreword, Volume 1 is dual dimensioned
throughout with SI (metric) units the primary measurements and U.S.
customary units the secondary measurements. This system, though essential
in keeping abreast of the fast approaching switch to SI in the industry, posed
some unique problems in both the selection and presentation of units. For
instance, those who are accustomed to calculating the heat of chemical reac-
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Preface

tions in the calorie—a non-SI metric unit—will no doubt be surprised and
probably not pleasantly so to find that these calculations are, in Volume 1,
given in kilojoules. (See Chapter 2, pp. 42-43.)

Mathematical equations and formulas presented an even more perplex-
ing problem in terms of dual dimensioning. In Volume 1 equations contain-
ing units of measurement, the original units (even if U.S. customary) have
been retained in most cases to avoid changing coefficients. However, alter-
nate versions of the equations using SI units have often been supplied. Where
a series of calculations have been involved, only the final numerical result
has been given in dual units.

As pointed out in both the Foreword and this preface, we are instituting
a number of changes in the Seventh Edition starting with this volume.
Changes, even though necessary, usually do not come about painlessly, and
we are anxious to know how you feel about them. We welcome your com-
ments on this volume as well as (and perhaps especially) on our plans for the
other volumes in the Seventh Edition. Please address your comments to: Edi-
tor, Welding Handbook, American Welding Society, 2501 Northwest Seventh
Street, Miami, Florida 33125.

Charlotte Weisman, Editor
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1

Survey of Processes for
Joining and Cutting Materials

INTRODUCTION

The purpose of this chapter is to in-
troduce the conventional, better known join-
ing and cutting processes to readers with
minimal knowledge of the process(es) of in-
terest and to provide insights into their selec-
tion and use. The chapter identifies the dis-
tinguishing features of the various processes as
well as their attributes and limitations and
draws comparisons where applicable. Opera-
tional characteristics, power requirements,
pertinent welding skills, and cost considera-
tions along with possible material and
material thickness applications are discussed.
It should be recognized, however, that the
material presented in the chapter is a
generalization of the subject and should not be
considered the final source of information for
selecting any process for specific applications.
Where specific information and data are
needed, the reader must consult additional
sources including those appended to this
chapter and other volumes of the Handbook.

Since the arc welding group of joining
processes is by far the most widely used in the
industry, it is accorded the most attention.
Other well known and often used joining pro-

Note: The SI (metric) and U.S. customary values given in
this chapter are not, in most cases, exact equivalents. The SI
values are the primary measurements used in this and all
Volume 1 chapters. The secondary U.S. measurements
(given parenthetically) are rounded off conversions from the
SI values. For a further explanation of the system of
measurements used in Volume 1, refer to the Forewordon p.
X1.

cesses discussed in the chapter are oxyfuel gas
welding, resistance welding, flash welding,
brazing, and soldering. Diffusion, friction,
electron beam, and laser beam welding along
with adhesive bonding are also included
because of their growing popularity and in-
creasing value to the industry. However,
ultrasonic welding, explosive welding, and
surfacing, though important in highly special-
ized areas, are omitted from this chapter
because of their narrow field of application.
Finally, a section of the chapter is devoted to
thermal cutting processes. Descriptions of
several common methods of severing and
removing metals are included.

Relatively few individuals develop an ex-
pertise in the use of all processes and probably
no one has had the occasion to cut or join all
of the currently available engineering
materials. The goal of the chapter, therefore, is
to familiarize readers with all the major con-
temporary processes so that consideration may
be given to those processes that might other-
wise be overlooked.

Frequently, several processes can be used
for any particular job. The major problem is
to select the one that is the most suitable in
terms of technical requirements and cost.
These two factors, however, may not be totally
compatible, thus forcing a compromise. Selec-
tion of a process can depend on the number of
components being fabricated, the acceptability



of initial costs, joint location, structural mass,
desired performance of the product, and so
forth. The adaptability of the process to the
location of the operation or the type of shop
and the experience and abilities of the
employees may also have impact on the final
selection. These considerations are touched
upon as they relate to the different processes.

The text of this chapter is complemented
by Tables 1.1 (for joining) and 1.2, (for cut-
ting). Table 1.1 indicates by “X” marks, the
process, material, and material thickness com-
binations that are usually compatible. The

Arc Welding / 3

left-hand column of the table lists a variety of
engineering materials and four arbitrary thick-
ness ranges. The major processes currently
used by industry are listed across the top. Ta-
ble 1.2, p. 30, for cutting is presented in a
similar format and indicates the applicability
of several major cutting processes to materials.
These tables should be regarded as only
general indicators, however, the combinations
they suggest may not necessarily be valid for
specific situations. Nevertheless, the informa-
tion presented can serve as a guide in screen-
ing processes for a joining or cutting require-
ment.

ARC WELDING *

The term arc welding applies to a large
and diversified group of welding processes that
use an electric arc as the source of heat to melt
and join metals. The formation of a joint be-
tween metals being arc welded may or may not
require the use of pressure or filler metal.**

The arc is struck between the workpiece
and an electrode that is manually or mechan-
ically moved along the joint or that remains
stationary while the workpiece is moved un-
derneath it. The electrode will be either a con-
sumable wire or rod or a nonconsumable car-
bon or tungsten rod which serves to carry the
current and sustain the electric arc between its
tip and the workpiece. When a nonconsumable
electrode is used, a separate rod or wire can
supply filler metal if needed. The consumable
electrode, however, will be specially prepared
so that it not only conducts the current and
sustains the arc but also melts and supplies
filler metal to the joint and may produce a slag
covering as well.

The major arc welding processes and their
unique features are described in the following
pages.

*Arc welding is also discussed under “Electrical
Sources of Welding Energy” in Chapter 2, p. 38.

** Although pressure is not generally used in arc weld-
ing processes, stud welding is one arc welding process that
does require pressure. Stud welding is not covered in this
chapter, but it is covered in Chapter 30, Section 2 of the
Welding Handbook, Sixth Edition, and will tentatively be
covered in Volume 2, Seventh Edition.

SHIELDED METAL ARC WELDINGY

Shielded metal arc welding (SMAW) is
one of the oldest arc welding processes. It is
also the simplest and perhaps the most ver-
satile for welding ferrous base metals. The
process uses a covered electrode consisting of a
core wire around which a clay-like mixture of
silicate binders and powdered materials (such
as fluorides, carbonates, oxides, metal alloys,
and cellulose) is extruded and baked to pro-
duce a dry, hard, concentric covering. This
covering is a source of arc stabilizers, gases to
exclude air, metals to alloy the weld, and slags
to protect and support the weld.

The electrode is clamped in an electrode
holder which is joined to the power source by
a cable. The arc is initiated by touching the
electrode tip against the work and then with-
drawing it. The heat of the arc melts the base
metal in the immediate area, the electrode
metal core, and the electrode covering. The
alloy produced from the molten base metal,
core wire, and metal powders in the covering
freezes to form the weld.

Covered electrodes are produced in a
variety of diameters normally ranging from 2
to 6 mm (3/32 to 1/4 in.). The smaller
diameters are used with low currents for join-

tChapter 22 in Section 2 of the Welding Handbook,
Sixth Edition covers this process in detail. In the Seventh Edi-
tion, a chapter covering SMAW is tentatively set for Volume
2.
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LEGEND FOR TABLE 1.1

Process Code

SMAW —Shielded Metal Arc Welding
SAW—Submerged Arc Welding
GMAW--Gas Metal Arc Welding

**ST—Spray Transfer

**B —Buried Arc

**P _Pulsed Arc

**S —Short Circuiting Arc
FCAW—Flux Cored Arc Welding
GTAW-—Gas Tungsten Arc Welding
PAW—Plasma Arc Welding
ESW-—Electroslag Welding
+EGW-—Electrogas Welding

B--Brazing

designations for spray transfer and buried arc.

electrogas welding is designated as EGW here.

RW-—Resistance Welding
FW—Flash Welding
OFW-—Oxyfuel Gas Welding
DFW--Diffusion Welding
FRW-Friction Welding
EBW-—Electron Beam Welding
LBW-—Laser Beam Welding

Thickness

S —Sheet: up to 3 mm (1/8 in.)

1 —Intermediate: 3 to 6 mm (1/8 to
1/4in.)

M-Medium: 6 to 19 mm (1/4 to 3/4 in.)

T —Thick: 19 mm (3/4 in.) and up

X—Recommended

TB—Torch Brazing
FB—Furnace Brazing
IB—Induction Brazing
RB—Resistance Brazing
DB-Dip Brazing
IRB—Infrared Brazing
DFB-Diffusion Brazing
S—Soldering

**Not standard AWS letter designations. Pulsed arc and short circuiting arc are officially designated GMAW-P and
GMAW-S respectively, but for brevity, the designations are given here as P and S. There are no official

tNot standard AWS letter designation. Electrogas welding is a process variation of GMAW and FCAW and should be}
designated as either GMAW-EG or FCAW-EG. (See discussion of electrogas welding on p.12.) For brevity, however]

ing sheet and for welding in all positions. The
larger diameters are designed for conducting
high currents to achieve greater deposition
rates in the flat and horizontal positions.
Special alloy filler metal compositions can be
formulated with relative ease by the electrode
manufacturers.

The SMAW process has several advan-
tages. Using the process, job shops can handle
most welding problems with a relatively small
variety of electrodes in their inventory. An-
other advantage is the simplicity and lightness
of equipment.

An alternating current (ac) or direct cur-
rent (dc) power supply, power cables, and an
electrode holder are all that are normally re-
quired. The power supply can be connected to
a primary line providing about ten kilowatts
(kW) or less, or a gasoline engine driven
power source can be used when portability is

necessary. Also, welds can be made in con-
fined locations or remote from heavy power
supplies. For these reasons, the SMAW process
has continued to dominate the construction,
pipeline, and shipbuilding industries. Un-
complicated, portable rigs are in common use
for maintenance and field construction work.

The total cost of a typical production
package ranges from slightly under $500 to
slightly more than $1000 although portable,
engine driven systems cost substantially
more.*

Some of the heavily covered electrodes,
sometimes called “‘drag rods,” are easily
mastered for making welds in the flat and
horizontal positions because they are allowed

*Cost information given on SMAW and all other arc
welding processes reflects 1974 prices.
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to touch the plate. A sizeable tonnage of weld
metal is deposited by relatively unskilled
assembly line welders. Electrodes designed for
all-position welding must be used by skilled
individuals or the weld quality and soundness
may be impaired. Such skills cannot be
developed quickly and not all welders acquire
the manual dexterity needed to weld in all
positions. Equipment costs and maintenance
are minimal since the power supplies are quite
simple and reliable, and the holders are only
slightly more complicated than a pair of pliers.

The SMAW process is suitable for joining
metals in a wide range of thicknesses, but nor-
mally is best suited for a thickness range of 3
to 19 mm (1/8 to 3/4 in.). However, electrodes
are frequently used for welding heavy-walled
components which cannot be positioned for
flat or horizontal welding, even though the
deposition rates are lower in other positions.
Sections thinner than 3 mm (1/8 in.) can be
joined, although substantial skill is required as
the thicknesses decrease. Butt joints in plate
material are normally beveled to allow proper
access to the root of the joint. Fillet welds are
very easy to make, particularly with heavily
covered electrodes. Surfacing is a common ap-
plication of the SMAW process.

The typical current range used for SMAW
is between 50 and 300 amperes (A), although
some special electrodes are designed to be used
with currents as high as 600 A, and others as
low as 30 A, allowing weld metal deposition
rates between 1 and 8 kg/h (2 and 17 1b/h). It
is possible to deposit 4.5 kg (10 1b) per man
hour in the flat position. However, a welder
normally is not able to deposit more than 3.6
to 4.5 kg (8 to 10 1b) per day in all-position
welding because small diameter electrodes and
low currents are used and considerable
manipulation is necessary. Also, cleaning of
the slag covering of the weld joint is required
after each pass. As a result, labor costs are
high. Material costs are also high since less
than 60 percent of the weight of the purchased
electrodes is deposited as filler metal.
However, in spite of these deficiencies, SMAW
maintains a position of dominance because of
its simplicity and versatility and because so

many welders and engineers are comfortable
with the process due to long experience with it.

SUBMERGED ARC WELDING*

In submerged arc welding (SAW), the arc
and molten metal are shielded by an envelope
of molten flux and a layer of unfused granular
flux particles. When the arc is struck, the tip of
the continuously fed electrode is submerged in
the flux and the arc is therefore not visible.
The weld is made without the intense radiation
that characterizes the open arc processes and
with little fumes.

The SAW process is used in both
mechanized and semiautomatic operations,
although the former is by far more common.
High welding currents can be employed, pro-
viding substantial cost savings due to high
metal deposition rates and low labor costs.
Welds can be made in the flat and horizontal
positions only.

Mechanized equipment systems utilize
from 600 to 2000 A power sources, automatic
wirefeed and control, and a system to propel
electrode feeders such as a four-wheeled car-
riage or a moving component fixture. Stan-
dard three-phase primary voltage lines supply
the main power systems. When single phase is
required, it normally is derived from one
phase of the three-phase line. Three-phase
220/440 volt (V) and single-phase 440 V
systems are used.

Although a welding system can be
purchased for under $2000, a majority of
single electrode mechanized systems are in the
$2000 to $10,000 range. Multiwire systems
and systems installed on large fixtures could
cost in excess of $50,000.

For mechanized equipment, welding
operators can be trained to produce consis-
tently high quality welds with a minimum of
manual skill. Semiautomatic systems are also
readily mastered, and the welding operator is
not troubled by welding fumes or encumbered
with dark face shields and protective clothing.

*Chapter 24 in Section 2 of the Welding Handbook,

Sixth Edition covers this process in detail. In the Seventh Edi-
tion, a chapter covering SAW is tentatively set for Volume 2.



The SAW process is useful for welding
both sheet and plate. In welding relatively thin
materials, speeds of up to 84 mm/s (200
in./min) can be achieved while high metal
deposition rates (27 to 45 kg/h {60 to 100
Ib/h]) and reliability are the advantages for
heavy sections.

Many types of joints can be welded using
the SAW process. Deep joint penetration can
be achieved with direct current electrode posi-
tive (dcep). Therefore, the need for plate
beveling is minimal. Joint fitup should be con-
sistently tight to maximize the advantages of
the SAW process and to minimize melt-thru.
Seal passes deposited with SMAW or gas metal
arc welding (GMAW) are effectively employed
on poorly fitted joints prior to finishing with
SAW. Joints may also be backed with copper
bars, flux, various types of tape, or integral
steel members.

The process is most widely employed for
welding all grades of carbon, low alloy, and
alloy steels. Stainless steel and some nickel
alloys are also effectively welded or used as
surfacing alloys with the process. Various
filler metal-flux combinations may be selected
to provide specific weld metal properties for
the intended service. The flux may be highly
reinforced with alloying elements. In general,
one pound of flux is consumed for every
pound of wire used.

If the particular job requires repetition,
the highest percentage arc time possible, and
consistent weld quality, a mechanized system
is justified and the SAW process should be
considered. In general, if the job can be per-
formed with SAW, this process will be among
the least expensive in terms of cost related fac-
tors such as welding speed, materials, equip-
ment costs, and reliability.

GAS METAL ARC AND FLUX CORED
ARC WELDING*

Gas metal arc welding (GMAW) and flux

*GMAW and FCAW are covered in detail in Chapter
23, Section 2 and Chapter 58, Section 3B respectively of the
Welding Hundbook, Sixth Edition. In the Seventh Edition,

chapters covering these processes are tentatively set for
Volume 2.
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cored arc welding (FCAW) are classified by
AWS as two separate processes, but because of
their many similarities in application and
equipment, it is useful to discuss them
together. Both processes use a continuous wire
or tubular filler metal to serve as a source of
weld metal and as a terminal for the electric
arc, and both use gas to shield the arc and
weld metal. However, with GMAW, the
electrode is solid and all of the shielding gas is
supplied by an external source. With FCAW,
the electrode is tubular and may be the source
of some or all of the gas shielding needed. The
flux cored arc welding process may use auxil-
iary shielding depending on the type of
electrode employed, the material being
welded, and the nature of the welding in-
volved. Flux cored arc welding with a shield-
ing gas is considered to be GMAW by the
ASME Boiler and Pressure Vessel Code.
The shielding gases used by both pro-
cesses have a dual purpose of protecting the
arc and weld zone from air and providing the
arc characteristics desired. A variety of gases
are used depending on the metal reactivity and
nature of the joint being welded. Also, a
variety of power supplies have been developed
to expand the versatility of the two processes.

Gas Metal Arc Process Variations

In GMAW, the common variations of
shielding gases, power supplies, and electrodes
have significant effects resulting in several
different and important process variations.
These variations can be designated by the
nature of the shielding gas: argon which is in-
ert and can be used to weld all metals, or car-
bon dioxide which can be either oxidizing or
oxidizing and carburizing. They also can be
designated by mode of metal transfer** from
electrode to work as follows: spray transfer,
buried arc, pulsed arc (GMAW-P), and short
circuiting arc (GMAW-S). The first two of
these require high currents while the latter two
commonly are used with low average currents.

The spray transfer and pulsed arc process

**For a thorough explanation of metal transfer, refer
to Chapter 2, p. 59.
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variations require argon-rich gas mixtures; the
buried arc and short circuiting arc variations
require carbon dioxide or carbon dioxide in
gas mixtures.

Taken as a group, the GMAW process
variations can be used to join virtually any
metal in any type of joint configuration, and
in any position. However, taken individually
the variations have specific advantages and
limitations.

Spray Transfer. Spray transfer is unique in
arc welding and describes an axial transfer of
small discrete drops of metal at rates of
hundreds per second. Argon or argon-rich gas
mixtures are necessary to shield the arc. Direct
current electrode positive is almost always
used and must be above a critical value pro-
portional to the electrode diameter. The metal
transfer is very stable, directional, and essen-
tially spatter free.

Argon or argon-helium mixtures are used
when joining reactive metals such as
aluminum, titanium, and magnesium.
However, when welding ferrous metals, small
amounts of oxygen or carbon dioxide need to
be added to these mixtures to prevent undercut
and irregular welds. Unfortunately, the high
arc energy associated with spray transfer limits
the effectiveness of this process variation for
joining thin sections or for welding steels in
the vertical or overhead positions. However, it
is used extensively for welding almost all
metals and alloys including reactive metals
such as aluminum, titanium, and magnesium
in the flat and horizontal positions. Some of
these materials cannot be welded with pro-
cesses that are not shielded with inert gases.

Buried Arc. In the buried arc process
variation, carbon dioxide-rich gases are used
to shield the arc and welding zone. With these
gases, spray transfer cannot be obtained at any
current level. Instead, the transfer is essentially
globular and, due to arc forces and un-
controlled short circuits, considerable spatter
is produced, even when the arc is buried in its
own crater.

Carbon dioxide is also reactive, so its use
is limited to steels which can be properly
alloyed to tolerate an oxidizing atmosphere

and to those which do not have to be essen-
tially free of carbon as, for example, low car-
bon stainless steels. However, the buried arc
process variation permits much higher welding
speeds than possible with argon, making it
effective and relatively inexpensive for many
mechanized or repetitive manual operations
such as those common in the automotive in-
dustry. The arc is also more penetrating due to
the high current ranges used.

Pulsed Arc. If intermittent, high amplitude
pulses of current are superimposed on a low
level steady current, the average current can be
reduced appreciably while producing a metal
spray transfer during the pulse intervals.
Argon-rich gases are essential to achieve the
spray. This type of metal transfer, produced
through the utilization of a unique power sup-
ply, characterizes the pulsed arc process varia-
tion. With it, reasonably large electrode
diameters can be employed to weld thin as
well as heavy sections, in all positions and for
many base metals.

Proper handling of the power supply may
require additional training. Also, more skills
are needed to achieve the weld quality possible
with pulsed arc welding when used in all posi-
tions than with spray transfer welding in the
flat position.

Short Circuiting Arc. The need for
relatively high currents with either the spray
transfer or buried arc process variations mini-
mizes their applicability. Neither can be used
to weld thin sections because the arc penetrates
too deeply, and the deposition rates are too
great to control a weld pool in vertical or
overhead welding positions. However, with
short circuiting arc welding the average cur-
rent and deposition rates can be reduced by
using power supplies which allow metal to be
transferred only during intervals of controlled
short circuits occurring at rates in excess of 50
per second. The short circuiting arc can be
used to weld thin sections in all positions. This
process variation has the advantage of being
very easy to use, but unfortunately, because the
energy input is low, incomplete fusion defects
can be a problem when welding sections
thicker than 6 mm (1/4 in.). Good welding



technique is very important when welding
these thicker sections.

Flux Cored Arc Welding

Flux cored arc welding uses cored
electrodes instead of solid electrodes for join-
ing ferrous metals. Minerals and ferro alloys
in the core provide additional protection and
help control the weld contour. Many cored
electrodes are designed to be used with carbon
dioxide-rich gases. Weld metal can be
deposited at higher rates, and the welds can be
larger and better contoured than those made
with solid electrodes, regardless of the shield-
ing gas.

Another family of cored electrodes is the
“self shielded” variety. These electrodes are
designed to produce their own protective en-
vironment and do not require an external
source of gas. However, the FCAW gas
shielded electrodes generally produce tougher
welds than the self shielded and are easier to
use in all positions. By controlling the ioniz-
able materials in the core, the process can
employ either dcep or dcen (direct current
electrode negative). The self shielded
electrodes can be used in drafts with minimal
consequences resulting from the shield stream
blowing away from the arc. The self shielded
FCAW process is commercially available with
mild steel, austenitic stainless steel, and
nickel-iron filler metals.

Equipment Requirements

All of the GMAW process variations and
FCAW, with few exceptions, use similar
equipment which requires the following:

(1) A variable speed motor and motor
control to power feed rolls which drive the
electrode at a preset and uniform rate.

(2) A “gun” which houses a “trigger” to
initiate and stop the electrode feed and flow of
gas, electrical current to the arc, and, if used,
water for cooling the torch; a nozzle which
directs the shielding gas to the arc and weld
pool (except for self shielded FCAW); a con-
tact tube at the axis of the nozzle to transfer
welding current to the electrode, and a system
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of cables, hoses, electrical connections, and
casings to direct the gas, electrode, power, and
water if used.

(3) A mount for the spooled or coiled
electrode.

(4) A control station containing the
relays, solenoids, and timers needed to inte-
grate the system.

(5) A source of shielding gas, if needed,
and a device for metering the flow rates of the
gas.

(6) A power supply to provide an ap-
propriate amount and type of current.

(7) A water supply for cooling if neces-
sary.

The equipment described can be adapted
for use in semiautomatic welding, or mounted
on fixtures for automatic or machine welding.
The cost of the equipment varies but in general
it is in the range of $1000 to $2000. The
power supplies for pulsed arc welding are
more expensive than the conventional, raising
the cost of pulsed arc welding slightly above
the $2000 mark. Power requirements range
from 2 kW for short circuiting welding to 20
kW for FCAW at high deposition rates.

Less manipulative skill is needed to
master these processes when compared with
the SMAW process. If the welding is highly
repetitive and the equipment controls are
preset, only a relatively short time is needed to
train a welder. The short circuiting arc process
variation is quite easy to master for use in all
positions. Flux cored arc welding requires
somewhat more skill, especially for making
vertical and overhead welds. However, it can
be used to produce vertical welds at rates in
excess of 2 kg/h (5 1b/h). The spray transfer and
pulsed arc process variations are somewhat
more difficult to use because the arc length
needs to be more carefully monitored for best
results. As with everything else, the most profi-
cient welders are those who understand the
equipment and variables which control pro-
cesses. Acquiring such knowledge requires
time and training.

A reasonable amount of preventative
maintenance is required to assure that the gas
passages are clear and the contact tube is not
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worn. The feeders and control units are un-
sophisticated electromechanical devices and,
therefore, quite reliable. Maintenance skills
can be developed easily.

As indicated in Table 1.1, the thickness of
joints that can be welded depends on the pro-
cess. The short circuiting arc is almost ideal
for welding ferrous materials in all positions if
they are thinner than 6 mm (1/4 in.) and with
open root joint designs. (This process varia-
tion can be used with very few other materials,
however.) The pulsed arc is used to weld sheet
as thin as 1 mm (3/64 in.) as well as heavy sec-
tions of all metals in all positions. The buried
arc and spray transfer process variations are
restricted to welding steels in the flat and
horizontal positions. Both the spray transfer
and pulsed arc process variations can be used
to weld aluminum alloys in all positions.
Cored electrodes, 1.6 mm (1/16 in.) in
diameter, are most commonly used to weld
ferrous materials in all positions. Larger
diameters, primarily 2.4 mm (3/32 in.), are
used for flat and horizontal welding.

Every type of joint can be welded with
these processes if both the appropriate process
and welding conditions are selected. Tight
square butt joints or lap joints rarely exceed
4.7 mm (3/16 in.). Larger butt welds need to
be beveled. Fillet welds can be made very
easily. Surfacing is common, particularly with
mechanized equipment.

Deposition rates vary considerably de-
pending upon the mode of metal transfer and
will range from 0.5 kg/h (1 1b/h) for short cir-
cuiting arc welding to over 13 kg/h (30 lb/h)
for flux cored arc welding.

In general, the GMAW and FCAW pro-
cesses are the most cost effective of all welding
processes using filler metals. The deposition
efficiencies are particularly high, approaching
95 to 100 percent with solid electrodes (de-
pending on the shielding gas), 85 to 90 percent
with gas shielded cored electrodes, and 80 to
85 percent with the self shielded cored
electrodes. Welders can work continuously
with both GMAW and FCAW since the wire is
fed continuously and only fatigue or changing
position requires the arc to be interrupted.

These processes have had phenomenal growth
and should continue to be of major industrial
significance.

GAS TUNGSTEN ARC WELDING

Gas tungsten arc welding uses a noncon-
sumable tungsten electrode for one pole of the
arc which is shielded with an inert gas. The arc
fuses the metal being welded as well as filler
metal if it is used. The gas shield protects the
electrode and weld pool and provides the re-
quired arc characteristics.

The process may employ either dcen or
alternating current. In general, ac is preferred
for welding aluminum and magnesium and
their alloys and some grades of stainless steels.
Direct current electrode negative is preferred
for welding most other materials and for
automatic welding of thick aluminum. Thin
magnesium sometimes is welded with direct
current electrode positive.

When ac is used with argon shielding, an
arc cleaning action is produced at the plate
surface during the half cycle when the
electrode is positive. This cleaning action
removes contaminants and is particularly
beneficial in reducing weld porosity in
aluminum when welding in the horizontal and
overhead positions. When using dc, helium
may be selected as the shielding gas due to its
ability to produce a deeper penetrating arc.
However, stringent precleaning of the
aluminum and magnesium parts is required
with the helium shield. The use of argon and
helium mixtures for gas shielding provides
some of the benefits of both gases.

Regardless of polarity, a constant current
(vertical volt-ampere characteristic) welding
supply is required. In addition, a high frequen-
cy oscillator is generally an integral part of the
power supplies intended for GTAW. High fre-
quency can be employed with dc to initiate the
arc instead of touch starting so as to minimize
tungsten electrode contamination. It is
therefore normally turned off automatically
after arc ignition. High frequency is employed
with ac for initiating the arc and to insure its
reignition at each half cycle while welding. It
is usually on throughout the welding.



Some specialized power supplies provide
pulsating direct current at high or low fre-
quency. With them, better control of penetra-
tion and weld metal solidification is possible,
welders can be trained more quickly, and all-
position welding is easier.

A variety of tungsten electrodes are used
with the process. The thoriated and zirconi-
ated electrodes have better current carrying
and electron emission characteristics than pure
tungsten, making them most suitable for dc
operations. The electrode is normally ground
to a point or truncated cone configuration to
minimize arc wandering. The pure tungsten
has the poorest electron emission but causes
the least current imbalance with ac welding
power supplies. This is advantageous when
welding aluminum and magnesium.

The equipment needed consists of a weld-
ing torch, welding power supply, and a source
of inert gas with suitable pressure regulators
and flowmeters. Electric power requirements
depend upon the thicknesses to be welded and
range from 8 kW for a 200 A dc unit to 30 kW
for a 500 A ac balanced wave unit. Portable
engine driven power supplies are available, as
well as standard line voltage units.

A small 200 A welding equipment setup
will cost about $1000 while a simple
automatic unit of S00 A capacity may cost
$5000. The addition of arc voltage control,
slope control, and other accessories will
materially increase the cost.

Gas tungsten arc welding requires more
training time, manual dexterity, and operator
coordination than does SMAW or GMAW.
The equipment is portable and usable with all
metals, in a wide range of thicknesses and in
all welding positions. Arc welds of the very
highest quality can be produced with the ver-
satile GTAW process.

The process allows welding of all types of
grooves and joint geometries and overlays in
plate, sheet, pipe, tube, and shapes. It is par-
ticularly appropriate for welding material 1.6
to 10 mm (1/16 to 3/8 in.) in thickness and for
welding pipe 25 to 150 mm (1 to 6 in.) in
diameter. Thicker sections can be welded but
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economics generally indicate the choice of
GMAW or other processes.

The combination of GTAW for root pass
welding with either SMAW or GMAW is par-
ticularly advantageous for welding pipe. The
gas tungsten arc provides a smooth, uniform
penetration pass while the fill and cap passes
are made with a more economical process.

Gas tungsten arc welding is generally
more expensive than SMAW due to the cost of
the inert gas, and is only 10-20 percent as fast
as GMAW. However, GTAW will provide the
optimum weld quality and a superior penetra-
tion bead, while accommodating a wider range
of thicknesses, positions, and geometries than
either SMAW or GMAW.

PLASMA ARC WELDING*

The plasma arc welding (PAW) process
provides a very stable heat source for welding
most metals from 0.02 to 6 mm (0.001 to
0.250 in.). The PAW process has advantages
over other open arc welding processes such as
SMAW, GMAVW, and GTAW because it
results in greater energy concentration, im-
proved arc stability, higher enthalpy (heat con-
tent), and higher welding speeds (than with
GTAW) as a result of greater penetration
capabilities. In the “keyhole” mode, it also
produces narrower beads (higher depth-to-
width ratio) and complete joint penetration,
thus resulting in less distortion.

The basic elements of the plasma arc
torch are the tungsten electrode and the
orifice. A small flow of argon is supplied
through the orifice to form the arc plasma.
The arc and weld shielding is obtained from a
second gas flow through an encircling outer
nozzle cup assembly. The shielding gas can be
argon, helium or mixtures of argon with either
hydrogen or helium. The initial plasma is
formed by an internal low current pilot arc
between the electrode and the orifice insert
(commonly referred to as a “non-transferred”

*Chapter 54 in Section 3B of the Welding Handbook,
Sixth Edition covers this process in detail. In the Seventh
Edition, a chapter covering PAW is tentatively set for
Volume 2.



12 /SURVEY OF PROCESSES

arc). The pilot arc heats the orifice gas to very
high temperatures so that it becomes ionized
and produces a second plasma. The second
plasma forms a conductive path between the
electrode and the weldment to permit instant
ignition of a welding arc (between electrode
and workpiece) which, in this case, is called a
“transferred arc.” If filler metal is used, it is
fed into the arc as in the GTAW process.

Three major welding variations are possi-
ble with the PAW process. These are the
needle arc, the melt-in-mode, and the keyhole-
mode arc. Needle arc welding is so named
because of the long “needle-like” arc gener-
ated at low currents (1 to 25 A) and is
especially useful for welding thin metals (0.02
to 1.5 mm [0.001 to 0.062 in.]). Manual
welding of this thickness range represents a
great departure from previous practice with
the GTAW process which, with the same fix-
turing, would have required the torch move-
ment to be precisely mechanized. With either
process, however, the weld is smooth and
made without filler metal.

High current manual PAW can be done in
the melt-in mode. Melt-in welds on 0.8 to 3
mm (1/32 to 1/8 in.) thick butt joints or lap
joints can be used to join most materials.
Titanium and other reactive metals can be
joined using helium as a shielding gas.
Generally, the operating current is 100 A or
less.

The term “keyhole” has been applied to a
penetrating hole at the leading edge of the
weld puddle which flows behind the keyhole
to form the weld bead. Keyholing can be ob-
tained on most metals in the thickness range of
2.4 to 6 mm (3/32 to 1/4 in.) and is one of the
chief differences between the PAW and the
GTAW processes. Operating current range is
typically up to 275 amperes.

The PAW process requires the following
equipment: control-power supply, torch, work
clamp and lead assembly, shielding gas hose,
orifice gas hose, inert gas regulator, and
flowmeter. The operation of this equipment
may be manual or mechanized. The typical in-
put power requirements are 115 V, ac, 60 Hz,
15 A for the needle arc process and 208/230

V, ac, 60 Hz, 3¢, 60 A or 460 V, ac, 60 Hz,
3¢, 30 A for the keyhole mode and melt-in
mode.

Typical costs for PAW equipment range
from under $2000 for the needle arc mode to
approximately $3000 for the keyhole-mode.
Welder skill and training requirements would
be slightly higher than for oxyfuel gas welding
(see p. 17). Maintenance skill and training
would be higher than for GTAW, due mainly
to the complexity of the equipment.

The welding position is mainly limited to
downhand (flat) for melt-in and keyhole-mode
welding. Out-of-position welding is possible
with the needle arc mode. Good uniform
penetration is normally obtained with PAW,
and inert atmospheres at the underside of the
weld help to produce high quality penetration
beads. The deposition rate is low; little or no
filler metal is added up to 6 mm (1/4 in.) thick
on most materials. Welding speeds are be-
tween 2 and 17 mm/s (5 and 40 in./min.) de-
pending on material and thickness. Usually,
this represents a SO to 150 percent increase
over GTAW speeds on stainless steel.

ELECTROSLAG AND ELECTROGAS
WELDING*

Like GMAW and FCAW, electroslag and
electrogas welding are two separate processes
(only the latter being an arc welding process),
but because of their many similarities in
equipment and application, it is useful to dis-
cuss them together. Both processes are used
primarily for vertical position welding and
both can be classified as machine welding pro-
cesses designed to produce joints in a single
pass by depositing weld metal into a cavity
created by separated plate edges and water
cooled molding dams or “shoes.” Both pro-
cesses shield the weld pool, one using molten
slag and the other a gas.

*Chapter 48 in Section 3A of the Welding Handbook,
Sixth Edition covers ESW in detail. In the Seventh Edition,
a chapter covering ESW and GMAW-EG/FCAW-EG is ten-
tatively set for Volume 2. In this volume, ESW is also dis-
cussed under “Electrical Sources of Welding Energy” in
Chapter 2, p. 40.



Electroslag welding (ESW) uses molten
conductive slags to protect the weld and to
melt the filler metal and the plate edges. Since
solid slag is not conductive, an arc is used to
initiate the process by melting the slag and
preheating the plate. After reasonable
equilibrium is established, the arc is ex-
tinguished and the heat produced by the slag’s
resistance to the flow of current is used for
welding. The heat keeps the slag molten and
sufficiently hot to meit the plate edges and
keeps the filler metal fluid during its transfer
to the weld pool. Since resistance heating is
used for all but the initial source of heat, ESW
is not classified as an arc welding process.

The ESW process can be used by sub-
stituting a consumable guide for the conven-
tional current contact tube or shoe. The guide
is hollow and the wire is fed through it. The
consumable guide is melted in the weld, and
frequently is coated with the flux needed for
replenishment. When such guides are used,
both they and the dams are usually stationary
and the length of the guide tube is determined
by the length of the weld needed. Single or
multiple electrode or consumable guide ESW
systems are possible depending on the plate
thickness.

Unlike ESW, electrogas welding is an arc
welding process because it relies on an arc to
melt the plate edges and to provide the energy
used to melt the electrode. A source of gas is
provided to shield the arc and weld pool and
produce the stable arc characteristics needed.
The problem is to prevent the arc from wan-
dering along the electrode and plate edges in
narrow joints. This is done by adding carbon
dioxide to argon when welding carbon steels,
or by adding helium when welding stainless
steels or aluminum.

Electrogas welding is officially classified
by AWS as a process variation of GMAW or
FCAW depending on the type of electrode
used. When the electrode is solid and applied
using an external source of gas shielding, the
process is designated as GMAW-EG. When
the electrode is flux cored, either self shielded
or with a carbon dioxide shielding, the process
is designated as FCAW-EG.
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Both processes use machine welding
equipment. Often the vertical rate of progres-
sion of the ESW equipment is monitored by
the welding operator. However, the movement
of the equipment can be controlled
automatically with a variety of devices. The
movement of the electrogas welding head is
usually automatic and uses arc voltage for
control although other methods can also be
used. Plate sections to be joined are fixed and
the welding head is moved along the joint or,
for circumferential welds, the head is fixed
while the vessel is rotated with its axis in the
horizontal position.

The machines for both processes vary in
size from light portable units weighing about
35 kg (75 Ib) to the more common massive
equipment which is moved by cranes from one
welded joint to another. The lightweight units
are self-propelled while welding. The heavier
electroslag units are supported on vertical col-
umns and move on tracks or screws while
welding. Electrogas welding units are com-
monly self-aligning and pulled by chains con-
nected to a drive mounted at the top of the
joint. Electroslag welding machines can incor-
porate single or multiple electrodes, allowing
welds to be made in plate ranging in thickness
from 50 to over 900 mm (2 to over 36 in.), de-
pending on the number of electrodes used.
Electrogas units are generally used to weld
thinner plate ranging from 15 to 75 mm (1/2
to 3 in.) since they feed single electrodes.

Both processes are generally used to make
single pass square groove butt welds, but are
frequently modified to produce fillet welds, V-
groove welds, T-joints, and so forth.

The welding current needed varies ap-
preciably depending on the number of
electrodes used and the plate thickness. In
general, the electrogas machines operate at up
to 400 A with solid electrodes and as high as
750 A with flux cored electrodes. Electroslag
welding machines commonly require thou-
sands of amperes to weld heavier sections with
multiple electrodes. Primary power require-
ments vary from about 20 kW providing dc
output for electrogas units, to as much as
hundreds of kilowatts providing dc, or less fre-
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quently ac, to multiple wire ESW units. The
cost of typical large systems range from
$15,000 to $25,000, but can be greater if
special features are required, and multiple
electrode units can be priced in excess of
$50,000. The more portable units are signifi-
cantly cheaper, costing about $5000, but they
cannot produce long uninterrupted welds.
Deposition rates for single electrode
machines are typically 7 to 13 kg/h (15 to 30
Ib/h), and with multiple electrode machines
can approach 45 kg/h (100 Ib/h). Obviously,
the weld speed is related to plate thickness and
deposition rate. The welds are sound and,
because of uniform transverse shrinkage, the

joints are essentially free of angular distortion.
When a multiplicity of welds is to be made, the
reduced labor costs and increased efficiency of
depositing weld metal can justify the relatively
high equipment costs.

The equipment is quite reliable and a
welding operator can be trained to use it and
understand the required procedures in a
reasonably short time. More experience is
needed to gain the familiarity required to
troubleshoot and maintain the machines.
However, since most machines are constructed
with straightforward mechanical and electrical
components, specialists are not required to
keep them operational.

RESISTANCE WELDING*

Resistance welding incorporates a group
of processes in which the heat for welding is
generated by the resistance to the flow of
electrical current through the parts being
joined. It is most commonly used to weld two
overlapping sheets or plates which may have
different thicknesses. A pair of electrodes con-
ducts electrical current through the sheets
forming a weld. The two outer surfaces of the
sheets are clamped to provide good electrical
contact and pressure for containing the molten
metal at the center of the joint. The surfaces
must be clean, and special techniques often are
needed to obtain acceptable electrical contact
in aluminum.

The main process variables are welding
current, current time, electrode force, and
electrode characteristics. Although the current
needed may be ten to one hundred times that
used in arc welding, the time to make a single
weld is usually less than one second. For ex-
ample, a typical practice for spot welding two
pieces of 1.6 mm (1/16 in.) mild steel sheet re-
quires a current of approximately 12 000 A
and a time of 1/4 s while 3 mm (1/8 in.) sheet
requires approximately 19 000 A and 1/2 sec-
ond.

*Resistance welding is also discussed under “Electri-
cal Sources of Welding Energy” in Chapter 2, p. 38.

There are three major resistance welding
processes:** resistance spot welding (RSW),
projection welding (RPW), and resistance
seam welding (RSEW). In RSW, the welding
current is concentrated at the point of joining
using cylindrical electrodes having spherical
tips. Spot welds are usually made one at a
time. In RPW, a projection or dimple is
stamped in one of the sheets prior to welding
which concentrates the current conducted by
flat electrodes on both sides of the joint.
Several projections may be formed in one of
the components and welded simultaneously.
As an example, a stamped bracket may have
three or four projections formed in it so that it
can be welded to sheet metal in one current
pulse.

In RSEW, leaktight welds can be made by
a series of overlapping spot welds. These are
produced by introducing pulses of current
from rotating wheel electrodes. Typical weld-
ing speeds are 25 mm/s (60 in./min) for 1.5
mm (1/16 in.) mild steel sheet and 17 mm/s
(40 in./min) for 3 mm (1/8 in.) sheet. A varia-
tion of RSEW, known as roll spot welding, is
identical in operation and equipment to

**Chapter 26 in Section 2 of the Welding Handbook,
Sixth Edition covers these processes in detail. In the Seventh
Edition, a chapter covering these processes is tentatively set
for Volume 3.



RSEW except that the spot spacing is increased
so that spots do not overlap and the weld is
not leaktight. A roll spot weld is used for
structural purposes only.

Resistance welds are made with either
semiautomatic or mechanized machines. With
the semiautomatic machine, the welding oper-
ator positions the work between the electrodes
and pushes a switch to initiate the weld; the
weld programmer completes the sequence. In a
mechanized setup, parts are automatically fed
into a machine, then welded and ejected with-
out welding operator assistance.

A typical resistance welding system con-
sists of a welding machine, an electronic con-
tactor, and a control panel. The welding
machine itself consists of a rigid frame, a step-
down transformer, an air cylinder or other
means of applying a force to the upper
electrode arm, a fixed but adjustable lower
electrode arm, and heavy conductors connect-
ing the electrode arms to the secondary leads
of the transformer. The electronic contactor
may be a pair of ignitron tubes, thyratrons, or
silicon controlled rectifiers. The simplest con-
trol sets a fixed current magnitude and dura-
tion. More sophisticated controls provide
means of varying the current during a weld
and may also provide preheat and postheat
after a cooling period or an off time. They are
necessary for welding hardenable steels and
other special alloys. Seam welding machine
controls must provide an on-off sequencing of
weld current and a control of wheel rotation.

Although the total power used is rela-
tively small, the instantaneous power demand
for RW is very high, and cables must be
designed to carry the maximum kVA demand
for the machine. Due to these factors, power
companies may be reluctant to supply power
for the process.

The cost of a complete RW machine in-
cluding controls can vary over a wide range
according to the type and thickness of material
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to be joined, the degree of sophistication re-
quired in the control panel, and the amount of
tooling needed. A low kVA single-phase
bench spot welding machine with controls
costs about $1000* while a 100 kVA single
phase spot welding machine costs around
$7000. An RSEW machine costs twice as
much as an RSW machine. Controls which in-
corporate preheat, postheat, pulsation, and up-
down slope control will add to the cost.

A three-phase machine will generally cost
about 2'/: times that of a single-phase
machine of the same kVA rating, but it will
have a better power factor. Large three-phase
RW machines with complicated tooling and
controls cost well over $50,000.

Resistance welding requires very little
welding operator skill if machine controls are
set by supervisors. The welding operator only
positions parts to be welded and initiates the
start of the weld sequence. In RSEW, the
welding operator must guide the work through
the wheels. The welding operator’s mainte-
nance duties would normally consist of replac-
ing electrodes when the tips become worn or
deformed, and of lubricating moving parts.

Resistance welding is used most fre-
quently for joining thin gage material up to 3
mm (1/8 in.) in similar or differing thick-
nesses, and may be used to join sections as
thick as 13 mm (1/2 in.).

The cost of the more sophisticated auto-
matic machines is high and amortization cost
can be a significant part of the overhead
burden for the process. However, if used in
highly repetitive operations, RW is generally
considered to be a low cost process. There are
no consumables in the usual sense although
electrode tip wear and power may be cate-
gorized as such. Machining of electrode tips
and their periodic replacement may be more
properly classified as maintenance costs.

*All cost information given on RW processes reflects
1974 prices.
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FLASH WELDING*

Although flash welding (FW) is often
classified as a resistance welding process, it is
a unique process. Heat is created at the joint
by its resistance to the flow of electric current,
and the metal is heated above its melting
point. Heat is also created by arcs at the inter-
face. A force applied immediately following
heating produces an expulsion of metal and
the formation of a flash.

The usual flash weld involves butt weld-
ing rods or bars end to end or edge to edge.
Both components are clamped in electrodes
which are connected to the secondary of a
resistance welding transformer. One compo-
nent is moved slowly towards the other, and
when contact occurs at surface irregularities,
the current flows and initiates the flashing ac-
tion. This flashing action is allowed to con-
tinue until a molten layer forms on both sur-
faces at which point the components are forced
together rapidly to squeeze out the molten
metal and debris, and upset the hot metal adja-
cent to it. This produces a hot worked weld
free of any cast structure and, therefore, hav-
ing mechanical properties often superior to
other types of weld metal.

Flash welding is usually an automatic
process. Parts are clamped in place by a weld-
ing operator who simply presses a button to
start the weld sequence of accelerated travel
during flashing which is followed by rapid
travel for upset.

The FW machine is composed of a frame,
a power transformer similar to an RW trans-
former, a movable electrode clamp, a fixed
electrode clamp, and a drive system for the
movable electrode. A programmer establishes
the flashing rate and time, and the time for
upset, upset current, and upset force.

Flash welding machines like resistance
welding machines are available in a wide
variety of sizes from about 10 kVA up to 1500
kVA, and power requirements vary according-

*Chapter 27 in Section 2 of the Welding Handbook,
Sixth Edition covers this process in detail. In the Seventh
Edition, a chater covering FW is tentatively set for Volume 3.

ly. Their cost obviously varies depending on
the kVA rating and level of automatic control
involved. In 1974, prices ranged from $5000
for a 10 kVA welding machine to over
$600,000 for a large 1500 kVA machine used
to weld sheet in a steel mill.

Minimum welding operator skill is
needed to position the parts in the electrode
clamps so that alignment is correct and the
correct amount of burnoff and upset occur.
Once the parts are properly loaded in the
machine, the flashing action and subsequent
upset take place automatically after the initia-
tion switch is closed. Experience is needed,
however, to establish the proper sequence.

Generally, welds can be made in sheet
and bar thicknesses ranging from 0.2 mm
(0.01 in.) up to 25 mm (1.0 in.) and, for round
bar diameters, from 1 mm (0.05 in.) to 50 mm
(2.0 in.). At the small end of the range, the
main problem is to prevent the sheet or wire
from bending during flashing or upset and to
make sure that long joints are properly
aligned. At the upper end of the thickness
range, the main consideration is the capability
of the machine to deliver the power required
and provide the upset force needed. The
thicker parts require that at least one of the
members be beveled to initiate flashing and
heating at the weld center.

The normal joint design for FW is the
square groove butt joint. The edges or ends of
the parts to be joined should be flat, but one
part can be slightly raised in the center to
facilitate flash initiation.

No metal is deposited in flash welding.
On the contrary, metal from the ends being
joined is expelled as a shower of sparks. This
loss must be accounted for in designing parts
which are to be flash welded.

The cost effectiveness of FW is similar to
the RW processes. Other than the materials
consumed in flashing, there are no consum-
ables except for maintenance items such as the
conductor surfaces of clamps. The major cost
factors are labor, power, and amortization of
equipment.
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OXYFUEL GAS WELDING*

Oxyfuel gas welding (OFW) defines a
group of welding processes that use the heat
produced by a gas flame or flames for melting
the base metal and, if used, the filler metal.
Pressure may also be used. Oxyfuel gas weld-
ing is an inclusive term used to describe any
welding process that uses a fuel gas combined
with oxygen, or in rare instances, with air to
produce a flame having sufficient energy to
melt the base metal. The fuel gas and oxygen
are mixed in the proper proportions in a
chamber which is generally a part of the weld-
ing tip assembly. The torch is designed to give
the welder complete control of the welding
flame, allowing him to regulate the melting of
the base metal and the filler metal. The molten
metal from the plate edges and the filler metal
intermix in a common molten pool and
coalesce, upon cooling, to form one con-
tinuous piece.

Oxyfuel gas welding was originally devel-
oped with acetylene fuel gas. More recently,
other gases, such as methylacetylene propa-
diene, have found some acceptance as the fuel
for oxyfuel gas welding. These flames must
provide high localized energy to produce and
sustain a molten pool. With proper adjust-
ment, the flames also can supply a protective
reducing atmosphere over the molten metal
pool which is maintained during welding. Hy-
drocarbon fuel gases such as propane, butane,
natural gas, and various mixtures employing
these gases are not suitable for welding ferrous
materials because the heat output of the pri-
mary flame is too low for concentrated heat
transfer or the flame atmosphere is too oxidiz-
ing.

Although the maximum hydrogen flame
temperature is 2660 °C (4820 °F), hydrogen
has found limited use in OFW due to its essen-
tially colorless flame. The lack of a visible
cone makes the hydrogen-oxygen ratio very
difficult to adjust. In addition, the flame has

*Chapter 41 in Section 3A of the Welding Handbook,
Sixth Edition covers OFW in detail. In the Seventh Edition,
a chapter covering OFW is tentatively set for Volume 2. In
this volume, OFW s also discussed under ‘“‘Chemical
Sources of Welding Energy” in Chapter 2, p. 41.

relatively low heat content. Oxyhydrogen
welding (OHW) is used primarily for welding
low melting point metals such as lead and, to a
limited extent, light gage sections and small
parts.

Manual welding methods are most com-
monly used and require minimal equipment. A
suitably sized torch, hoses, regulators, oxygen
in a pressurized cylinder, fuel gas in a
pressurized cylinder, welding rods, goggles,
and protective clothing are needed.

In combination with pressure, oxyfuel gas
flames can be used to make butt welds without
filler metals. This process is called pressure gas
welding (PGW). In PGW, abutting surfaces
are heated with oxyfuel gas flame(s) and
forced together to obtain the forging action
needed to produce a sound interface. The pro-
cess is ideally adapted to a mechanized opera-
tion, and practically all commercial applica-
tions are either partly or fully mechanized.

The low cost of OFW equipment is one of
the main reasons for its widespread use. A
complete manual welding unit including
torch, hoses, regulators, tanks, and goggles was
available for less than $300 in 1974. However
larger units and special safety equipment will
raise the price. Gas distribution systems vary
widely in cost depending on the number of
cylinders to be manifolded, the distance of the
distribution lines, and the number of welding
stations; thus the cost must be computed for
each installation.

The equipment for PGW is generally
mechanized and each machine must be built
specifically for the part to be pressure gas
welded. Thus equipment costs will be much
higher and will cover a wide cost range.

Since the OFW processes are primarily
manual, it is essential that the welder be ade-
quately trained and highly skilled for specific
critical welding jobs such as pipe welding. The
skill required by the welding operator for the
fully mechanized PGW machine would be
lower than that required by the manual welder
since the machine control, when set, performs
the complete operation.
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Oxyfuel gas welding can be used for join-
ing heavy thicknesses of plate, but welding is
slow and high heat input is required. Welding
speed is adequate to produce economical
welds in sheet metal and thin-wall and small
diameter piping. Thus, OFW is best applied on
thin plates of about 6 mm (1/4 in.) maximum.

Pressure gas welding is used to join sec-
tions up to 25 mm (1 in.) thick, and special
machines have been made to join bar stock up
to 75 mm (3 in.) in diameter. The PGW
machines, while somewhat slower than flash
welding machines, provide equally suitable

welds with less complex equipment.

The OFW processes are very versatile:
they can weld most materials, and the equip-
ment involved is easily portable. For those
reasons the cost effectiveness is good. How-
ever, when parts are to be made in quantity,
other welding processes are probably more
suitable. Pressure gas welding has found many
applications because the equipment is not as
complex or as expensive as other comparable
processes. The cost effectiveness is therefore
adequate for small and medium size repetitive
production runs.

SOLID STATE WELDING*

DIFFUSION WELDING**

Diffusion welding (DFW) is a specialized
process generally used only when the unique
metallurgical characteristics of the process are
required. Components to be diffusion welded
must be specifically designed and carefully
processed to produce a joint successfully. It is
useful for applications concerned with (1) the
avoidance of metallurgical problems associ-
ated with other joining processes, (2) the
fabrication of shapes to net dimensions, (3) the
maintenance of joint corrosion resistance with
titanium and zirconium, and (4) the produc-
tion of heavy section parts with uniform
through-thickness properties as with titanium
laminates.

Diffusion welding occurs in the solid state
when properly prepared surfaces are in contact
under predetermined conditions of time,
pressure, and elevated temperature. The ap-
plied pressure is set above the level needed to
insure essentially uniform surface contact but
below the level that would cause macroscopic
deformation. The temperature is generally
well below the melting point. A filler metal,

*Solid state energy sources, including diffusion princi-
ples and mechanisms, are discussed in Chapter 2, p. 50.

**Chapter 52 in Section 3B of the Welding Handbook,
Sixth Edition covers this process in detail. In the Seventh
Edition, .a chapter covering DFW is tentatively set for
Volume 3.

usually preplaced as an insert or plating, may
be used. The function of the filler metal
generally is to lower the required temperature,
pressure, or time required for welding or to
permit welding in a less expensive atmosphere.

Heating can be accomplished in a fur-
nace, retort, or by resistance techniques.
Pressure is applied by dead weight loading,
presses, differential gas pressure, or by
differential thermal expansion of the parts or
of the tooling used. The use of high pressure
autoclaves or the differential gas pressure tech-
nique permits the welding of assemblies in
which the joint surfaces are intersecting planar
surfaces. Uniaxial methods of applying pres-
sure are limited to welding parallel planar sur-
faces roughly perpendicular to the direction of
load applications. All techniques are essen-
tially mechanized and require appropriate
equipment. Encapsulating or canning of parts
for welding is necessary when differential
pressure techniques are practical and is useful
when using other techniques. Power is sup-
plied for heating and pressure application.

The cost of equipment for DFW is
roughly related to the joint area to be welded
and in 1974, ranged between $1000 and
$2000 for each 600 to 700 mm? (1 in.2) of sur-
face.

A high level of welding operator skill and



training is required for most DFW operations.
Only fully automated operations permit the
use of semi-skilled personnel.

In diffusion welding, joints are always
tightly contacting surfaces. Conventional
welding joint terms and concepts are not ap-
propriate for this method.

Diffusion welding is only economical
when close dimensional tolerances, expensive
materials, or special material properties are
involved. Applications to date have been in
the aerospace and nuclear industries. Although
the process has been used to fabricate complex,
one-of-a-kind devices, it is more suitable to
moderate volume production quantities. Con-
sumable material costs are high if precious
metal filler metals or inert gases are used.

FRICTION WELDING*

Friction welding (FRW) machines are de-
signed to convert mechanical energy into heat
at the joint to be welded. The usual method of
accomplishing this is to rotate one part of the
component to be joined while forcing it
against the other which is held in a stationary
position. Obviously, the rotating end of ihe
joint must be circular or must closely resemble
a circle such as a hexagon. Frictional heat at
the joint interface raises the metal temperature
sufficiently to soften and squeeze the metal out
by the axial pressure. Oxides and other surface
impurities are removed with the softened hot
metal, resulting in a sound weld.

Two major techniques for FRW exist. In
the original FRW technique, the moving part
is held in a motor driven collet which rotates
the part at a constant speed while axial
pressure is applied through it against the fixed
part. The fixed part must be held rigidly to
resist the axial force and prevent it from rotat-
ing. Rotation is continued until the entire
joint is heated sufficiently. Then simulta-
neously, the rotation is stopped quickly by a

*Chapter 50 in Section 3A of the Welding Handbook,
Sixth Edition covers this process in detail. In the Seventh
Edition, a chapter covering FRW is tentatively set for
Volume 3. In this volume, FRW is also discussed under
“Mechanical Sources of Welding Energy,” in Chapter 2, p.
44,
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brake, and an upset or forging force is applied
to complete the weld. The process parameters
are rotational speed, axial force, welding time,
and upset force. During the welding period,
the drive motor must provide energy at the
rate necessary to make the weld. Therefore, a
relatively high powered motor is required.

The second FRW technique is called iner-
tia welding. With it, energy is stored in a
flywheel which has been accelerated to the re-
quired speed by a drive motor. The flywheel is
coupled directly to the drive motor by a clutch
and to the collet which grips the rotating mem-
ber. A weld is made by applying an axial force
through the rotating part while the flywheel
decelerates transforming its kinetic energy to
heat at the joint. When properly programmed,
the weld is finished when the flywheel stops.
Sometimes an increased axial force is applied
just before the flywheel stops to aid in welding
while the material in the region of the inter-
face is at an elevated temperature. The welding
parameters are flywheel moment of inertia,
flywheel rotational speed, axial force, and
upset force if used.

After the parts are loaded in the friction
welding machine, the process is automatic. If
automatic loading and unloading devices are
installed, the machines are made completely
automatic.

Friction welding machines contain a driv-
ing head, a means for applying axial force, and
a yoke or platform for mounting the tooling
which holds the fixed part. At this time, only
the inertia welding type machines are
manufactured in the United States. They range
in size from one which will weld a 15 mm (0.6
in.) maximum diameter steel bar to one which
will weld a 100 mm (4.0 in.) maximum
diameter steel bar. Power requirements for
these machines vary from 25 kVA for the
smaller machines to 175 kVA for the larger
size machines.

Inertia welding machines in 1974 cost be-
tween $50,000 and $250,000 depending on
their size and capacity. The cost of tooling de-
pends on the specific parts to be welded, but it
is generally about 35 percent of the basic
machine cost.
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Little skill in terms of manual dexterity is
needed for FRW since the process is fully
automatic. However, a mechanical aptitude
and an understanding of machine operation
are required to set up jobs properly and to
keep equipment in good operating condition.

The maximum diameter solid bar which
can be welded depends upon the maximum ax-
ial force and flywheel energy available in the
machine. The maximum size of hollow parts,
such as tubes, depends upon the cross-sec-
tional area of metal in contact. Normally,
joints for FRW are of the square butt type as,
for example, when a solid round bar is welded
to another solid bar or a tube is joined to a
tube of the same dimensions. In inertia weld-
ing, the range can be extended downward by

removing flywheel increments until only the
inertia of the spindle and collet remain. This
determines the minimum size which can be
welded.

The time required to make friction welds
is measured in seconds. Inertia welds require
from less than 0.5 s to approximately 15 s, ex-
clusive of the time needed to accelerate the
flywheel to the designated speed. In either type
of machine, the time required to load and
unload parts is longer than the actual weld
time.

Factors contributing to the cost of FRW
are electric power, material squeezed out in
the flash, labor, and the maintenance and
amortization of equipment. The last two of
these are the major cost items.

ELECTRON BEAM WELDING*

Electron beam welding (EBW) is ac-
complished with a stream of electrons which is
formed into a narrow beam providing a three-
dimensional heating source. This beam pro-
duces intense local heating through the com-
bined action of billions of electrons. Each
electron penetrates its own short distance and
gives up its kinetic energy in the form of heat
to produce a hole or tunnel through the
material.

The hole or tunnel is moved along the
joint by moving either the gun or material and
is maintained by the beam as it moves forward
coming into contact with unmelted material at
the vertical edge. The molten material flows
around the bore of the hole and solidifies
along the rear side of the hole to make the
weld.

Electron beam welding has several major
advantages. It produces deep, narrow, and
almost parallel-sided welds with low total heat
input and thus comparatively small heat-
affected zones.

*Chapter 47 in Section 3A of the Welding Handbook,
Sixth Edition covers this process in detail. In the Seventh
Edition, a chapter covering EBW is tentatively set for
Volume 3. In this volume, EBW is also discussed under
“Optical Sources of Welding Energy,” in Chapter 2, p. 44.

The depth to width ratio of electron beam
welds is greater than 10:1 and ratios of 30:1
are possible. The process involves only four
basic parameters — accelerating voltage, beam
focus, welding speed, and beam current — and
allows for superior control over penetration
by the use of high response closed-loop, servo
controls on all welding parameters. The evacu-
ated work chamber creates a high purity en-
vironment for welding, resulting in freedom
from impurities and contaminants. Finally,
the process allows for high welding speeds
(125 to 200 mm/s [300 to 500 in./min] on
sheet material) and generally requires no filler
metal flux or shielding gas.

The resultant low energy input minimizes
distortion and shrinkage from welding and
permits the welding of parts that have already
been finish machined. It also allows for weid-
ing in close proximity to heat sensitive compo-
nents, and the welding of dissimilar metals
which are metallurgically compatible. Also, by
projecting the beam several inches to several
feet, it is possible to make welds in otherwise
inaccessible locations.

Electron beam welding generally is per-
»rmed in a hard vacuum (pressure of 0.13 to



133 mPa [10'6 to 107 torr}), but the process
can be adapted to weld ir}3 soft vacuum
(pressure of 0.13 to 13 Pa [10 " to 10  torr]),
or at atmospheric pressure. However, penetra-
tion and depth to width ratio are reduced as
the pressure increases. The basic equipment re-
quired includes a vacuum chamber; controls;
an electron beam gun (rated at from 30 kV to
175 kV and 50 mA to 1000 mA); a three-
phase power supply, 60 Hz, 440/480 V; an op-
tical viewing system or tracking device; and
work handling equipment. The operation of
this equipment may be either semiautomatic or
automatic. With automatic production equip-
ment, the pumpdown time may be totally
eliminated by the use of intermediate cham-
bers or prepump stations.

The typical costs of an EBW facility range
from $75,000 to $1,500,000*. General pur-
pose hard vacuum equipment falls in the
$100,000 to $300,000 range, special purpose
hard vacuum in the $150,000 to $1,500,000
range, general purpose soft vacuum in the
$80,000 to $150,000 range, and special pur-
pose soft vacuum in the $100,000 to $350,000
range. Indirect savings in welding costs can
result from the reduced costs of joint prepara-
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tion, ability to weld in a single pass, high
welding speed, and reduced distortion of parts
which would reduce further machining or heat
treatment.

An automatic EBW facility requires only
a skilled welding operator while general pur-
pose equipment requires a skilled welding
technician to control the four basic EBW
parameters. A mechanical and basic electrical
background with solid state troubleshooting
ability is necessary for equipment mainte-
nance.

The EBW process can be used to weld
almost any metal. Steel up to 100 mm (4 in.),
aluminum up to 150 mm (6 in.), copper up to
25 mm (1 in.), and many other materials from
foil to plate thickness are weldable in one
pass.

Design is limited to either a tight butt or
lap joint. As a general rule, fit-up is usually
0.12 mm (0.005 in.) or less. In most metals,
the root opening (joint gap) should not exceed
0.25 mm (0.010 in.) for weld depths less than
13 mm (1/2 in.). The low voltage (low kV)
equipment usually is capable of welding in any
position.

LASER BEAM WELDING**

Similar to the electron beam, the focused
high power coherent monochromatic light
beam or laser beam used in laser beam welding
(LBW) causes the metal at the point of focus to
vaporize, producing the deep penetration col-
umn of vapor extending into the base metal.
The vapor column is surrounded by a liquid
pool, which is moved along the path to be
joined producing welds with depth-to-width
ratios greater than four to one. Ruby lasers
may be used for spot welding thin gage
materials, joining microelectronic compo-

*All cost information given for EBW reflects 1974
prices.

**Chapter 55 in Section 3B of the Welding Handbook,
Sixth Edition covers this process in detail. In the Seventh
Edition, a chapter covering LBW is tentatively set for
Volume 2. In this volume, LBW is also discussed under
“Optical Sources of Welding Energy” in Chapter 2, p. 44.

nents, and other tasks requiring precise con-
trol of energy input to the workpiece. Initial
applications were limited by their low power,
but later devices could produce 100 kW pulses
having one millisecond duration. In seam
welding, speeds were quite low because the
welds were formed by a series of overlapping
spot welds.

More recently, multi-kilowatt carbon
dioxide gas laser systems have been developed
with continuous power capability. Such sys-
tems produce an infrared beam which can be
focused to provide power densities of 10
kW/mm? (6.45 MW/in.?) or greater, a level
previously attainable only with EBW equip-
ment. This continuous power provides the
high power carbon dioxide laser with deep
penetration welding capability.
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Although laser beam welding (LBW) is
most effective for autogenous welds, the pro-
cess is amenable to filler metal addition.
Because the laser allows precise control of
energy delivery to highly localized regions, the
process is ideally suited to *“‘narrow gap”
geometries which allow for substantial savings
in filler metal; preplaced filler metal has been
used successfully.

Deep penetration welds produced with
high power CO_ lasers are similar to electron
beam welds, but LBW offers several advan-
tages:

(1) A vacuum environment is not re-
quired for the workpiece since the laser beam
is easily transmitted through air, and reactive
workpieces may be protected from the at-
mosphere by inert gas shields.

(2) X-rays are not generated by the beam.

(3) The laser beam may be readily
shaped, directed, and focused with reflective
optics thereby allowing easy automation.

(4) Due to the slightly lower power den-
sity of the focused laser beam, the tendency for
spiking, underbead spatter, incomplete fusion,
and root bead porosity is reduced.

Laser beam welding has been used suc-
cessfully to join a variety of metals and alloys
including low alloy and stainless steels which
do not exhibit excessive hardenability; some
aluminum alloys; lead; titanium and titanium
alloys; and refractory and high temperature
alloys. Porosity-free, generally ductile welds
can be attained with average tensile strengths
equivalent to or exceeding those of the base
metal. Some hardness increases must be antici-
pated in alloys having microstructures related
to cooling rates. Since laser beam welds
typically involve low energy input per unit
weld length, the cooling rates are high. In
many cases, these high cooling rates offer sub-
stantial advantages. If undesirable, however,
the cooling rates may be slowed by preheating,
or the effects modified by postheating.

The impact strengths of laser beam welds
in several low hardenable ferrous alloys have
been reported to exceed those of the base
metals. This characteristic has been ascribed to

a lowering of the impurity inclusion content
and a change in the inclusion size distribution.

Typical CO, LBW performance at a
power level of S kW is represented by welding
speeds in excess of 85 mm/s (200 in./min) in
2.5 mm (0.1 in.) thick carbon steel or stainless
steel. For 5 mm (0.2 in.) material, welding
speed is reduced to 42 mm/s (100 in./min) at 5
kW. For material of this thickness, welding
speed is approximately proportional to power.
At 10 kW, 5 mm thick aluminum can be
welded at approximately 38 mm/s (90 in./min)
and 5 mm titanium at approximately 57 mm/s
(135 in./min). The maximum single pass
penetration of about 18 mm (0.7 in.) has been
achieved in Type 304 stainless steel at 15 kW
and at a speed of 8 mm/s (20 in./min). At 25
mm/s (60 in./min) penetration at 15 kW is still
in excess of 15 mm (0.6 in.), but a substan-
tially narrower fusion zone is obtained in
keeping with the reduced energy input per unit
length of weld. Furthermore, sound laser beam
welds have been formed in 25 mm (1 in.) thick
steel by a dual pass technique and thin gage
(0.2 mm [0.008 in.]) material has been welded
at 1270 mm/s (3000 in./min) at 6 kW. The
largest capacity laser produced by 1974 was a
25 kW carbon dioxide unit.

Laser beam welding requires good joint
fit-up and is a high speed process ideally
suited to automation. The high cost of equip-
ment which ranged from $40,000 to $750,000
in 1974, currently relegates application to
high volume production or to critical weld-
ment applications requiring unique weld
characteristics and reproducibility. The elec-
trical efficiency of LBW equipment is between
10 and 20 percent. Welding equipment, with
minor modifications to beam focusing provi-
sions, can also be utilized for gas jet-assisted
cutting* and for surface heat treating and
alloying applications.

Although the equipment is very sophisti-
cated, it is designed to be used by unskilled
machine operators, but major maintenance
must be handled by factory trained engineers.

*See the discussion of laser beam cutting on p. 30.
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BRAZING*

Brazing defines a group of welding pro-
cesses in which the parts are heated to a suit-
able temperature and the filler metal used has
a melting temperature above 450 °C (840 °F)
and below the solidus of the base metal. The
filler metal is distributed between the closely
fitted surfaces of the joint by capillary attrac-
tion. Braze welding is differentiated from
brazing because the filler metal is deposited in
a groove or fillet exactly at the point where it
is to be used and capillary action is not a fac-
tor. Brazing is arbitrarily distinguished from
soldering by the filler metal melting tem-
perature. In soldering, filler metals melt below
450 °C.

To produce acceptable brazed joints, con-
sideration must be given to four basic ele-
ments: joint design, filler metal, uniform heat,
and protective or reactive cover. The processes
developed to accomplish these requirements
are varied and many overlap; they are pri-
marily designated according to the sources or
methods of heating. Those which are currently
of industrial significance include torch braz-
ing, furnace brazing, induction brazing, resis-
tance brazing, dip brazing, infrared brazing,
and diffusion brazing.

Torch brazing (TB) is accomplished by
heating the parts to be brazed with an oxyfuel
gas torch or torches using various fuels. While
much TB is done with hand held torches, auto-
mated TB machines use preplaced fluxes and
preplaced filler metal in paste, wire, or shim
form.

Normally, torch and machine brazing are
used to join relatively thin sections ranging
from 0.25 mm (0.01 in.) to 6 mm (0.25 in.),
making what are essentially lap joints. These
are brazed rapidly, but, brazing speed de-
creases dramatically in heavy sections.

Manual torch brazing is most effective
and economical when relatively few pieces
need to be joined; basic equipment costs are

*Chapter 60 in Section 3B of the Welding Handbook,
Sixth Edition covers brazing in detail. In the Seventh Edi-
tion, a chapter covering brazing is tentatively set for Volume
2. The metallurgical characteristics of brazing are also dis-
cussed in this volume, starting p. 149.

about $200**. Automated torch brazing
machines are very economical even though
their costs range from $2000 to more than
$50,000 depending on their complexity.

Furnace brazing (FB) requires a furnace
to heat prefluxed parts on which filler metal is
preplaced. Generally the furnace atmosphere is
air. Batch furnaces with protective atmo-
spheres are used, however, when relatively few
parts are involved or special heating and cool-
ing cycles are required for distortion control
or heat treatment. Continuous furnaces are
most effective for very high production rates
and straightforward joint designs. Both types
of furnaces have a wide cost range from $1000
for an air atmosphere batch furnace to above
$300,000 for an automated vacuum furnace.
Their selection depends on the desired rate of
production and the size of the part to be pro-
cessed.

Furnace brazing processes are particularly
suited for fabricating brazements of complex
design. The brazing operator skill required for
the batch and continuous furnaces is low and
in many cases the operator has only to load,
unload, or apply the filler metal.

Induction brazing (IB) involves heat ob-
tained from resistance to a high frequency
electric current induced in the part to be
brazed. The parts are placed in or near an ac-
carrying coil and do not form a part of the pri-
mary electrical circuit.

The brazing filler metal is usually
preplaced. Careful design of the joint and the
coil setup are necessary to assure that the sur-
faces of all members of the joints reach braz-
ing temperature at the same time. Flux is
usually employed except when an atmosphere
is specifically introduced to perform the same
function. Joints should be designed to be self-
jigging rather than fixtured.

The cost of a single station unit is in the
$2000 to $10,000 range with smaller and
larger units available. The brazing operator
skill for IB is low, although the equipment

**All cost information given in this section on brazing
reflects 1974 prices.
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setup, power and supply adjustments, and coil
design are critical to producing a good quality
brazement.

The thickness range of sheet normally
does not exceed 3 mm (1/8 in.), but bar stock
thickness can reach 25 mm (1 in.). Special at-
tention must be given to the coil design and
location when widely varying thicknesses are
brazed. Production speeds are high: heating
can be accomplished in four to ten seconds,
and coils can be designed to allow a conveyor
belt containing parts to pass through the coil.

Generally, IB is commonly used where
many parts must be made continuously over a
long period of time. But many job shops can
handle short run jobs very economically.

Resistance brazing (RB) uses heat pro-
duced by the resistance of the joint to electric
current transferred to the work by electrodes.
The brazing filler metal used is preplaced or
face-fed by some convenient method, and the
fluxes used, unlike other fluxes, must be par-
tially conductive.

The parts to be brazed are held between
two electrodes which provide proper pressure
and current, and the pressure is maintained
until the joint has solidified. The thickness of
base metal handled with this type of process
equipment normally ranges from 0.1 to 12
mm (0.005 to 0.50 in.). Typical joints to be
used with this type of processing equipment
are lap joints.

The cost of equipment varies with the
power required to accomplish the desired heat-
ing of the joint to the brazing temperature and
the complexity of the electrical controls.
Resistance brazing equipment varies from
$500 for very simple machines to $5000 and
above for the more sophisticated equipment
with electronic controls and process monitor-
ing equipment. Welding operator skill for this
type of equipment is minimal, although the
more sophisticated equipment may require
added experience for setup and control opera-
tions. The brazing speed is very fast, par-
ticularly when the power source and resistance
tongs are oversized for the specific joint being
made. Resistance brazing is used most
economically on special application joints

where the goal is to confine the heat to a very
localized area and to avoid overheating the
surrounding parts.

Dip brazing (DB) is performed in a
molten salt or molten metal bath. Both types
of baths are heated in suitable pots to furnish
the heat necessary for brazing, provide protec-
tion from oxidation, and fluxing action if
suitable salts are used.

The cost of DB equipment varies from
$500 to $15,000 for the small to average size
molten metal or molten salt furnaces. The
large installations with water and air pollution
control equipment are in the $200,000 range.

Molten metal bath brazing is limited to
small wires (0.12 to 2.5 mm [0.005 to 0.100
in.]), sheet, and fittings that can be dipped
into the small heated pots. However, molten
salt baths will handle thin sheets as well as
much heavier parts and very complex assem-
blies such as aluminum radiators and other
heat exchangers. Molten salt baths are also
used to make clad plate.

The production speed and efficiency of
the dip baths are extremely good since the
heating rates are very fast and many joints can
be brazed at one time. Careful precleaning and
postcleaning of parts are essential and may
limit the production effectiveness in some
cases. Brazing operator skill is minimal
although extensive engineering may be re-
quired to set up the larger operations.

The cost effectiveness of this process is
demonstrated by the fact that larger parts may
have as many as 100 to 1000 joints brazed at
one time and that many miles of joints have
been simultaneously brazed.

Infrared brazing (IRB) became commer-
cially important with the development of the
high intensity quartz lamp as a source of heat.
The process is particularly suited to the braz-
ing of very thin materials such as honeycomb
panels for aircraft, but is not normally
employed on sheets thicker than 13 mm (0.50
in.). Assemblies to be brazed are supported in
a position which enables the radiant energy to
be focused on the joint. The assembly and the
lamps can be placed in evacuated or con-
trolled atmosphere retorts.



Small hand held quartz lamps with focus-
ing mirrors and without specific controls are
available for approximately $300 while larger
installations that would automatically heat
both sides of large honeycomb panels are in
the $30,000 range.

The cost effectiveness of the IRB process
is best when the parts to be brazed are very
thin such as in the honeycomb applications.
The cost of brazing heavy material cross sec-
tions is comparable to FB in terms of cycle
time, atmosphere, and equipment.

Diffusion brazing (DFB), unlike all of the
previous brazing processes, is not defined by
its heat source, but by the mechanism in-
volved. A joint is formed by holding the
brazement at a suitable temperature for a suffi-
cient time to allow mutual diffusion of the
base metal and filler metal. The joint pro-
duced has a composition considerably
different than either the filler metal or base
metal, and no filler metal should be discerni-
ble in the finished microstructure. The DFB
process produces stronger joints than the nor-
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mal brazed joint. Also, the DFB joint remelts
at temperatures approaching that of the base
metal.

The typical thicknesses of the base metal
that are diffusion brazed range from very thin
foil up to 25 to 50 mm (1 to 2 in.) thick. Much
heavier parts can also be brazed since thick-
ness has very little bearing on the process.

Many parts that are difficult to make by
other processes can be diffusion brazed. Both
butt and lap joints having superior mechanical
properties can be produced, and the parts are
usually fixtured mechanically or tack welded
together. Although DFB requires a relatively
long period of time (30 minutes to as long as
24 hours) to complete, it can produce many
parts at the same time and at a reasonable cost.

Furnaces are most frequently used for this
method of processing. They are similar to
those used for the more sophisticated FB
operations; they range in cost from $50,000
for small production equipment to $300,000
for the large furnace equipment.

SOLDERING*

Soldering, according to AWS definition,
involves heating a joint to a suitable tem-
perature and using a filler metal (solder) which
melts below 450 °C (840 °F). The solder is
distributed between the properly fitted surfaces
of the joint by capillary attraction. Heat is re-
quired to melt the solder and to promote the
action of a flux on the metal surface which
permits the molten solder to wet and flow into
the joint.

A successfully soldered joint involves
shaping the parts to fit closely together, clean-
ing the surfaces to be joined, applying a flux,
assembling the parts, and applying the heat
and solder. Flux residues may be removed
when the joint is cooled.

*Chapter 46 in Section 3A of the Welding Handbook,
Sixth Edition covers soldering in detail. In the Seventh Edi-
tion, a chapter covering soldering is tentatively set for
Volume 2. The metallurgical characteristics of soldering are
discussed in this volume, starting p. 149.

Different equipment, processes, and pro-
cedures, all having certain advantages and dis-
advantages, are employed to accomplish the
soldering operation. In order to make a
satisfactory solder joint by any of these pro-
cesses, it is essential to have a proper joint
design as dictated by the base metal and solder
employed.

The soldering processes are primarily
designated according to the source or method
of heating. Those which are currently of in-
dustrial significance are: dip soldering (DS),
iron soldering (INS), resistance soldering
(RS), torch soldering (TS), induction solder-
ing (IS), and furnace soldering (FS). Infrared
soldering (IS), and ultrasonic soldering are
also used.

The cost of equipment varies widely with
the process and is similar to the costs given in
the preceding section on brazing. Industrial
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soldering irons and flame heating equipment
could be obtained for less than $100 in 1974.
The DS, IS, RS, FS, and ultrasonic soldering
equipment costs vary widely, some small
pieces of equipment cost in the $500 range in
1974 while high speed automated equipment,
which can be very complex, cost in excess of
$50,000.

A degree of skill is required to adequately
handle the manual soldering operations par-
ticularly when critical electronic equipment or
large complex or critical components are to be
soldered. The more automated soldering pro-
cesses require little operator skill since the
process variables are set up prior to starting
the operation.

Machine settings, process control, and in-
spection determine joint quality. A lap joint or
modification of the lap joint is the most com-
mon type used. The electronics industry uses
many special types of joints; some joints have
no mechanical security prior to soldering
while other types have partial or full mechani-
cal security prior to soldering.

The soldering process is uniquely adapt-
able to joining a wide range of metal
thicknesses, from very thin films to quite heavy

components such as bus bars and piping.

The soldering speeds for nonrepetitive
manual operations are relatively slow, al-
though a solderer can become quite adept at
repetitive operations. The automated equip-
ment used in manufacturing tin cans, for ex-
ample, is designed for very high rates of speed.
Likewise, the electronics industry employs
machines of various types for wave soldering
of printed circuit boards. These machines pro-
duce the many joints of a circuit board in a
matter of seconds with one circuit board
following after another in rapid succession.
Manual dip soldering is much faster than the
manual soldering iron method and thus fills
the production requirements between the
manual soldering iron and automated
machines.

The expensive automated equipment for
soldering produces the highest quality joints at
a low cost per joint because many joints can be
soldered at one time. The manual soldering
iron process is much slower, and thus more
costly. Manual soldering of components is still
economical when the production needs are
low, or the components have a complex
design.

ADHESIVE BONDING*

Adhesive bonding is a joining process
which has achieved substantial industrial rec-
ognition and is gaining acceptance as an
assembly method for joining metals. The
method has several advantages and disadvan-
tages. On the one hand, it is capable of joining
dissimilar materials as, for example, metals to
plastics; bonding very thin sections without
distortion and joining very thin sections to
heavy sections; joining heat sensitive alloys;
and producing bonds with unbroken surface
contours. Furthermore, bonding can be ac-
complished at a low per-pound cost.

On the other hand, joints produced by

*Chapter 49 in Section 3A of the Welding Handbook,
Sixth Edition covers this process in detail. In the Seventh
Edition, a chapter covering adhesive bonding is tentatively
set for Volume 3.

this method may not support shear or impact
loads. Also, such joints must have an adhesive
layer iess than 0.1 mm (0.005 in.) thick and
must be designed to develop a uniform load
distribution in pure shear or tension. The
joints cannot sustain operational temperatures
exceeding 260 °C (500 °F), and autoclaves,
presses, and other tooling may be essential to
achieve adequately strong bonds. The surfaces
to be bonded must be “surgically” clean and
aging time is needed to achieve full bond
strength. Some adhesives must be used quickly
after mixing or they solidify in the pot.
Finally, nondestructive testing of adhesive
bonded joints is difficult.

A variety of adhesives can be used. The
thermoplastic adhesives develop a bond
through the evaporation of a solvent or the ap-



plication of heat. The so-called ‘“pressure-sen-
sitive” adhesives produce a relatively weak
bond the instant pressure is applied but retain
their flow characteristics allowing them to sus-
tain only very light loads. Some adhesives are
stable in the presence of air but begin curing
when the joint is assembled and air is ex-
cluded. Other adhesives, perhaps the most
useful type for metals, react chemically with
curing agents or catalysts. Generally, they re-
quire no pressure other than that needed to
maintain intimate contact with the faying sur-
faces, and cure in times ranging from hours at
room temperature to seconds at temperatures
as high as 175 °C (350 °F). Some of the epoxy-
based adhesives can produce joint strengths up
to 70 MPa (10 000 psi) in shear or tension if
cured at 175 °C for a few hours under
pressures of about 1030 kPa (150 psi).

Very little training is needed for produc-
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tion workers in adhesive bonding, but con-
siderable skill is needed to design suitable
joints and select the most appropriate adhesive
for the anticipated service requirements. Too
frequently the joints are not properly cleaned
and prepared to receive the adhesive. Metals in
particular must be free of all contaminants.
They must be treated to leave a surface which
will be chemically receptive to the adhesive
and will provide maximum wetting charac-
teristics.

Equipment costs are difficult to define
since some adhesives are set by heat alone,
some by pressure alone, and some by both.
Oven sizes are obviously dependent on the size
of the parts being bonded and presses may
have to be specially designed to accommodate
their contours. When properly used, however,
adhesive bonding can do a very effective job
and can be accomplished at low cost.

WELDING PLASTICS*

Most industrial plastics are either ther-
moplastic** and weldable or thermosettingt
and unweldable. (Thermosetting plastics may
be joined by adhesive bonding, however.) A
number of widely used plastics can be welded
because they are thermoplastic. The most com-
mon of these are polyvinyl chloride (PVC),
polyethylene, polypropylene, acrylonitrile
budadiene styrene (ABS), and acrylics. Such
plastics can be welded by melting the surfaces
to be joined and allowing them to solidify
while in contact. Plastics containing volatile
components may form gas bubbles and impair
both the appearance and strength of the joint.

Friction welding machines can be used to
produce excellent welds in joints having circu-
lar cross sections. (These devices are described
on p. 19 of this chapter.) The most common
welding method uses hot gases as the source of

*Chapter 56 of Section 3B of the Welding Handbook,
Sixth Edition covers the welding of plastics in detail. In the
Seventh Edition, a chapter covering the welding of plastics is
tentatively set for Volume 3.

**Capable of being softened and melted when heated.

tHardened permanently into shape by chemical reac-
tions.

heat and involves procedures which are very
similar to those followed when welding metals
with oxyfuel gas torches. Welding torches for
plastic are designed to convey compressed gas
through electrically heated coils which raise
the gas temperature to between 175 °C (350
°F) and 315 °C (600 °F).

The gas is conducted through an orifice to
form a narrow stream which can be directed
into the joint to be fused. The torches are easy
to use, and some are designed to both preheat
and feed the filler rod as well as the base
material while progressing along the joint.

Such torches and associated regulators
and self-contained compressors ranged from
$150 to $500 in 1974, depending largely on
the auxiliary equipment purchased. Power re-
quirements are minimal, rarely exceeding 500
W for the heating element in the torch. Air
compressors need additional power, but since
only 280 #/min (600 ft 3/h) are required, the
horsepower needs can be provided with a 1/4
hp motor. Some thermoplastic materials such
as polyethylene are easily oxidized at high
temperatures and may require heated com-
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pressed nitrogen instead of air as the hot gas
for best results.

Fortunately, thermoplastics exhibit a wide
range of temperatures from those at which they
soften and melt to those at which they char or
burn. However, because they are poor conduc-
tors of heat, it is difficult to obtain deep fu-

sion, and a filler rod surface may char or burn
before its core is fully softened. Since the rod
shape doesn’t change significantly, a plastic
weld may appear to be incomplete even though
it has been successfully fused into the joint as
evidenced by the molten flow patterns at the
edges.

THERMAL CUTTING PROCESSES*

A number of heat sources used for weld-
ing have been adapted to remove metal as well.
Some of these are difficult to regulate or are
not capable of concentrating energy suffi-
ciently to produce good cuts. Nevertheless, the
processes using these heat sources should be
classified as cutting processes. Typical of this
group are carbon arc cutting, shielded metal
arc cutting, oxygen arc cutting, gas tungsten
arc cutting, oxygen lance cutting, and oxygen
piercing. Other processes, however, have been
proved to have great merit for cutting or goug-
ing metal cheaply and with enough precision
to be considered viable production tools.
These include oxygen cutting, plasma arc cut-
ting, air carbon arc cutting, and laser beam
cutting. Each of these has its special advan-
tages and limitations.

OXYGEN CUTTING

Oxygen cutting (OC) is a commonly used
method for severing or gouging metals which
react with oxygen to produce enough heat to
remove both molten metal and oxide slags.
Many iron and titanium alloys can be cut with
this process. The torches used are designed to
(1) produce a small diameter high velocity
stream of oxygen to oxidize and remove metal
in a narrow section and (2) surround that
stream with a ring of flame to preheat the
metal to its ignition temperature. The torch is
moved at a speed set to produce a continuous

*Thermal cutting processes were covered in Chapters
42 and 43 of the Welding Handbook, Sixth Edition. In the
Seventh Edition, a chapter covering thermal cutting pro-
cesses is tentatively set for Volume 2.

cutting action. Because the jet and flame are
symmetrical, the torch can be moved in any
direction, allowing curved shapes to be cut
easily. The cut quality is dependent on the tip
size and type and distance from the plate, the
oxygen and preheat gas flow rates, and the cut-
ting speed. All of these factors are dependent
on the plate material and plate thickness. A
supply of oxygen and fuel gas is needed.
Nozzles are designed to use most fuel gases
such as natural gas, propane, acetylene, or by-
products of the chemical industries.

The process is limited to cutting ferrous
metals and titanium (see Table 1.2). For mild
steels, it is almost always selected to make cuts
in plate as thick as 300 mm (12 in.). Alloy
steels are more difficult to sever, and the
quality of cuts in such steels depends on the
nature and amount of the alloying elements.
Stainless steels cannot be cut easily, but
mediocre severing cuts can be made by in-
troducing fluxes or even powder into the ox-
ygen cutting stream. Titanium can be cut faster
than mild steel. The oxidized cut surfaces must
be removed before welding titanium or the
welds will be contaminated.

Modifications of this process are used for
scarfing metal in steel mills, for gouging defec-
tive welds, and for grooving plate edges in
preparation for welding.

Manual cutting operations are common.
Only a few hours are needed to train an in-
dividual to make severing quality cuts.
However, considerable skill is necessary to
produce quality cuts of the type required for
welding. Torches and regulators for cutting 13
mm (1/2 in.) steel can be purchased for less



than $200.* Production equipment, however,
will cost about $500.

Equipment for mechanized cutting is
more expensive and the skills required to use
this equipment are dependent on its
sophistication. Relatively little training is
needed to produce good straight line cuts since
all of the parameters can be preset using tabu-
lated data. However, considerable skill is nec-
essary to produce shape cuts with multiple
torches since everything must be executed per-
fectly. Equipment costs will vary depending on
the nature of the drive system and control
system, the size of the plate to be cut, and the
number of torches to be mounted. A simple,
single torch, motorized drive for straight cuts
will cost about $1000. A coordinate drive
system with optical tracking for shaped cuts
will cost about $20,000. A computer con-
trolled, multiple torch package of the type
used in ship lofting could cost more than
$100,000.

PLASMA ARC CUTTING

Plasma arc cutting (PAC) is accomplished
with an extremely hot, high velocity jet pro-
duced by forcing an arc and inert gas through
a small diameter orifice. The arc energy con-
centrated on a small area melts the plate, and
the jet of hot expanding gases forces the
molten metal through the kerf. When cutting
carbon steels or cast iron, additional energy
can be provided by introducing oxygen into
the gas stream.

This process is very versatile. All metals
can be cut with it (see Table 1.2) and mild
steel can be severed faster than is possible
with oxygen cutting. However, more metal is
removed because the kerfs are wider and, in
heavier plates, the kerfs are not as smooth or
flat. Special nozzles are needed to produce
parallel kerf walls, and special techniques are
needed to produce shape cuts having con-
trolled bevels.

The process requires high arc voltages,
necessitating special power supplies with high

*All cost information given in this section on cutting
processes reflects 1974 prices.
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open current voltages. Depending on the
material and thickness to be cut, between 25
kW and 200 kW are needed. Mixtures of
argon and hydrogen or nitrogen and hydrogen
are generally used. Water is necessary to cool
the torches.

Holders have been designed for manual
cutting. Skill requirements are similar to those
needed for OC, but more training is needed to
master the greater number of adjustments re-
quired. Cut quality on thin plates can be better
because travel speeds don’t need to be con-
trolled as carefully. Equipment costs are
relatively high to cover a torch, control panel,
high frequency generator, and power supply.
About $10,000 is needed for a single package.

Mechanized equipment is more common.
A torch and other accessories are equivalent to
those used for manual plasma arc welding.
Additional costs may be necessary for the
travel mechanisms which are similar to those
used for oxygen cutting equipment, although
they should be designed to track at higher
speeds. Multiple torch packages need addi-
tional power supplies and control panels for
each torch. In addition, water shrouds or
water tables may be used to absorb both noise
and fume. Therefore, mechanized equipment
may cost between $20,000 and $100,000 de-
pending on the tracking and drive systems and
the plate thickness to be cut.

AIR CARBON ARC CUTTING

The air carbon arc cutting (AAC) process
uses an arc to melt metal which is blown away
by a high velocity jet of compressed air. The
electrodes are hard rods made from a mixture
of graphite and carbon and coated with a layer
of copper to increase their current-carrying
capacity. Standard welding power supplies
provide the current. Air is supplied via con-
ventional shop compressors, and most applica-
tionsrequire about 550 kPa (80 psi). Manual
holders are very similar in appearance to
covered electrode holders and supply both air
and current.

In gouging, the depth and contour of the
groove are controlied by the electrode angle,
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travel speed, and current. Grooves up to 25
mm (1 in.) deep can be made in a single pass.
In severing, the electrode is held at a steeper
angle, but the air jet is kept parallel to the
plate surface. Travel speed is important, the
correct speed producing a hissing sound and a
clean cut.

In manual work, the quality of grooves is
dependent on the cutting operator’s skill and,
for this reason, semiautomatic or fully
automatic holders are used to cut “U” grooves
in preparing plates for welding. However,
when removing weld defects or severing excess
metal in castings, manual techniques are most
suitable. Regardless of the equipment, training
can be accomplished within a day.

The manual equipment which is used in
fabrication and maintenance shops costs be-
tween $100 and $200 assuming that a power
supply and compressed air supply are avail-
able. Semiautomatic equipment including the
torch, a tractor, and miscellaneous items cost

Table 1.2 — Applicability of Cutting Processes to

Materials*
Material Cutting Processes
OC PAC AAC LBC
Carbon Steel X
Stainless Steel X'
Cast Iron X’

Aluminum and Alloys
Titanium and Alloys X'
Copper and Alloys
Refractory Metals

and Alloys

bl
XK XM X
Pl T T

*This table is limited in content and scope and
should be regarded as only a very general guide to
process applicability. For processes to be used with
specific alloys, appropriate sources should be
referenced.

LEGEND
Process Code
OC — Oxygen Cutting X — Process may be ap-
plied.

PAC — Plasma Arc
Cutting

AAC — Air Carbon
Arc Cutting

LBC — Laser Beam
Cutting

X — Process applicable
with special techniques.

about $1000. Voltage controlled automatic
torches and control units cost between $1000
and $2000. They are used for very precise
gouging, holding tolerances of less than 0.8
mm (1/32 in.) and, generally, are mounted on
available travel systems.

The applicability of AAC to most metals
is indicated in Table 1.2.

LASER BEAM CUTTING

As in laser beam welding (LBW), the
source of heat for laser beam cutting (LBC) is
a concentrated coherent light beam which im-
pinges on the workpiece to be cut. A combina-
tion of melting and evaporation provides the
mechanism for removing material, although
with some materials, such as carbon and cer-
tain ceramics, the mechanism is purely one of
evaporation.

High power lasers exhibit unique advan-
tages for cutting applications including:

(1) The ability to cut any known material
regardless of hardness.

(2) Lack of “wear” and thus sharpening
requirements as with mechanical cutters.

(3) Narrower kerf and heat-affected zone
than that afforded by other thermal cutting
processes.

(4) Lack of mechanical force on the
workpiece.

(5) High cutting speeds.

(6) Ready adaptability to computer con-
trolled contour cutting.

These advantages stem from the ease of
beam transmission through the atmosphere
and from the high power density which can be
obtained. Typically, an equivalent processing
temperature in excess of 11 000 °C (20 000 °F)
can be obtained which is sufficient to vaporize
all known materials.

Despite this high energy concentration,
however, many cutting applications (par-
ticularly those involving metals) require the
assistance of a gas jet to promote effective cut-
ting. The gas used may be inert to provide a
smooth, clean kerf or reactive, such as oxygen,
to speed the cutting process. With appropriate
selection of laser beam power, gas shielding
parameters, and cutting speed, smooth cuts can



be achieved and further edge finishing is often
not required.

The absence of mechanical force is advan-
tageous in the cutting of large and complex
parts because minimal clamping and fixturing
can be used as compared to that required by
other means. The ease with which the motion
of the focused laser beam spot can be adapted
to computer control renders the process suit-
able for cutting large, complex, multicon-
toured parts without requirements for template
fabrication and inventory.

One of the principal current disadvan-
tages of LBC is the relatively high capital cost
of laser beam equipment. This factor, coupled
with the decrease (compared to other thermal
processes) in cutting performance as material
thickness increases, presently limits the cost
effectiveness of LBC to metals of approx-
imately 13 mm (1/2 in.) or less in thickness.
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However, since acceptable cuts have been
made in 50 mm (2 in.) thick steel, the cutting
of thicker material might be practical if ac-
complished by time sharing of the laser beam
equipment with, for example, a welding ap-
plication.

The most important utilization of LBC in
metal cutting is in the severing of titanium
alloys. One major aerospace manufacturer cur-
rently employs a single, 250 W, numerically
controlled laser beam system for production
cutting of all titanium sheet components up to
9.5 mm (3/8 in.) thickness. Computer con-
trolled nesting and laser beam cutting of thin
gage sheet metal components are currently
receiving detailed scrutiny and significant in-
dustrial applications appear imminent.

Note: Refer to the Master Chart of Welding and
Allied Processes in Appendix A p. 335.
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Physics of Welding

INTRODUCTION

Most welding processes require the ap-
plication of heat or pressure to produce a
suitable bond. The physics of welding deals
with the complex physical phenomena associ-
ated with welding including heat, electricity,
magnetism, light, and sound.

Welding generally involves the applica-
tion or development of heat, localized near the
intended joint. The most frequently encoun-
tered autogenous means of heating for welding
is electrical resistance, principally the contact
resistance to the flow of electric current from
one workpiece to another. Friction or electri-
cal discharges (sparks and arcs) between mem-
bers to be joined are also used quite suc-
cessfully in specialized applications.

Friction or impact heating is generally
regarded as incidental to such processes as
ultrasonic or explosion welding, but, in fact,
may contribute significantly to the joining ac-
tion. Perhaps the only truly nonthermal weld-
ing process is cold welding which ac-
complishes joining through the mechanism of
controlled cold plastic deformation of the
members being joined.

Almost every imaginable high intensity

Note: The SI (metric) and U.S. customary values given in
this chapter are not, in most cases, exact equivalents. The SI
values are the primary measurements used in this and all
Volume I chapters. The secondary U.S. measurements (given
parenthetically in text) are rounded off conversions from the
SI values. For a further explanation of the system of
measurements used in Volume 1, refer to the Foreword on
p. xi

heat source has been used at one time or
another in welding. Externally applied heat
sources of technical importance include arcs,
electron beams, light beams (lasers), exother-
mic reactions (oxyfuel gas and thermit), and
electrical resistance. Welding processes that
acquire heat from these external sources are
usually identified with and named by the type
of heat source employed. The heat source may
either move or remain stationary with respect
to the workpiece, depending on the specific
process and application. The processes in this
category are listed below:

Arc welding

Shielded metal arc welding (SMAW)

Gas metal arc welding (GMAW)

Flux cored arc welding (FCAW)

Gas tungsten arc welding (GTAW)

Electrogas welding (GMAW-EG;
FCAW-EG)

Plasma arc welding (PAW)
Submerged arc welding (SAW)
Resistance welding (RSW; RSEW)

Electroslag welding (ESW)

Oxyacetylene welding (OAW)

Thermit welding (TW)

Laser beam welding (LBW)

Electron beam welding (EBW)

In terms of production volume (tonnage
shipped, total sales, etc.), these processes are
by far the most important, with shielded metal
arc welding predominant.

As usually implemented, a high intensity



heat source (used by one of the processes just
listed) is applied to the prepared edges or sur-
faces of the members to be joined, and is
moved along the path of the intended joint.
The power and intensity of the heat source
maust be sufficient to accomplish local melting.
Filler metal may be added, in which case the
heat source may also perform the function of
melting the filler metal intermittently or con-
tinuously as it is delivered to the joint.
(However, there are highly specialized excep-
tions. Auxiliary means for heating the filler
metal may be employed as in hot wire applica-
tions.)

To be useful in this type of welding, a
heat source must transfer sufficient energy at
high intensity to produce local melting. The
transferred power is the rate at which energy is
delivered per unit time from the heat source to
the workpiece, typically expressed in watts
(joules per second). The intensity is the
transferred power per unit area of effective
contact between the heat source and the
workpiece, generally expressed in watts per
square metre or square millimetre (watts per
square inch). The intensity is a completely
unambiguous measure of “hotness,” applicable
to all kinds of heat sources. (Heat sources are
sometimes qualitatively compared in terms of
temperature, a fairly satisfactory index of in-
tensity for arcs and oxyfuel gas flames, but it is
meaningless to speak of the “temperature” of
an electron or laser beam.)

The significance of intensity as a heat
source property cannot be overemphasized. In
fact, the way welding devices have evolved
over the years has, in large measure, been
predicated on the development and adaptation
of high intensity heat sources. Thus, the oxy-
acetylene flame, as used for welding, has been
almost completely displaced by the higher in-
tensity metal arc, and some of the most re-
cently developed welding devices (plasma arc,
electron beam, and laser beam) are unique,
primarily because they provide intensities far
higher than can be developed by a conven-
tional welding arc.

The transfer of energy to a workpiece
from an arc, flame, or electron beam is a com-
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plex process, and the intensity of a welding
heat source cannot generally be expressed as a
precise number. In the first place, it is difficult
to define the area of contact between the heat
source and the workpiece, and, secondly, the
intensity is distributed nonuniformly over the
contact area, typically exhibiting a maximum
near the center. Although the detailed nature
of energy transfer is quite complicated, the
concept of intensity contributes much to the
understanding and comparison of welding
heat sources.

One way of regarding a welding heat
source, such as an arc, is to consider two dis-
tinct heat transfer processes. Heat is first
transferred from the source to the surface of
the workpiece and then, by conduction, from
the contact area to colder regions of the metal.
These two processes are somewhat competi-
tive. With a very high intensity heat source,
such as an electron beam, energy is delivered
through the contact area so rapidly that local
melting occurs before there is any significant
loss of heat by conduction. At the other ex-
treme, a very low intensity source, such as the
flame from a Bunsen burner, can transfer a
large quantity of energy to the workpiece with-
out any melting at all because the heat is con-
ducted away almost as rapidly as it is
delivered. Clearly, a Bunsen burner does not
constitute a heat source useful for welding.
The effectiveness of a welding heat source de-
pends fundamentally and critically on its in-
tensity.

Fundamental to the study of heat flow in
welding,* primarily from the standpoint of
how the heat source affects the material being
welded, is the concept of “energy input” or in
the case of arc welding, “arc energy input.”
Arc energy input is the quantity of energy in-
troduced per unit length of weld from a travel-
ing heat source such as an arc, expressed in
joules per metre or millimetre (joules per
inch). The energy input is computed as the
ratio of the total input power of the heat
source in watts to its travel velocity in
millimetres per second (inches per minute).

*See chapter 3, p. 79.
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=P 2.1
H=t @1
where
H = energy input, joules per
millimetre
P = total input power of heat source,
watts
V = travel velocity of heat source,

millimetres per second

If the heat source is an arc, to a first approx-
imation:

ErI
H = 72 2.2)
where
E = volts (V)
I = amperes (A)

If the objective is to make a precise deter-
mination of the heat effects of arcs on the
materials being welded, the net energy input,
H,,, should be used:

(2.3)

where f is the heat transfer efficiency, the heat
actually transferred to the workpiece divided
by the total heat generated by the heat source.
With most consumable electrode arcs, the dis-
tinction between H and H,,, is not of great
practical importance because the heat transfer
efficiency, f,, is generally greater than 0.8 and
often close to 1.0.

The primary function of most heat
sources is to melt metal. The quantity of metal
which must be melted to produce a certain
length of weld is dictated by the size and con-
figuration of the joint, by the number of weld
passes used, and by the welding process.
Almost without exception, it is preferable, for
metallurgical reasons, to accomplish the
necessary melting with minimum energy input,
an objective more easily realized the higher the
intensity of the heat source.

In this connection it is useful to introduce
the concept of melting efficiency, that fraction
of the net energy input, H,,, which is used for
melting metal. The bead-on-plate weld cross
section shown schematically in Fig. 2.1 iden-
tifies three characteristic areas:

A,, = cross-sectional area of that
portion of the weld metal
bounded by the weld fusion
line and the original top sur-
face of the plate. This area
times the unit length of weld is
the volume of base metal
which has been melted by the
traveling heat source.
cross-sectional area of that
portion of the weld metal
sometimes referred to as the
reinforcement. This area times
the unit length of weld is the
volume of filler metal added
(in the molten condition).
cross-sectional area of the
heat-affected zone; that por-
tion of the surrounding solid
metal which has undergone
some significant change in
structure or properties. (The
basis for defining the outer ex-
tremity of the heat-affected
zone must be established.)

The cross section of weld metal, 4, is then:

A, = A4, + 4, 24)

Of course, if no filler metal is added, then

A4, = A4,

There is a specific theoretical quantity of
heat, O, required to melt a given volume of
metal (from a cold start). The quantity, O, is a
property of a metal or alloy, and is obtained
by adding (1) the heat required to elevate the
temperature of the solid metal to its melting
point, to (2) the heat of fusion, the heat re-
quired to convert solid to liquid at the melting
point.



A reasonable approximation of Q is:
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where T, equals the melting temperature, °C.
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m Am = Cross section of melted base metal
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Fig. 2.1 — Bead-on-plate weld cross section.

Cross section of added filler metal

Heat - affected zone

The melting efficiency, f,, characterizing a
weld pass, can be determined by measuring the
weld metal cross section and the net energy in-
put. Specifically, f, is the theoretical minimum
arc heat required for melting, divided by the
net energy input:

2 Hnet

QAWV
P

s
"~ fLEI

(2.6)

The melting efficiency depends both on
the process and the material being welded; it
also depends on factors such as joint con-
figuration and plate thickness. The higher the
thermal conductivity of the metal being
welded, the lower the melting efficiency
because of the more rapid conduction of heat
from the weld region.

The effect of thermal conductivity is more
pronounced with a low intensity heat source.
For example, when the oxyacetylene flame is
used for welding aluminum, only about two
percent of the heat delivered to the workpiece
is used for melting metal; the rest is lost by
conduction. (This fact helps explain why oxy-
fuel gas welding of aluminum is such a deli-
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cate art. By the time local melting occurs the
entire weld region is very near the melting
point, and, as anyone who has tried it can
testify, there is great risk of melting a large
portion of the workpiece.)

Very high intensity heat sources, such as
the electron and laser beam, accomplish melt-
ing with virtually 100 percent efficiency; heat
is delivered so locally and so rapidly that
melting takes place before any significant ther-
mal conduction occurs. An intensity of 10
kW/mm? (6.5 MW/in.?) is close to the max-
imum which can be used in welding because,
at higher intensities, boiling as well as melting
occurs, and a cutting or erosive action results.
Indeed high intensity devices such as laser
beams are used for drilling and cutting.

The submerged arc is a remarkably effi-
cient welding heat source. Its intensity and
therefore its melting efficiency are higher than
with any of the open arc processes.

There is a simple but important relation-
ship between the weld metal cross section, 4,,,
and the energy input:

3 faHper fifaH

g 0
For any particular welding process, the effi-
ciencies of heat transfer and melting, f; and f,,
do not vary greatly with changes in specific
welding parameters, such as arc voltage, am-
perage, or travel speed. This means the cross
section of a single weld pass is roughly pro-
portional to the energy input. For example,
when an arc weld pass is made on steel under
the following conditions:

@7

Aw

E = 20V

I = 200 A

V = 5 mm/s
fi = 09

f = 03

Q = 10J/mm?

then, the cross-sectional area of the weld pass
can be estimated based on equation (2.7):

0.9(0.3)20(200)

Aw =—310)

21,6 mm?2 (0.03 in.2)
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ENERGY SOURCES FOR WELDING

All welding processes require some form
of energy. For many processes (such as the
ones listed on p. 34), the energy source pro-
vides the heat necessary for melting and join-
ing. However, there are welding processes that
do not utilize heat, but nevertheless require
some form of energy to produce a bond. The
welding processes discussed in this section are
grouped under these five categories of energy
sources: electrical sources, chemical sources,
optical sources, mechanical sources, and solid
state sources.

While this section covers the most signifi-
cant processes or process groups in each
category, some important processes have been
omitted. Flash welding, for instance, is not
covered here, but it is nevertheless an impor-
tant process which uses electrical resistance as
its source of energy. A general discussion of
the process can be found on p. 16 of Chapter
1.

Brazing and soldering, which are also
omitted from the following discussion, cannot
be categorized by their energy source (or heat
source) because they can be performed using a
variety of different energy sources. Their dis-
tinguishing feature is the temperature at which
they are performed rather than their source of
energy. For a general discussion of these pro-
cesses, refer to p. 23 for brazing and p. 25 for
soldering in Chapter 1 and p. 149 in Chapter
4.

ELECTRICAL SOURCES OF WELDING
ENERGY

Arc Welding*

A large number of welding processes use
the electric arc** as the source of heat for fu-
sion because the heat of the arc may be effec-
tively concentrated and controlled.

*Refer to Chapter 1 for a general discussion of arc weld-
ing processes, starting on p. 3.

**Due to the widespread use of arc welding methods and
the importance of the electric arc, a separate section of this
chapter is devoted to arc characteristics. See p. 52.

The physics of metal transfer through the
arc has been studied extensively during recent
years. The electric arc consists of a relatively
high current discharge sustained through a
thermally ionized gaseous column called a
plasma.t

The power of an arc may be expressed in
electrical units as the product of the current
passing through the arc and the voltage drop
across the arc. Given a typical value of 300 A
and 25 V for current and voltage, the power
dissipation of the arc would be 7500 watts.t1
This power dissipation is equivalent to a heat
generation of about 7.11 Btu/s. However, not
all of the heat generated in the arc can be
effectively utilized in arc welding processes.
Values for the efficiency of heat utilization
may vary from 20 to 85 percent in which con-
vection, conduction, radiation, and spatter are
responsible for heat losses. Efficiency of heat
utilization is generally low for GTAW, inter-
mediate for SMAW, and high for SAW.

The arc energy input parameter, already
discussed, has been used in weldability studies
for travel speeds within a narrow range for
covered electrodes. However, with higher
travel speeds, the efficiency of heat transfer in
the fusion zone is increased, and for a constant
arc energy input, the volume of the fused metal
increases as the travel speed is increased. As a
result, with automatic welding processes where
higher speeds and higher currents are utilized,
the use of the arc energy input parameter may
not be adequate in making comparisons in
weldability studies.

The use of a plasma torch or plasma arc
torch as a heat source is a more recent
development. The arc is directed through a
nozzle through which a carrier gas flows. In-
stead of diverging into an open arc, the nozzle,
located between the electrode and the work,
constricts the arc into a small cross section.

tThe plasma is discussed in detail on p. 52.

t1tFor dc, W = EI but for ac, W = El cos 6 where ¢ is
the phase angle. In arc and resistance welding, cos 6§ = 1|
for practical purposes since reactive losses may be assumed
to be negligible. Cos @8 is also called the “power factor.”



This action greatly increases resistive heating
of the arc so that both the arc temperature and
voltage are raised. After passing through the
nozzle, the arc exits in the form of a high
velocity, column shaped, and intensely hot
plasma jet. This plasma jet is referred to as a
“plasma arc” and can be used as either a
transferred arc or nontransferred arc.*

The plasma arc cutting of 25 mm (1 in.)
thick aluminum plate at a speed of 20 mm/s
(50 in./min) provides an example of the use of
a transferred arc. A typical operation might
require an arc using 170 V and 400 A with a
gas flow of 70 litres/min (150 ft3/h) through a
3mm(1/8in.)diam nozzle. The 68 kW of
power would produce a power density in the
nozzle of approximately 8.5 kW/mm? (5.5
MW/in.?) and an average gas temperature of
9700 to 14 700 °C (17 500 to 26 500 °F).
The resulting gas velocity approaches sonic
velocity at these high temperatures. For arc
welding operations, of course, the gas velocity
is intentionally reduced in order to avoid spat-
tering of the molten pool.

Resistance Welding**

The resistance welding processes employ a
combination of force and heat to produce a
weld between the workpieces. Resistance heat-
ing occurs as electrical (welding) current flows
through the workpieces. The workpieces are
generally in the secondary circuit of a
transformer which converts the high voltage,
low current commercial power into suitable
high current, low voltage welding power.

The heat generated by current flow may
be expressed by:

H = PRt (2.8)
where
H = heat generated, in joules
(watt - seconds)

*For an explanation of transferred and nontransferred
arcs, refer to the discussion of plasma arc welding in Chapter
1, p. 11.

**Refer to Chapter 1, p. 14, for a general discussion of
resistance welding.
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I = current, in amperes

R = resistance, in ohms

t = time of current flow in seconds
The welding current and time can be

easily measured, but the resistance is a com-
plex factor and difficult to measure. The resis-
tance that is important in resistance spot weld-
ing, for example, is composed of several parts:

(1) The contact resistances between the
electrodes and the work.

(2) The contact resistance between the
workpieces.

(3) The body resistance of the work-
pieces.

(4) The resistance of the electrodes.

Contact resistance is greatly affected by
surface conditions such as cleanliness and
freedom from oxides or other chemical com-
pounds and by the toughness or smoothness of
the surface. In addition, contact resistance is a
direct function of the resistivities of the
materials in contact and is inversely propor-
tional to the welding force. With materials of
uniform surface conditions, welding force
becomes the major factor in the determination
of contact resistance. Oxides, such as mill scale
on steel, are of such nonuniform quality as to
render uncertain the control of energy in resis-
tance welding. It is therefore preferable to
remove these oxides chemically or mechani-
cally or to prevent their formation by cold
rolling and controlled-atmosphere annealing.

Base metal resistance is proportional to
the resistivity of the material and the length of
the current path, and is inversely proportional
to the area of the current path. For materials
of high resistivity and heavier gages, the base
metal resistance becomes more important, and
the contact resistance becomes less important.
For high conductivity materials, on the other
hand, contact resistance is of the utmost im-
portance. Differences in resistivity are
reflected in the rather widely differing currents
that are required to make the same size weld in
various materials. In general, the magnitudes
of the resistances involved are on the order of
100 ). As a result, the currents are large,
running into the thousands and tens of thou-
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sands of amperes. In the case of capacitor-dis-
charge power supplies, the current may be as
great as 200 000 A, but for a much briefer
duration.

In the case of steel, contact resistance be-
tween the workpieces largely disappears dur-
ing the first half cycle of the current flow. It
might seem, therefore, that contact resistance
would be of little importance. However, the
greatly increased generation of heat during the
first cycle, made possible by contact resistance,
causes a significant increase in base metal
resistance which rises with temperature. This
rise in base metal resistance makes the re-
mainder of the current more effective. The im-
portance of contact resistance in materials of
medium resistivity, such as steel, is borne out
by the fact that higher welding forces, which
reduce contact resistance, necessitate higher
welding currents.

The quantity of heat (or energy) that is re-
quired to produce a given resistance weld is
determined by several factors. The desired
weld area (that is, heated volume), peak tem-
perature, specific heat of the workpieces, and
heat losses into the surrounding metal and
electrodes are key factors. An increase in mag-
nitude of one or more of these factors requires
a corresponding increase in energy to produce
the weld. The exact nature of a given resistance
welded joint (service stresses, base metal, joint
design, part dimensions, and so forth) has a
significant effect on these key factors.

The particular resistance welding process
and weld schedule selected are also significant
in their effects on the above energy factors.
For example, heat losses become significantly
greater as the duration of current flow in-
creases. Hence, long weld times require a cor-
responding increase in input energy to the
weld to compensate for the heat losses.

As an example, it is possible to estimate
the heat generated in the spot welding of two
sheets of 1.0 mm (0.04 in.) thick steel that re-
quired a current of 10 000 A for 0.1 second.
An effective resistance of 100u ) will be
assumed:

H = (10000)* (0.0001) (0.1) = 1000]

Approximately 1381 J are required to
heat and melt 1 g of steel (600 Btu/Ib). Assum-
ing that the fusion zone for the above weld is a
cylinder of 5 mm (0.2 in.) diameter and 1.5
mm (0.06 in.) high, the fused metal would
have a volume of approximately 31 mm? (1.89
X 107% in.?), and a mass of 0.246 g (0.0005
1b).

To heat and melt this mass would require
339 joules. Additional heat would be utilized
in raising the temperature of the surrounding
metal and supplying the heat lost elsewhere.

By comparison, consider the use of a
capacitor-discharge power supply in making a
projection weld between two sheets of steel,
each sheet also being 1.0 mm (0.04 in.) thick.
The weld current pulse would have a typical
effective value of 30 000 A and a flow time of
0.005 seconds.

H = (30 000)* (0.0001) (0.005) = 450 )

The lesser quantity of heat, in this in-
stance, is due to lower heat losses and the
localizing of heat at the weld interface.

Electroslag Welding*

In electroslag welding (ESW), an
electrode such as a wire is fed through an
electrically conductive bath of molten slag.
The resistance of the slag bath to the flow of
current produces heat, the bulk of which is
concentrated primarily in the slag area im-
mediately surrounding the electrode tip. The
quantity of heat, H, produced in the slag pool,
can be expressed as H = Elt (in joules), where
t is time in seconds.

This heat melts the wire and base metal to
form the weld. As the electrode wire or con-
sumable nozzle and wire melt, weld metal is
deposited through the molten slag which
refines out some impurities and protects the
weld metal from the atmosphere. The weld
metal then solidifies upward as heat is ex-
tracted by the surrounding weldment, the con-
taining shoes or dams, and the atmosphere.

*Refer to Chapter 1, p. 12, for a general discussion of
electroslag welding.



The manner in which the heat is trans-
ferred is complex. In a practical sense,
however, the properties of the weldment can
be determined, to a large extent, by control-
ling the pool shape. The pool shape is in-
fluenced by the nature and depth of the slag,
the electrical parameters, the electrode and
base metals and dimensions, and the geometry
of the weldment.

While the slag is used primarily for con-
verting electrical energy to thermal energy, its
properties are important. The slag should be
conductive and stable at reasonable operating
temperatures; it should possess low volatility
and provide the proper chemical reactivity re-
quired for producing suitable weld metal. The
slag conductivity should vary as little as possi-
ble over the normal operating range.

For ESW to be stable, an essentially con-
stant slag temperature should be maintained to
provide a proper balance between heat gener-
ated and heat lost. The slag should have the
proper viscosity so as to perform adequate
refining without being so fluid that it leaks
through shoe or backing bar openings too
readily.

Generally, the best weld properties are
obtained if the weld pool is shallow with a
large radius of curvature. A shallow pool pro-
motes vertical freezing with an acute angle be-
tween weld metal grains. Shallow pools are
produced by high voltages and low current
values. Deep and thus less desirable weld pools
are produced by high current, high wire feed
levels, and low voltages. The slag bath should
also be relatively shallow since deep slag baths
result in incomplete fusion.

ESW can be performed using either alter-
nating or direct current (ac or dc). The choice
of the current type is more significant for slag-
metal reactions than for operating charac-
teristics. Most ESW done in the United States
uses direct current electrode positive (dcep).
(This is also called direct current reverse
polarity [dcrp].) Constant potential power
sources and wire feeders are commonly used.
Welding with ac usually produces more heat
and the voltage is slightly higher than welding
done with direct current.
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CHEMICAL SOURCES OF WELDING
ENERGY

Chemical energy stored in a wide variety
of forms can be converted to useful heat. The
temperature and rate of reaction are two major
characteristics which determine the applica-
tion of the various energy sources.

Oxyfuel Gas Welding*

The welding of steel with a fuel gas re-
quires two flame characteristics: a high flame
temperature capable of melting and control-
ling the weld metal and a neutral atmosphere
surrounding the molten metal to prevent con-
tamination before solidification. Most com-
monly used fuel gases achieve maximum flame
temperatures over 2760 °C (5000 °F) when
mixed with oxygen and burned in an open
flame. At maximum temperature, the flames
are oxidizing in nature and are therefore not
suitable for welding due to the formation of
oxides in the weld metal. Adjusting the flames
to neutral by reducing the quantity of oxygen
mixed with the fuels lowers most flame tem-
peratures substantially as shown in Table 2.1.

Table 2.1 — FAame temperatures of oxyfuel gases

Neutral flame

Max temp. temp.

°C °F °C °F
Acetylene 3102 561513100 5612
MAPPT 2902 5255|2600 4712
Propylene 2857 5174 | 2500 4532
Hydrogen 2871 5200|2390 4334
Propane 2777 5030|2450 4442
Natural gas/methane 2742 4967 | 2350 4260

tMethylacetylene-propadiene (stabilized)

With the exception of the acetylene flame
which is lowered by only 2 °C (3 °F), the
flame intensities are reduced to the point
where it is impossible to melt and control the
weld puddle for other than thin sheet metal.
Methylacetylene-propadiene (stabilized) can
be used for welding providing special pro-
cedures are followed. The fuel-to-oxygen ratio
must be adjusted to be slightly oxidizing so

*Refer to Chapter 1, p. 17, for a general discussion of
oxyfuel gas welding.
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that the flame temperature is moderately in-
creased, and a highly deoxidized filler metal
must be used to produce sound weld metal.

The combustion of acetylene in oxygen at
the orifice of a torch takes place in two steps.
The first step is the burning of carbon to car-
bon monoxide, the hydrogen remaining un-
consumed. This burning takes place in a small
bluish white cone close to the torch in which
the gases are mixed. This reaction provides the
heat which is most effective for welding. In the
second step, the burning of the carbon monox-
ide to carbon dioxide, and of the hydrogen to
water vapor takes place in a large blue flame
that surrounds the welding operation, but con-
tributes only a preheating effect. The equa-
tions representing these two steps of combus-
tion are as follows:

CH, + 0, —2CO +H,
2CO + H, + 1.50, — 2CO, + H,0(g)

The first reaction generates heat by the
breaking up of acetylene as well as by the for-
mation of carbon monoxide. The dissociation
of acetylene liberates 227 kJ/mol at 15 °C (59
°F). The combustion of carbon to form carbon
monoxide liberates 221 kJ/mol. The total heat
supplied by the first reaction is therefore 448
kJ/mol (501 Btu/ft®) of acetylene.

The second reaction liberates 242 kJ/mol
of water vapor by the burning of hydrogen.
The combustion of carbon monoxide provides
285 kJ/mol or an additional 570 kJ/mol for
the reaction. The total heat supplied by the
second reaction is therefore 812 kJ/mol (907
Btu/ft3).

Adding the heat supplied by the two reac-
tions gives the total heat of combustion which
is 1260 kJ/mol (1408 Btu/ft3) of acetylene.
The concentrated heat liberated by the first
reaction in the small inner cone of the flame is
35.6 percent of the total heat. The remaining
heat is developed in the large brush-like outer
envelope of the flame, and is effective for
preheating. It is this heat that reduces the ther-
mal gradient and cooling rate for oxyacetylene
welding (OAW).

One volume of oxygen is used in the first
step of the combustion to burn one volume of
acetylene. This oxygen must be supplied in the

pure state through the torch. The one and one-
half volumes of oxygen required in the second
step are supplied from the atmosphere. When
just enough oxygen is supplied to burn the car-
bon to carbon monoxide, as indicated in the
first step, the resulting flame is said to be
neutral. If less than enough oxygen is supplied
to complete the combustion of the carbon, the
flame is said to be a reducing or an excess
acetylene flame. This flame has certain uses in
welding and is discussed in other volumes of
the Handbook.* With more than enough ox-
ygen for the first reaction, the flame is oxidiz-
ing.

The combustion of hydrogen is a simple
reaction with oxygen to form water vapor. If
sufficient pure oxygen were supplied to burn
all of the hydrogen completely, the flame tem-
perature would be approximately 2870 °C
(5200 °F). However, this would not provide a
protective outer envelope of reducing at-
mosphere and consequently would be imprac-
tical. If only enough pure oxygen to burn half
of the hydrogen were provided, the concen-
trated heat would be 121 kJ/mol (135 Btu/ft3).
In the latter case, the flame temperature would
drop to a little over 2480 °C (4500 °F).

An oxyhydrogen flame exhibits a tem-
perature difference (above the melting point of
steel) of about 930 °C (1700 °F) in contrast
to about 1540 °C (2800 °F) for the ox-
yacetylene flame. Consequently, oxyhydrogen
welding (OHW) is much slower for the weld-
ing of steel. It may be noted that by adjusting
the amount of oxygen supplied, the relative
proportions of concentrated heat and outer
flame preheat may be varied. A similar control
of the acetylene flame is not available since
any attempt to reduce the relative amount of
the outer envelope of heat results in an oxidiz-
ing flame, and a change in the other direction
results in a carburizing flame.

Oxyacetylene torches of medium size are
provided with a variety of orifices since
acetylene flows from 0.9 to 142 litres/min (2
to 300 ft3/h). Assuming a flow rate of 28

*1t is discussed in Section 3A of the Welding Handbook,
Sixth Edition. In the Seventh Edition, it will tentatively be
covered in Volume 2.



litres/min (60 ft3/h), the total heat available
would be 25 kJ/s (1408 Btu/min). However,
remembering that approximately one-third of
the heat is liberated in the small inner core of
the flame, only 8.8 kJ/s (500 Btu/min) would
be available at the torch tip. The efficiency of
heat utilization is very low in most cases.
Typically, heat transfer rates for oxyacetylene
torches are on the order of 1.6 to 16 J/mm?2.s
(1 to 10 Btu/in.2.s).

Thermit Welding

Thermit welding (TW) encompasses a
group of processes which uses heat from ex-
othermic reactions to perform welding and
other operations. The process name is derived
from ““‘thermite,” the generic name given to
reactions between metal oxides and reducing
agents. The usual oxides are those that have
low heats of formation and the usual reducing
agents are those which, when oxidized, have
high heats of formation. The excess heats of
formation of the products, as compared with
the starting materials of the reaction, represent
the heat produced by the reaction, hence the
term “‘exothermic.”

Typical thermit reactions, and their
theoretical temperatures are as follows:

3Fe;,0, + 8Al = 9Fe + 4Al1,0,
+ 3010 kJ/mol (3088 °C [5590 °F])
3Fe0 + 2A1 = 3Fe + Al,0,
+ 783 kJ/mol (2500 °C [4532 °F])
Fe,0, + 2Al = 2Fe + Al,0,
+ 759 kJ/mol (2960 °C [5360 °F])
3Cu0 + 2A1 = 3Cu + Al1,0,
+ 1152 kJ/mol (4866 °C [8790 °F])
3Cu,0 + 2A1 = 6Cu + Al,0,
¥ 1089 kJ/mol (3138 °C [5680 °F])
3NiO + 2A1 = 3Ni + Al,0,
+ 864 kI/mol (3171 °C [5740 °F])
Cr,0; + 2A1 = 2Cr + Al,0,
+ 2287 ki/mol (2977 °C [5390 °F])
3MnO + 2A1 = 3Mn + Al,0,
+ 1686 kJ/mol (2427 °C [4400 °F])
3MnO, + 4Al = 3Mn + 2A1,0,
+ 4356 kJ/mol (4993 °C [9020 °F])

In TW, the parts to be welded are aligned
with a gap between them, and a mold, either
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built on the parts or formed on a pattern of the
parts, is placed in position. The next step
varies according to the size of the parts. If they
are large, preheating within the mold cavity is
necessary to bring the parts to welding tem-
perature and to dry out the mold. If the parts
are small, however, preheating is often elimi-
nated. The superheated products of a thermit
reaction are next allowed to flow into the gap
between the parts with sufficient heat to melt
both faces of the base metal. When the filler
metal has cooled, all unwanted excess metal
may be removed by oxygen cutting, machin-
ing, or grinding.

The first reaction in the preceding series
of formulas is the one most commonly used as
the basis in formulating thermit mixtures for
welding. The proportions of such mixtures are
usually about three parts of iron scale to one
part of aluminum. The theoretical temperature
resulting from such a reaction is 3088 °C
(5590 °F). Radiant heat loss and losses to the
reaction vessel or crucible, however, reduce
this temperature to about 2540 °C (4600 °F).
Other additions to the mixture to adjust the
metal for chemistry and the slag for fluidity
serve to further reduce the temperature. In
practice, weld metal temperatures are designed
for 400 to 550 °C (750 to 1020 °F) super-
heat. Approximately 35 kJ/kg (1500 Btu per
hundred pounds) of base thermit are generated
during the reaction. The reaction is not ex-
plosive and requires less than one minute to
complete itself, regardless of size. No fire
hazard is incurred under normal conditions of
handling and storing thermit mixtures since an
initial temperature of more than 1205 °C
(2200 °F) is needed for ignition. To start the
reaction, a special starting thermit incorporat-
ing peroxides, chlorates, or chromates as the
oxidizing agent is required.

Thermit mixtures employed for welding
generally contain materials in addition to iron
oxide and aluminum. By using these addi-
tional materials, variables such as the time and
temperature of reaction and the chemical
analysis of the weld metal produced can be
controlled. For example, additions either in
the form of metal pieces which are melted dur-
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ing the reaction, or of secondary exothermic
reactions chosen from the preceding list of
equations make possible wide variations in
weld metal to meet almost any of the standard
AISI or SAE steel classifications. Similarly,
physical properties of the weld metal can be
varied over a wide range and as-welded tensile
strengths between approximately 350 and 900
MPa (50 000 and 130 000 psi), with elonga-
tions of over 40 percent in 50 mm (2 in.) for
the lower tensiles, are possible.

In designating the weight of thermit mix-
tures for welding, only the iron oxide and
aluminum are considered. Additions for ad-
justment of analysis and temperature are not
included in the given weight. Thus 45 kg (100
Ib) of oxide and aluminum, to which have
been added 14 kg (30 1b) of metals and alloys,
are termed 45 kg of thermit.

The heat liberated is expressed only in
terms of the basic oxide and aluminum in the
mix. Temperatures, however, obviously are for
all of the reaction products.

OPTICAL SOURCES OF WELDING
ENERGY

Two sources of welding energy, the laser
and electron beam, are focused beams that
operate according to the laws of optics. In the
case of the laser beam, focusing is accom-
plished by various lens arrangements.
Electrostatic and magnetic means are
employed to focus the electron beam. Conse-
quently, high power densities can be achieved
with these methods.

Lasers

A high degree of spectral purity and low
divergence of the laser output beam permit
focusing of laser radiation to extremely precise
areas, resulting in power densities often
greater than 10 kW/mm? (6.45 MW/in.?). The
raw beam exiting from a laser source may be
typically 1 to 10 mm (0.04 to 0.4 in.) in
diameter and must be focused to be useful for
laser beam welding (LBW)* applications. The

*Refer to Chapter 1, p. 21, for a general discussion of
laser beam welding.

focused spot size, d, of a laser beam is given by

d = f6 2.9
where f is the focal length of the lens and @ is
the full angle beam divergence.

The power density, PD, at the focal plane
of the lens is given by

4P,

PD = —
nd?

(2.10)
where P, is the input power, hence

4P,
m (f6)2

Therefore power density is determined by the
laser power, P, and beam divergence, 6. For a
laser beam operating in the fundamental mode
where the energy distribution across the beam
is gaussian, the beam divergence is

@.11)

PD =

6 o« —

- 2.12)

where a is a characteristic dimension of the
laser beam and A is the wavelength of laser
radiation. Note that, according to equations
(2.11) and (2.12), the power density is in-
versely proportional to the square of the
wavelength of the laser radiation.

Lasers used for welding can be grouped
conveniently as solid state lasers and gas
lasers. The solid state lasers are ruby,
Nd:Glass,** and Nd:YAG,** and the chief gas
laser is the CO,. Ruby and Nd:Glass are
capable of high energy pulses, but are limited
in maximum repetition rate. Nd:YAG and CO,
lasers can be continuous wave or pulsed at very
high repetition rates.

Most metallic surfaces reflect appreciable
amounts of incidental laser radiation. In prac-
tice, however, sufficient energy is usually ab-
sorbed to initiate and sustain a continuous
molten puddle. Ruby and Nd:Glass lasers,
because of their high energy outputs per pulse,
can overcome most metal welding reflectivity

**Lasers in which glass (Nd:Glass) or single crystals of
Yttrium-Aluminum-Garnet (Nd:YAG) are doped with Nd
(neodymium) ions as the active medium.
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Table 2.2 — Thermal time constants — laser beam welding seconds

Time, in seconds
Thickness Thickness Thickness
Material 0.13 mm (0.005 in.) 0.64 mm (0.025 in.) 2.5 mm (0.100 in.)
Copper 0.035 0.884 14.1
Brass 0.119 2970 475
Aluminum 0.047 1.170 18.8
1% Carbon steel 0.333 8.330 133.3
Stainless steel 1.004 25.100 401.7
Nickel 0.260 6.500 104.1
Inconel 0.948 23.700 379.3
Titanium 0.593 14.800 2373
Tungsten 0.060 1.509 34.1

problems. However, due to their inherently
low pulse rates, typically 1 to 50 pulses per
second, welding speeds in thin gage metals are
extremely slow. In contrast, Nd:YAG and in
particular CO,, lasers are capable of very high
continuous wave outputs or they can be pulsed
at several thousand pulses per second, giving
rise to high speed continuous welding.

Pulsed Laser Beam Welding

When a pulse of focused solid state type
laser energy is incident on a metallic surface,
the beamr energy is absorbed within a very
small area and may be dealt with as a surface
heating phenomenon. Thermal response
beneath the focused spot, therefore, depends
on heat conduction. The depth to which the
energy pulse is felt in time, ¢, is thus dependent
on the thermal diffusivity of the metal, and is
given approximately by \/4kt where k is the
thermal diffusivity. This leads to the concept
of a thermal time constant for a metal plate of
thickness, x. The thermal time constant is
equal to x2/4k which represents the pulse dura-
tion required for penetration.

For effective melting, the laser pulse
should be approximately equal to the thermal
time constant for the given metallic sample.
For 0.13 to 0.25 mm (0.005 to 0.010 in.)
thick metals, thermal time constants are com-
parable to pulse durations from normal solid
state pulsed lasers. If the laser pulse is very
short with respect to thermal diffusion time,

the pulse energy is deposited primarily at the
surface and rapid localized heating occurs
with very little depth of penetration. This type
of heating effect results in metal being
vaporized from the surface. In laser beam
welding, the lower surface of the metal must
reach the melting point before the upper sur-
face reaches the vaporization point. Conse-
quently, thermal diffusivity and pulse duration
control the depth to which successful porosity-
free welds can be made. Typically, a solid state
laser can be pulsed for an on period of ten
milliseconds; this limits the depth of penetra-
tion to 1.0 mm (0.04 in.). (See Table 2.2.)

Continuous Wave Laser Beam Welding

Nd:YAG and CO, lasers are capable of
making high speed continuous metal welds.
Lasers in excess of 500 W output are capable
of welding steel sheet 0.25 mm (0.010 in.)
thick at several millimetres per second, while
CO, lasers of 10 kW continuous wave output
power can produce deep penetration welds in
13 mm (1/2 in.) thick steel at 25 mm/s (60
in./min).

When heating or melting a metal with a
laser beam, the concept of energy absorbed per
unit volume of metal becomes a controlling
parameter. The energy absorbed can be written
in dimensions of joules per cubic millimetre.
This parameter becomes a measure of power
density/welding speed. For example,

W/mm? X s/mm = J/mm?3
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Electron Beam Welding*

In electron beam welding (EBW), energy
is impressed upon the workpiece by bombard-
ing it with a focused beam of electrons. The
power density in watts per unit area is given by

_ heE _ EI

1 i (2.13)

where

total number of electrons per
second in the beam

1.602 x 10°'? (the charge of an
individual electron in coulombs)
the accelerating voltage on the
gun, in volts

the beam current in amperes
the area of the focused beam on
the workpiece

Once the beam has been focused, depth of
penetration is determined by the beam current,
accelerating voltage, and relative speed of the
welding.

Power concentrations of 1 to 100
kW/mm? (0.65 to 65 MW/in.%) are routinely
achieved, and 10 MW/mm? (65 000 MW/in.2)
can be obtained. The ability to obtain a high
concentration of energies in the beam is
voltage dependent. Electron beam welding is
generally performed at voltages between 20
kV and 150 kV, with the higher voltages hav-
ing higher power densities, but at the same
time requiring more x-ray protection.

The advantages associated with the EBW
process include a high depth-to-width ratio,
high strength, and the ability to weld thick sec-
tions in a single pass with low heat input, low
distortion, and minimum width of the heat-
affected zone. These advantages result from
the ability to focus large concentrations of
electron beam power in a small spot.

Deep welding penetration is not the direct
result of the ability of electrons to traverse
solids, but is associated with the high power
densities, achievable with electron beams, that
cause practically instantaneous volatilization
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*Refer to Chapter 1, p. 20, for a general discussion of
electron beam welding.

of metals. This produces a needlelike vapor-
filled cavity or keyhole in the workpiece
through which the beam can penetrate. (This
cavity is held open by the pressure associated
with the volatilization of the workpiece
material.) As a result of the relative motion
between the workpiece and the beam, surface
tension and gravity act to cause molten metal
to flow into the cavity.

Thus EBW can be viewed as resulting
from the motion of a beam-created cavity
through the section to be welded. Conse-
quently, a melted zone with a high depth-to-
width ratio is created. The limited ability of
the beam to traverse matter is an extremely im-
portant aspect since the penetration can be ac-
complished only if the beam can be transmit-
ted through the cavity.

There are three commercial variants of
the EBW process, distinguished by the degree
of vacuum used:

(1) Hard vacuum EBW, the pioneering
process operational at a pressure of 0.013 Pa
(1074 torr) or lower.

(2) Commercial vacuum or soft vacuum
EBW, operational at pressures of 13.0 Pa
(107! torr).

(3) Nonvacuum EBW which operates at
100 kPa (1 atm). Each of these has different
performance capabilities and has excelled in
different application areas.

The hard vacuum process is the most
powerful of all these and has the best depth-to-
width performance capabilities, the highest
purity of the fusion zone, and, consequently,
produces the best properties when joining in-
terstitial embrittlement-sensitive materials. It
has the longest working distance (up to 750
mm {30 in.]) and the ability to weld the
greatest thickness of metal. As a matter of fact,
with this mode one can join virtually any
metallic substance or combination of sub-
stances deemed weldable by accepted physical
metallurgy and phase diagram criteria for
weldability. This mode is capable of welding a
wide range of thicknesses from a few thousand
angstroms to over 150 mm (6 in.) and, in
special cases, up to 225 mm (9 in.) with a
single pass.



This process is performed using electron
guns with 30 kV to 150 kV acceleration, the
bulk of the equipment being operational at 60
to 150 kV. The systems power level can be in
the 1 to 25 kW range with higher power levels
possible, but, to date, only limited require-
ments for a higher power system have been
found. The welding is performed in a variety
of systems with several prevailing varieties.
One system has either stationary or movable
guns, and observation of the workpiece is
either coaxial to the gun (most preferred and
best) or oblique.

Inasmuch as the workpiece is always con-
fined in a vacuum chamber which determines
the maximum size of object to be processed, a
large variety of chamber sizes as well as shapes
have been manufactured over the years. Rec-
tangular chambers have been the most widely
used though a number of cylindrical chambers
for very long objects (nuclear fuel elements,
for example) have been built.

Operation of the equipment is either man-
ual or programmed with numerically con-
trolled (NC) machines being the preferred
choice in recent years. This welding mode
which was discovered in connection with the
needs of the nuclear industry continues to pro-
vide service to this industry. Today, aerospace,
aircraft, automotive, and instrumentation in-
dustries also use the hard vacuum mode
because of the substantial advantages it offers.

The soft vacuum mode follows the hard
mode in terms of performance capabilities
with working distance on the order of 300 mm
(12 in.), the ability to join metal thicknesses
up to 50 mm (2 in.), and virtually no penalty
for contamination of the fused zone. For ex-
ample, air at 5 Pa (3.8 x 102 torr) has a con-
taminant level comparable to 99.995 percent
pure argon gas. The main advantage of the soft
vacuum process is that the operational
pressure required is obtained by simple
mechanical pumping in contrast to the hard
vacuum mode where a combination of
mechanical and diffusion pumping is needed
to reach the operational pressures for the pro-
cess. The speed of operation, quality, and
suitable fusion zone configuration at higher
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pressures makes this mode very attractive. The
workpiece is also confined by a work chamber
and utilizes the smallest possible chamber
capable of fitting a part to be welded. As a mat-
ter of fact, this mode is readily adapted to use
special chambers for each part to be welded.
Since the beam must be generated at 0.13 mPa
(10°¢ torr), the beam reaches the workpiece
after it passes through a high impedance orifice
and before it is brought to the relatively higher
pressure workpiece area of the vacuum cham-
ber. This mode is carried out with machines in
the 60 to 150 kV range and up to 15 kW of
power.

The nonvacuum EBW process, also re-
ferred to by some as the inert atmosphere
EBW, is the least versatile and powerful of the
modes. However, it does have one major ad-
vantage over the other two process methods: It
does not require a vacuum work chamber.
Since the 0.13 mPa (10°® torr) pressure is
needed to generate the beam, as is the case in
the other two modes, the beam is again so
generated, but here it is brought onto the
workpiece through two sets of differentially
pumped chambers. These are interconnected
with orifices the size of the beam to bring the
beam in steps up to the nominal atmospheric
pressure of the shielding gas at the work.

Unlike the other two modes, there is only
about 25 mm (1 in.) of working distance
because of the severe scattering of the beam by
the air molecules which leads to substantial
power loss. Also, the high depth-to-width
ratio fusion zone which the other modes pro-
duce and which is considered the earmark of
EBW cannot be obtained with inert at-
mosphere EBW nor can it weld metals sensi-
tive to embrittlement by interstitials. The
shielding from x-rays produced by EBW at the
work, which is usually provided by the design
of the vacuum chamber, must be provided
externally in the nonvacuum process.
Nevertheless, there are diverse manufacturing
operations possible with this process, as for
example, butt welding of seamless tubing,
where the nonvacuum inert atmosphere pro-
cess has met with considerable success and can
perform quite competitively. The development
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of new applications, including some in the
automotive field, is in progress.

MECHANICAL SOURCES OF
WELDING ENERGY

The three processes discussed in this
category—friction, ultrasonic, and explosion
welding—are officially classified by AWS as
solid state processes although some authorities
consider them to involve localized melting.
(According to the authors of the following
text, localized melting does not occur with
these processes.) Whether or not localized
melting is a factor, these processes all involve
some type of mechanical movement which
produces the energy for welding. This feature
distinguishes them from a solid state process
such as diffusion welding which is charac-
terized by lack of motion.

Friction Welding*

In friction welding (FRW), a bond is cre-
ated between a stationary and a rotating mem-
ber by utilizing the frictional heat generated
between them while subjected to high normal
forces on the interface. Application of this
process requires that the rotating member be
essentially symmetrical about the axis of rota-
tion while the other member can be of any
geometry that is within the clamping limita-
tions of the welding machine.

Practical application of this welding heat
source utilizes one of three approaches: (1)
relatively slow speeds and high normal force,
(2) high speed and lower normal force, or 3) a
flywheel that is disengaged from the rotating
power source before the start of welding. In
the latter case, the rotational speed is con-
tinuously decreasing during the welding cycle.
The first two approaches are referred to as
conventional FRW while the latter, because of
the use of the energy in the flywheel, is called
inertia welding. Both make use of the fric-
tional heating of the interface as the welding
energy source.

*Refer to Chapter 1, p. 19, for a general discussion of
FRW.

Since frictional heat is related to speed
and normal force, the time required to pro-
duce a bond is a function of both of these
parameters. Also, the radial temperature dis-
tribution is nonuniform, being highest near
the outer surface where the surface speed is
highest.

Recent studies indicate that the average
interface temperature is always below the
melting point of either member being joined.
Thus, the bond is metallurgically achieved by
diffusion rather than fusion. Because of this,
the process is admirably suited for joining dis-
similar metals, particularly those that undergo
undesirable phases when joined by melting
processes. The width of the diffusion zone may
vary from a line that cannot be accurately
defined in width by present techniques to one
readily detected by a relatively low power
metallograph.

Ultrasonic Welding

Ultrasonic welds are produced by the in-
troduction of high frequency vibratory energy
into the weld zone of metals to be joined.
Ultrasonic welding (USW) is generally used to
produce spot, straight, and circular seam (ring)
welds between members of which at least one
is of sheet or foil thickness. The workpieces
are clamped together between two tips or jaws,
and the vibratory energy is transmitted
through one or both tips which oscillate in a
plane essentially parallel to the weld interface.
This oscillating shear stress results in elastic
hysteresis, localized slip, and plastic deforma-
tion at the contacting surfaces which disrupt
surface films and permit metal-to-metal con-
tact. The process thus produces a metallurgical
bond between similar or dissimilar metals
without melting. The elastic and plastic defor-
mations induce a very localized, transient tem-
perature rise at the weld interface. Under
proper conditions of clamping force and
vibratory power, the temperatures reached are
usually in the range of 35 to 50 percent of the
absolute melting point of the metals joined.

By means of a frequency converter, 60 Hz
electrical power is transformed into high fre-



quency generally within the range of 15 000
to 75 000 Hz, although higher or lower fre-
quencies may be used. The high frequency
electrical power is converted into acoustical
power at the same frequency by one or more
transducers of either the magnetostrictive or
piezoelectric ceramic types. Appropriate
acoustical coupling members transmit the
acoustical power from the transducer to the
work-contacting tip and into the metal
workpieces.

With recently developed solid state fre-
quency converters, more than 90 percent of the
line power is delivered electrically as high fre-
quency power to the transducer. The
electromechanical conversion efficiency of the
transducers, that is, its efficiency in converting
electrical power into acoustical power, is in
the range of 25 to 35 percent for magnetostric-
tive nickel-stack transducers and is frequently
in excess of 75 percent for piezoelectric
transducers such as lead zirconate titanate
ceramics. Thus, in the case of ceramic
transducers, as much as 65 to 70 percent of the
input electrical line power may be delivered to
the weld metal as acoustical power.

The amount of acoustical energy required
to weld a given material increases with
material hardness and thickness. This relation-
ship for ultrasonic spot welding can be ex-
pressed, as a first approximation, by the equa-
tion:

Eg = 63 H3/24312 (2.14)

where

acoustical energy in joules
Vickers microindentation hard-
ness number

thickness of the material adja-
cent to the ultrasonically active
tip, in inches

SR

...
fl

This empirical equation is reasonably
valid for common metals such as aluminum,
steel, nickel, and copper in thicknesses up to at
least 0.81 mm (0.032 in.). Some of the more
exotic materials are less responsive to this rela-
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tionship. Experimentation over a range of
welding machine settings is usually recom-
mended to establish precise settings that will
produce satisfactory welds in a given material
and material thickness.

Explosion Welding

In explosion welding (EXW), the detona-
tion of an explosive is utilized to accelerate
one of the components (called the flyer) to a
high velocity before it collides with the sta-
tionary component. At the moment of impact,
the kinetic energy of the flyer plate is released
as a compressive stress wave on the surface of
the two components. The pressure level of
these stress waves is on the order of thousands
of megapascals (millions of pounds per square
inch). During explosive bonding, the collision
progresses across the surface of the plates
being welded so that an angle is formed be-
tween the two colliding components. The sur-
face films are liquefied, scarfed off the collid-
ing surfaces, and jetted out of the interface
leaving perfectly clean, oxide-free surfaces.
Under these conditions, the normal inter-
atomic and intermolecular forces create a
bond. The result of this process is a cold weld
without a heat-affected zone.

The energy for the EXW process is pro-
vided by an explosive. The detonation velocity
of the explosive must fall within limits to pro-
duce the necessary impact velocity and angle
between the two components. The maximum
velocity of the explosive detonation should not
exceed the highest sonic velocity within the
materials being bonded. The physical forms of
the explosives utilized include plastic flexible
sheet, cord, and pressed, cast, granulated, and
liquid shapes. These explosives also vary in
detonation velocity. They are usually deto-
nated with a standard commercial blasting
cap.

Most explosive bonding applications to-
day use a low detonation velocity explosive,
which is usually placed in direct contact with
the flyer plate. Low velocity explosives devel-
op relatively lower pressures than the high
velocity explosives and can be used without
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causing shock damage. These explosives make
it easier and more practical to achieve ex-
plosive bonding. The explosives used should
have a detonation velocity of approximately
2400 to 3600 m/s (8000 to 12 000 ft/s). The
detonation velocity depends on the thickness
of the explosive layer and the packing density.

When the detonation velocity is less than
the sonic velocity of the metal, the pressure
generated in the metal by the expanding gases
moves faster than the detonation and is spread
out ahead of the detonation front. A shock
wave is not produced. If the detonation
velocity of the explosive is slightly greater than
the sonic velocity in the metal, a detached
shock wave may be created. In this case, the
detonation velocity slightly exceeds the metal
sonic velocity and a shock wave is formed
which moves slightly ahead of the detonation.
High velocity explosives are difficult to use for
high quality bonding because they can cause
considerable shock wave damage resulting in
spalling along the edges and fissuring at the
bond interface. When high velocity explosives
are used, thick buffers are required between
the explosive and the cladding plate.

The velocity of the flyer plate can be
changed by changing the explosive charge per
unit of area. If it is increased, several things
can happen:

(1) The angle of incidence at which bond
waviness begins increases.

(2) Larger waves are produced with the
same angle of incidence.

(3) The range of angles within which
waves are produced also increases.

(4) Tendency for the formation of inter-
metallic compounds in the weld interface in-
creases.

Two components will not bond if the ex-
plosive charge per unit area is too low. This
shows that there is a minimum flyer plate
velocity.

The detonation velocity tends to be con-
stant throughout the entire explosion. Since
the energy release of most explosives depends
on the thickness of the explosive and the
degree of confinement, the detonation velocity
may vary as these quantities are changed. The

velocity may also be varied by selection of the
explosive ingredients and by changing the
packing density of the explosive.

SOLID STATE SOURCES OF WELDING
ENERGY

Diffusion Principles and Mechanisms

Because diffusion plays an essential role
in solid state welding, a short description of
the theory and the mechanism of diffusion is
in order.

The diffusion phenomenon is of prime
importance from both the theoretical and
practical aspects of metallurgy because of the
many phase changes that take place in metal
alloys involving a redistribution of the atoms
present. These changes occur at rates that are
dependent on the speed of the migrating
atoms.

Diffusion in metal systems is usually
categorized into three different processes de-
pending on the path of the diffusing element.
Each of these processes—volume diffusion,
grain boundary diffusion, and surface diffu-
sion—have different diffusivity constants. The
specific rates for grain boundary and surface
diffusion are higher than the rate for volume
diffusion.

Fick’s first law gives the basic equation
for diffusion in metals as:

1dm _ _poac
A dr ax (2.15)
where
dm
—— = rate of flow (g/s) of metal across
dt a plane perpendicular to the
direction of diffusion
D = diffusion coefficient whose
values depend on the metallic
system being considered (cm?fs);
minus sign expresses a negative
concentration gradient
A = the area (cm?) of the plane
- across which diffusion occurs
ar = the concentration gradient that

exists at the plane in question (c
is expressed in g/cm®)
distance, cm



The diffusion coefficient, D, is not
generally constant since it is a function of such
dynamic variables as temperature, concentra-
tion, and crystal structure. Since at any one
particular time these variables are assumed to
have finite values, the coefficient D is a
definite number.

Several mechanisms can account for the
diffusion of atoms in metals. Two of these are
the interstitial mechanism and the vacancy
mechanism. The former is concerned with the
movement of atoms having small atomic radii
compared to the matrix atoms. These elements
move from one location to another along the
interstices of the crystal lattice, hence the name
interstitial elements. These moves occur within
the crystal without distorting or permanently
displacing the matrix atoms.

The matrix or substitutional atoms use the
vacancy mechanism for their mode of trans-
portation. Because of their size, it is literally
impossible for these atoms to migrate along
the interstices. The only path open to them is
the vacancy sites. Although the energy re-
quired to move a matrix atom is equal to that
for an interstitial element, the rate is con-
siderably slower due to the fewer vacant loca-
tions available to the atoms.

The pronounced effect that temperature
has on diffusion may be evaluated by the rule
of thumb that an 11 °C (20 °F) rise in tem-
perature will double the diffusion constant. It
has been found that the diffusion constant
changes with variations in concentration. For
example, the diffusion constant of carbon in
iron at 930 °C (1700 °F) will show a three
fold increase over a range of carbon from O to
1.4 percent. Crystal structure has also been
found to influence the diffusion constant at a
given temperature. Self-diffusion of iron oc-
curs 100 times more rapidly in ferrite than in
austenite. Directionality of a crystal also in-
fluences the diffusion constant. It has also
been shown that crystal distortion due to
plastic deformation usually increases with the
rate of diffusion.
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The Welding Process

Solid state welding as reported in the
literature has often been referred to by a num-
ber of names: diffusion bonding, pressure
bonding, self-welding, gas pressure bonding,
eutectic brazing, eutectic bonding, and so
forth. The one common denominator of all
these techniques is a solid state bond between
the base metals being joined. Each different
name describes a specific technique used to
secure the same resultant welded joint.

Perhaps because of the nature of the join-
ing procedure, with diffusion playing a major
role, the term diffusion welding (DFW)*
should really be considered the parent subject.
The techniques noted, including solid state
bonding, are only variations of it. The follow-
ing definition will be used here: Solid state
welding is a joining technique in which time,
temperature, and pressure produce, through
diffusion, coalescence of the base metals at
temperatures below their melting point or
melting range.

The two key words in the definition are
diffusion and coalescence. Diffusion depicts
the mechanism by which actual joining occurs.
Coalescence (growing or coming together into
one) characterizes the final condition in the
joint after the bonding process is completed.

Time, temperature, and pressure are the
three essential ingredients of this process. The
metal surfaces to be welded are prepared and
placed in intimate contact with each other,
and this union is maintained by applying ex-
ternal pressure. The assembly is then heated to
a selected temperature and held at this tem-
perature for a given time. (Actual times and
temperatures vary from metal to metal.) While
in intimate contact at the selected temperature,
the atoms in the metal acquire increased
energy due to the elevated temperature to
which they are subjected. This energy causes
the atoms to become more and more mobile
and in time they migrate from one location to
another. After a specified period of time, the
transport of atoms across the original joint in-
terface results in a solid state bond.

*Refer to Chapter 1, p. 18, for a general discussion of
diffusion welding.
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ARC CHARACTERISTICS

DEFINITIONS

For all practical purposes, a welding arc
can be thought of as a gaseous conductor
which changes electrical energy into heat. The
arc is the heat source for many important
welding processes because it produces a high
intensity of heat and is easy to control through
electrical means. Some unexplained phenome-
na of arcs appear to require new concepts
because known laws are not applicable in all
cases.

Arcs are more than heat sources. They are
sources of radiation as well. They may be used
as sources of light, as in arc lamps, or sources
of radiant energy, as in the testing of materi-
als. When used in welding processes, the arc
helps remove surface oxides in addition to
supplying heat. The arc is also able to control
the transfer of metal.

The welding arc can be defined as a par-
ticular group of electrical discharges that are
formed and sustained by the development of a
gaseous conduction medium. The current car-
riers for the gaseous medium are produced by
thermal means and field emission. Many kinds
of welding arcs have been conceived, each with
a unique application in the field of metal join-
ing. In some cases, the welding arc, an electri-
cal discharge between two electrodes, is a
steady state device, but more frequently it is
intermittent, subject to interruptions by
electrical short circuiting, or it is continuously
nonsteady, being influenced by an alternating
directional flow of current or by turbulent
flow of the conducting gas medium.

THE PLASMA

The arc current is carried by the plasma,
the ionized state of a gas composed of nearly
equal numbers of electrons and ions. The
electrons, which support most of the current
conduction, flow out of a negative terminal
(cathode) and move toward a positive terminal
(anode). Mixed with the plasma are other
states of matter, including molten metals,

slags, vapors, neutral and excited gaseous
atoms, and molecules. The establishment of
the neutral plasma state by thermal means, that
is, by collision processes, requires the attain-
ment of equilibrium temperatures according to
the ionization potential of the material from
which the plasma is produced. The formation
of plasma is governed by an extended concept
of the Ideal Gas Law and the Law of Mass Ac-
tion. A basic equation is:

neny  2Z; 2m me KT)3/2e -V;

no - %hs ﬁ
where

n,n,andn, =

(2.16)

particle densities
(number per unit
volume for electrons,
ions, and neutral
atoms, respectively).

V; = the ionization poten-
tial
T = temperature in
degrees absolute
Z;and Z, = partition functions
for ions and neutral
particles
h = Planck’s constant
m, = the electron mass
K = Boltzmann’s constant

The particle densities of three kinds of parti-
cles can be determined by assuming
equilibrium conditions, making the densities
of electrons and ions equal.
n,=n;

The composition of heated argon calcu-
lated with equation (2.16) is shown in Fig. 2.2.

The expression of thermal equilibrium of
the heated gas in an arc means that all kinetics
and reactions of the particles in a micro-
volume may be represented by the same tem-
perature. Thermal equilibrium in welding arcs
is closely approached, but may be considered
only approximate because of the influence of
dominant processes of energy transport, in-
cluding radiation, heat conduction, convec-



tion, and diffusion. The heated gas of the arc
attains a maximum temperature of between
5000 and 50 000 K, depending on the kind of
gas and the intensity of current carried by it.
The degree of ionization is between 1 and 100
percent; complete ionization is based on all
particles being at a temperature corresponding
to the first ionization potential.
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The attainment of a very close approx-
imation to thermal equilibrium is more ques-
tionable in the region very near to the arc ter-
minals where current-conducting electrons are
accelerated so suddenly by a high electric field
that the required number of collisions does not
occur. It is in the arc terminal regions that an
explanation of current conduction based
wholly on thermal ionization is insufficient
and must be augmented by the theory of field
emission or some other concept.

TEMPERATURE

Measured values of welding arc tem-
peratures normally fall between 5000 and
30 000 K, depending on the nature of the
plasma and the current conducted by it. Due to
a high concentration of easily ionized
materials such as sodium and potassium,
which are incorporated in the coatings of
covered welding electrodes, maximum aré
temperatures are about 6000 K. In pure inert
gas arcs, the axial temperature may rise to
30 000 K. Some special arcs of extreme power
loading may attain an axial temperature of
50 000 K. In most cases the temperature of
the arc is determined by measuring the spectral
radiation emitted. An isothermal map of a 200
A arc in argon between a tungsten cathode and
a watercooled copper anode is shown in Fig.
2.3.
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Fig. 2.3 — Isothermal map of an argon-tungsten arc.
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The temperature attainable in arcs is
limited by heat leakage rather than by a
theoretical limit. The energy losses (due to
heat conduction, diffusion, convection, and
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radiation) characteristic of the arc plasma
composition and mass flows are in balance
with the electrical power input. The energy
losses from arcs vary in a complex way accord-
ing to the magnitude of the temperatures and
the influence of thermal conduction, convec-
tion, and radiation characteristics of the arc
plasma on the thermal gradients. In the classi-
cal Elenbaas-Heller equation of energy
balance, the radial loss due to thermal conduc-
tion in the cylindrical geometry of the arc
plasma is expressed as follows:

1 d dT

oE? ==z \rk 5 2.17)
where

the electrical conductivity

the field strength

the thermal conductivity coeffi-
cient

the column radius

the temperature

=~ M9
i

r
T

To include all loss mechanisms in the
energy balance requires a more involved
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Fig. 2.5 — Spectrum of the argon shielded gas tungsten arc.



differential equation. The thermal conduc-
tivities, X, of several gases for one atmosphere
pressure is shown in Fig. 2.4.

The curves shown for the molecular gases,
hydrogen and nitrogen, show peaks due to the
effect of thermal dissociation-association of
the atomic forms of the gases.

RADIATION

The amount and character of radiation
emitted by arcs depend fundamentally upon
the atomic mass and chemical structure of the
gas, the temperature, and the pressure. Spectral
analysis of arc radiation may show bands,
lines, and continua. The analysis of radiation
from organic type covered electrodes shows
molecular bands due to the existence of vibra-
tional and rotational states as well as line and
continuum emission from excited and ionized
states. The inert gas arcs radiate predomi-
nantly by atomic excitation and ionization. As
the energy input to arcs increases, higher states
of ionization occur, giving radiation from
higher energy levels.

Radiation loss of energy may be over 20
percent of the total input in the case of argon
welding arcs, while in other welding gases the
radiation loss is not more than about 10 per-
cent. Intense radiation of the ultraviolet, visi-
ble, and infrared wavelengths is emitted by all
exposed welding arcs. Ultraviolet radiation
from argon shielded arcs is particularly strong
because of mass effects and because little or no
self-absorption occurs within the plasma
volume. The visible spectrum and a portion of
the infrared spectrum emanating from the
argon shielded gas tungsten arc are shown in
Fig. 2.5.

ELECTRICAL FEATURES

Every arc offers an impedance to the flow
of current, as do all normal conductors of
electricity. The specific impedance is inversely
proportional to the density of the charge car-
riers and their mobility, with the total im-
pedance depending on the radial and axial dis-
tribution of the carrier density. The plasma
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column impedance is calculable as a function
of temperature, but generally not in the
regions of the arc near its terminals. The
electrical power dissipated in each of the three
spaces or regions of the arc is the product of
the current flowing and the potential across
the region. The current and potential across
each region are expressed according to:

Watts =I(E,+ E.+ E) (2.18)
where
E, = anode voltage
E. = cathode voltage
E, = plasma voltage

The regions are referred to as the cathode
fall space, the plasma column fall space, and
the anode fall space. The schematic in Fig. 2.6
shows the potential distribution across the arc.
In welding arcs and other types of arcs,
however, there are intermediate regions taken
up in expanding or contracting the cross sec-
tion of the gaseous conductor to accommodate
each main region. As a consequence, welding
arcs assume bell or cone shapes, elliptical con-
tours or some other noncylindrical configura-
tion. Many factors may contribute to the
various shapes, including the configuration of
arc terminals, gravitational and magnetic
forces, and interactions between the plasma
and ambient pressures. The area over which
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Fig. 2.6 — Arc potential (volts) distribution between
electrode and work.
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the current flows into the arc terminals (anode
and cathode spots) has a strong effect on the
arc configuration and on the flow of heat
energy into these terminals. The current den-
sity at the workpiece terminal is of utmost im-
portance to the size and shape of the fusion
zone, and to the depth of fusion in a welded
joint.

The total potential of an arc falls with in-
creasing current and rises again with a further
increase in current. Typical curves are shown
in Fig. 2.7. The decrease in total arc potential
with increasing current can be attributed to a
growth of thermal ionization and thermally
induced electron emission at the arc cathode.
The total potential of arcs generally increases
as the spacing between the arc terminals in-
creases. Because the arc column is continually
losing charge carriers by radial migration to
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fig 2.7 — Typical volt-ampere and percent heat
transfer characteristics of an argon shielded tungsten
arc.

the cool boundary of the arc, lengthening the
arc exposes more of the arc column to the cool
boundary, imposing a greater requirement on
the charge carrier maintenance. This greater
requirement causes the arc potential to rise.

Much of the foregoing concerned the
plasma column which is best understood.
Although the mechanisms effective at the arc
terminals have even more importance in weld-
ing arcs, they are less understood. The arc ter-
minal materials must in most cases provide the
means for achieving a continuity of conduc-
tion across the plasma column.

It is essential that the cathode material
provide electrons by emission of sufficient
density to carry the current. In the GTAW
process, the tungsten electrode is chosen
because it emits sufficient electrons when only
a portion of the electrode tip is molten. Other
cathode materials that are melted and trans-
ferred through the arc must also provide suffi-
cient density of electrons to carry the arc cur-
rent. In the case of consumable electrodes,
additives in the form of coatings may be used
to insure stable or spatter-free transfer.

INFLUENCE OF MAGNETIC FIELDS ON
ARCS

Magnetism has interesting effects on
welding arcs: some are detrimental, others
beneficial. Magnetic fields, whether induced
or permanent, interact with the arc current to
produce force fields that cause arc deflection
commonly called arc blow.* Arc blow, plasma
streaming, and metal transfer are some of the
welding arc characteristics strongly influenced
by the presence of magnetic fields. Magnetic
flux may be self-induced and associated with
the arc current, or it may be produced by
residual magnetism in the material being
welded or by a permanent or generated exter-
nal source.

Like gravity and electricity, magnetism is
a field phenomenon, defined by vectorial
measures of flux density. Since a welding arc
always has its own associated magnetic field,
any effects of external magnetic fields come as

*See the following section on arc blow, p. 58.



a consequence of interaction with the self-
field.

The effect of external magnetic fields on
welding arcs is determined by the Lorentz
force which is proportional to the vector prod-
uct of the external field strength and the arc
current. The usual effect of external magnetic
fields on arcs is to cause arc deflection. In a
macroscopic sense and within the limits of sta-
ble deflection, the arc behaves as a flexible
conductor having an elastic stiffness that
resists the overall Lorentz force. The arc
deflects in a smooth curve from a fixed point
at the electrode to the base metal. The mag-
nitude of arc deflection is proportional to the
applied field strength.

The direction of the Lorentz force, and
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Fig 2.8 — Fleming’s left-hand rule for arc deflection.
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subsequently arc deflection, is determined by
Fleming’s left-hand rule for arc deflection, il-
lustrated in Fig. 2.8. Arc deflection may be
understood intuitively if one thinks of the flux
lines encircling a conductor, adding vec-
torially to the applied field lines on one side
and canceling the applied field lines on the
other side. The arc will seek the path of least
resistance and deflect towards the weak flux
side.

Forward arc deflection in the direction of
travel results in a more uniform weld that may
be wider with less penetration. The controlled
shallow penetration has application for weld-
ing thin sections. A more significant benefit,
namely a considerable increase in weld travel
speed before undercutting occurs, is associated
with the wider bead. The use of forward arc
deflection to reduce undercut is illustrated in
Fig. 2.9.

Arc deflection can also be affected by the
proximity of multiple arcs. A two- or three-
wire submerged arc utilizes the magnetic fields
of neighboring arcs to obtain higher travel
speeds without undercut. The heavy undercut-
ting and extensive reinforcement associated
with backward arc deflections have little use in
practical welding. Alternating fields, however,
cause the arc to oscillate back and forth across
the weld axis with a frequency equal to that of
the applied field. This phenomenon is used to
advantage in the GTAW hot wire process.

0 S T R ST T MR

Fig 2.9 — Appearance of gas tungsten arc bead on aluminum alloy 6061, using 300 A dcen, 18 V at 10.6 mmy/s

(25 in/min). Bead on bottom without magnetic field; weld on top subjected to transverse magnetic field of

about 50 gauss.
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Electrode

Ground

Fig. 210 — Distortion of induced magnetic field
caused by location of ground.
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Fig 2.11 — Distortion of induced magnetic field
caused by asymmetric location.

Arc Blow

Under certain conditions the arc has a
tendency to be forcibly directed away from the
point of welding, thereby making it difficult to
produce a satisfactory weld. This phenome-
non, called arc blow, is the result of magnetic
disturbances surrounding the welding arc. In
general, arc biow is the result of two basic fac-
tors:

(1) The change in direction of current
flow as it enters the work and is conducted
away toward the ground connection.

(2) The asymmetric arrangement of mag-
netic material around the arc, a condition that
normally exists when welding is done on fer-
rous materials.

\

Fig. 2.12 — The effect of ground location on magnetic
arc blow.
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Fig. 2.13 — Effect of eddy currents in neutralizing field
induced by ac current,



Although arc blow cannot always be
eliminated, it can be controlled or reduced to
an acceptable level through knowledge of these
two factors.

The first factor is illustrated in Fig. 2.10.
The heavy dotted line traces the path of the
current through the electrode and the work to
the ground. The magnetic lines of force sur-
round the current path. The lines of force are
shown here schematically as circles concentric
with the current path. They are bunched
together on the inside of the bend in the cur-
rent path and are spread thin on the outside
curve. Consequently, the magnetic field is
much stronger on the side of the arc toward
the ground connection than on the other side
and, according to Fleming’s left-hand rule,
this force is always in a direction away from
the ground.

Metal Transfer [ 59

The second factor is illustrated in Fig.
2.11. Since it is much easier for flux to pass
through a magnetic material than through air,
the majority of the lines follow the steel and
take the shortest air distance, which is between
the beveled edges of the seam. Because the arc
is nearer one end of the seam than the other,
the lines are crowded together at the short end
and allowed to spread out over the longer end
of the seam. The resulting force is shown in
Fig. 2.12.

As a rule, the force on the arc due to the
magnetic material around the arc acts toward
the best magnetic path. When welding, the
total force tending to cause the arc to blow is
nearly always a combination of the two forces
illustrated in Figs. 2.10 and 2.11. In welding
with ac, their effect on the arc is lessened by
eddy currents induced in the work (see Fig.
2.13).

METAL TRANSFER

The consumable electrode arc welding
processes are used extensively since filler metal
is deposited more efficiently and at higher
rates with these processes than is possible with
other methods. To be most effective, the metal
needs to be transferred from the electrode with
negligible losses due to spatter. Furthermore,
uncontrolled short circuits between the
electrode and work should be avoided; other-
wise, the welder or welding operator will have
difficulty controlling the process. In the case
of the GMAW process, arc instability caused
by erratic transfer generates pressure fluctua-
tions that pump air into the vicinity of the arc.

The different types of transfer have been
studied with motion pictures and by analysis
of the short circuit oscillograms. Transfer
through the arc stream of covered electrodes
can be characterized as globular (massive
drops) or as a showery spray (large number of
small drops). These modes are rarely found
alone; more generally, material is transferred
in some combination of both. Transfer with
the GMAW process varies greatly when used
with argon shielding; when the current is

above the transition level, the transfer
mechanism can be best described as an axial
spray. With it, short circuits are nonexistent.
However, when active gases or helium is used
for shielding, the transfer is globular and some
short circuiting is unavoidable. Going a step
further, the GMAW-short circuiting arc pro-
cess has been intentionally adapted to use only
short circuits for the transfer of metal to the

pool.

The physics of metal transfer in arc weld-
ing is not well understood. The arcs are too
smail and their temperatures are too high for
easy study, and the metal transfers at high
rates. Because of the difficulty involved in
establishing the mechanisms that regulate the
process, a great number have been suggested.
These forces have been considered:

(1) Pressure generated by the evolution
of gas at the electrode tip.

(2) The electrostatic attraction between
the electrodes.

(3) Gravity.

(4) The “pinch effect” caused by a mo-
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mentary necking of the liquid drop that is con-
ducting current.

(5) Explosive evaporation of the necked
filament between the drop and electrode due
to the very high density of the conducting cur-
rent.

(6) Electromagnetic action produced by a
divergence of current in the plasma around the
drop.

(7) Friction effects of the plasma jet.

In all probability, a combination of these
forces functions to detach the liquid drop
against the force of gravity.

EFFECT OF POLARITY ON METAL
TRANSFER IN ARGON

Electrode Positive

At low welding currents in argon, liquid
metal from the electrode is transferred in the
form of drops having a diameter greater than
that of the electrode. With electrode positive,
the drop size is roughly inversely proportional
to the current, and the drops are released at the
rate of a few per second. With a sufficiently
long arc to minimize short circuits, drop
transfer is reasonably stable and associated
with a relative absence of spatter. Above a

critical current level, however, the charac-
teristics of this transfer change to the axial
spray mode. In axial spray transfer, the tip of
the electrode becomes pointed and, from it,
minute drops are transferred at the rate of
hundreds per second. The current at which this
occurs is called the transition current. Often,
as in the case of steel, this change is very
abrupt.

The axial spray transfer is unique not
only because of its stability but because of the
absence of spatter. Furthermore, the drops are
transferred in line with the electrode rather
than along the shortest path between the
electrode and workpiece. The metal, therefore,
can be directed where needed for making
fillet, vertical, or overhead welds.

The key to spray transfer is the so-called
“pinch effect” which automatically squeezes
the drops off the electrode. This occurs as a
result of the electromagnetic effects of the cur-
rent. (See Fig. 2.14.)

The transition current is not fixed, but is
dependent on a number of parameters includ-
ing the electrode composition, diameter, and
stickout or extension (distance between the
point bf current pickup and the arc). A great
difference in transition current is found with

bl YaVa N\~
Arc O
Before During During
transfer pinch transfer

Fig. 2.14 — Example of individual particle generation in spray transfer,



various metal systems. For example, using
equivalent conditions and 1.6 mm or 1/16 in.
diameter electrodes, the transition current for
aluminum is approximately 170 A and for steel
is approximately 275 amperes. Additional
transition current data are shown in Table 2.3.

Table 2.3 — Approximate arc currents
for transition from drop to spray metal transfer*

Electrode diam Steel Aluminum
Ar +2% 0, Argon
0.030 in. 1555 90+5
0.035 in. 17010 95+5
0.045 in. 220+10 12010
0.0625 (1/16) in. 275420 170£15
0.094 (3/32) in. 370125
0.8 mm 1605 90+5
1.0 mm 185:+10 1005
1.2 mm 22010 12010
1.4 mm 235+15 130+10
1.6 mm 275420 170£15
2.0 mm 31020
2.4 mm 37025

*The current varies with electrode extension, alloy
content, shielding gas, etc.
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T
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Mild steel
argon+ 1% oxygen
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The transition current is almost directly
proportional to the diameter of the electrode,
rather than to its cross-sectional area. Hence it
is not dependent on some critical current den-
sity. Figure 2.15 illustrates this and also shows
the influence of another less significant vari-
able, the electrode extension. An increase in
the extension allows a slight decrease in the
current at which spray transfer develops. (In
practical welding operations, electrode exten-
sion is usually 13 to 25 mm {1/2 to 1 in.]).

With argon shielding, the GMAW process
is used with spray transfer in most cases. The
transition current defines the lower limit of
useful current, and low current spray arcs are
obtained with small diameter electrodes.

The useful upper limit of welding current
is defined by the initiation of a spatter-form-
ing rotation of the arc and globules on the
electrode tip; this has been termed “jet rota-
tion.” As with the development of the axial
spray arc at a lower current, the current at
which axial spray disappears is proportional to
the electrode diameter and varies inversely
with electrode extension. The significance of
these parameters is illustrated in Fig. 2.16.
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extension on drop-to-spray transition current.

Fig. 2.16 — Effect of electrode extension and diameter
on transition current.
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Spray transfer can be achieved at average
current levels below the transition current by
using pulsed current. Drops are transferred at
the frequency of current pulses. This technique
increases the useful operating range of a given
electrode size.

Jet rotation at high currents is minimized
by using electrodes having as large a diameter
and as short an extension as possible. As with
the lower level of transition current, the
electrode composition has a strong influence
on the jet rotation; although jet rotation forms
easily with steel electrodes, the magnitude of
current required to cause rotation with
aluminum electrodes is so great that other
problems (such as porosity in the weld)
become important at current levels below
those where rotation can be initiated.

Electrode Negative

The GMAW process was developed
largely as a technique to be used with electrode
positive since the arc becomes very unstable
and spattery when electrode negative is used.
The drop size with electrode negative (cathode
electrode) is very large and, due to arc forces,
the drops are propelled away from the
workpiece as spatter. This appears to be caused
by the concentration of current on the cold
cathode spot. A sufficiently thermionic
cathode,* however, develops a spot diameter
which reduces the drop size, and the arc
becomes equivalent with those typical of
reverse polarity.

A number of methods have been devel-
oped to increase the thermionic properties of
an electrode. The earliest method used oxygen
additions to argon to form thermionic iron
oxides on the surfaces of steel wires. Although
this solution was helpful for ferrous metals, it
was completely ineffective for aluminum
alloys. Wash coatings on steel wires of oxide
mixtures containing calcium and titanium
have also been used. With these coatings, the
metal transfer and stability become equivalent
to those that had been associated only with
reverse polarity but, again, the coatings are

*For an explanation of thermionic, refer to p. 67.

useful only on steels. However, monatomic
films of alkaki metals have been proven
universally effective for improving the transfer
of cold cathode metals. By depositing small
quantities of cesium and rubidium compounds
on the wire surface, metal transfer is im-
proved. These compounds may also stabilize
the alternating current arc.

Although several parameters are involved
in promoting spray transfer, the arc plasma de-
veloped through the choice of arc shielding gas
is of primary importance.

Spray transfer is observed in the argon
shielded consumable electrode arc while with
some other gases, this type of metal transfer is
not generally obtained. Not all gas consum-
able electrode welding arcs exhibit axial metal
spray transfer. It appears that only a gas shield
composed predominantly of argon provides
the unique plasma properties with the self-
magnetic force to develop axial spray transfer
through the arc. Only in argon does current
conduction occur over the whole metal droplet
surface, through the bell-shaped plasma (there
are exceptions for special conditions, how-
ever.) If current is conducted out of the under-
side of the molten metal drop, through the
plasma, magnetic forces are developed that
may oppose metal transfer through the arc,
thus preventing axial spray transfer. It is sug-
gested that the plasma properties of argon
(thermal conductivity, mobility, etc.) develop
gaseous conduction which promotes the vec-
torial magnetic force field conducive to axial
spray transfer.

Alternating Current Arcs

Although, in general, all mechanisms
governing dc arcs may be applied to the under-
standing of ac arcs, the dynamic rather than
static characteristics of ac arcs are the impor-
tant feature. The dynamic characteristic de-
pends greatly on the rate of current change.
For finite cases, a hysteresis occurs (Fig. 2.17)
due to the thermal behavior of the electrodes
and arc plasma.

With an alternating flow of current, the
arc is extinguished during each half cycle as



the current reduces to zero requiring reigni-
tion as the voltage rises again. After reigniting,
it passes, with increasing current, through the
usual falling V/A characteristic. As the current
decreases again, the arc potential is lower
because the temperature and degree of ioniza-
tion of the arc path correspond to the heated
condition of the plasma, anode, and cathode
during the time of increasing current.

The greater the arc length, the less the arc
gas will be heated by the hot electrode ter-
minals, and a higher reignition potential will
be required. As a result, the hysteresis will be
more sharply defined. Depending on the ther-
mal inertia of the hot electrode terminals and
plasma, the cathode emitter may cool suffi-
ciently, during the fall of the current to zero,
to stop the arc completely.

When the electrode and welding work
have different thermal inertia and ability to
emit electrons, the current will flow by
different amounts during each half cycle, thus
causing rectification to a lesser or greater
degree. Complete rectification of one half cy-
cle has been experienced in arcs with a hot
tungsten electrode and a cold copper opposing
terminal. Partial rectification of one half cycle
is common when using the GTAW process
with ac power.

EFFECT OF OTHER GASES ON METAL
TRANSFER

Although helium is inert, it is unlike
argon for shielding a welding arc because it
does not usually produce an axial spray arc.
Instead, the transfer is globular at all current
levels and with both polarities. Helium
shielded arcs are useful, nevertheless, because
they provide deep penetration. Spray transfer
is produced in helium by mixing relatively
small quantities of argon with it. Using dilute
mixtures, the deep penetration is not adversely
changed. Although 20 percent argon in helium
is sufficient to achieve these results, the nor-
mal commercial mixtures contain 25 percent
argon as a safety factor.

Active gases such as carbon dioxide and
nitrogen are much like helium in their effects
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on the arc. Spray transfer cannot be achieved
without treatment of the wire surface; in addi-
tion, greater instabilities in the arc and chemi-
cal reactions between the gas and superheated
metal drops cause considerable spatter. The
difficulty with spatter can be minimized by
burying the arc below the plate surface to trap
the spatter in the deep arc crater. This tech-
nique is common when carbon dioxide is used
to shield arcs in mild steels, when nitrogen is
used to shield copper, and when nitrogen is
mixed with argon to shield aluminum alloys.
The amount of spatter, massiveness of the
drops, and instability of transfer generally are
greater when the electrode is negative.

Although the control of these arcs is more
difficult than those in argon, some modifica-
tion of the cathode is possible to improve the
transfer; the anode is not amenable to such
changes. Arcs shielded with carbon dioxide
have been improved greatly with the addition
of alkali metal compounds (such as cesium
and sodium) to the steel wire surface, and
spray transfer has been achieved. However,
spray transfer is possible only with direct cur-
rent electrode negative (dcen).
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Fig 2.17 — Alternating current arc characteristics
showing hysteresis due to plasma thermal behavior.
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SHORT CIRCUITING TRANSFER

Short circuits (of the electrode to the
work) for the transfer of metal from the
electrode tip have also been used to advantage.
Metal deposited in this way is less fluid and
less penetrating than that formed with the
spray arc. It is free of spatter, very easily
handled by the welder in all positions, and is
particularly useful for joining thin materials.
The spatter normally associated with short cir-
cuits is minimized by using electrical reactance
to control the rate of current rise when the
wire and pool are in contact. As a result, the
peak value of current at short circuit is
relatively low. The average current is kept low
by using relatively small diameter electrodes.

With the proper adjustment of equipment,
the rate of short circuiting is high (on the
order of hundreds of drops per second) and
since little time is available to fuse the
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electrode, the drops formed on the tip are very
small. They are transferred to the weld by sur-
face tension when the electrode tip and weld
pool come in contact.

A schematic of the changes in current that
characterize one form of such transfer is
shown in Fig. 2.18. When the wire contacts the
weld pool, the current surges to a level high
enough to cause the interface between the solid
wire and liquid pool to vaporize. An arc is
formed and, because of its relatively high cur-
rent, it develops a plasma pressure sufficiently
great to depress the liquid pool. The high cur-
rent alse causes the electrode to melt.
However, immediately after the arc is estab-
lished, the current decreases rapidly from its
short circuit peak. The depression in the weld
pool fills and the wire advances toward it.
Eventually, the current is too low to maintain
a cavity; a short circuit redevelops and the cy-
cle repeats itself.

o 0.01 0
Time,s

Fig. 2.18 — Schematic representation of short circuiting metal transfer.



Pulse peak current

\Pulse' )
transition
current

{
A

Metal Transfer | 65

Spray transfer
current range

Globular
transfer
current
range

ZBclckground current

YL

Time
Fig. 2.19 — lllustration of the output current wave form of the pulsed current power supply; the metal transfer

sequence is also shown,

PULSED CURRENT CONSUMABLE
ELECTRODE TRANSFER

Pulsed current transfer is achieved by
pulsing the current back and forth between the
globular and spray transfer current ranges. To
suppress globular transfer, the time period be-
tween consecutive pulses must be less than that
required for transfer by the globular mode.
The time period between pulses produced by
positive half cycles from a 60 Hz power supply
is short enough to suppress globular transfer at
all current levels. Conversely, the pulse dura-
tion is long enough to ensure that transfer by
the spray mode will occur at an appropriate
current in the spray transfer range. The pulsed
current mode of transfer differs from normal
spray transfer in that droplets are ejected from
the electrode tip at a regular frequency corre-
sponding to the frequency of current pulses
supplied from a special power source.

There are many ways of generating the
modulated dc current for the pulsed current
transfer. The current is comprised of a back-
ground and a pulse current. The pulsating cur-
rent is illustrated in Fig. 2.19 which also
shows the metal transfer sequence. With a
pulsed arc, currents and deposition rates can
be decreased so that welding speed can be
reduced to cope more easily with awkward
shapes and unsupported butt welds in

thicknesses down to approximately 1.0 mm
(0.04 in.) or even thinner with mechanized
welding.

SUBMERGED ARC TRANSFER

Direct observation of metal transfer in the
SAW process is impossible because the arc is
completely obscured by a flux blanket. In-
vestigators have reported that the submerged
arc plasma is essentially a slightly ionized
vapor column with a core temperature of
about 6273 K. This central core is surrounded
by thin concentric zones at lower temperatures
with a steep radial temperature gradient. This
gradient terminates at an indefinite vapor lig-
uid phase boundary at the boiling temperature
of the flux components. Oscillographic studies
indicate that the current may be carried
simultaneously through the ionized vapor and
liquid phases; the major portion of the current,
in commercial fluxes, is through the vapor
phase. The transfer of the metal from the
electrode to the crater undoubtedly is in the
form of globules and fine droplets, depending
upon the current.

Several investigators have used x-ray
radiographic techniques for studying the
spatial relations in SAW. In the SAW process,
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as in open arc processes, separation of the
electrode and crater increases with voltage.

COVERED ELECTRODE TRANSFER

The mechanism of metal transfer with
covered electrodes is difficult to establish since
the arc is partially obscured by fume and parti-
cles of slag. Also, in many cases, a deep cavity
formed by the covering hides the tip of the
electrode from view. In general, the metal dur-
ing transfer consists of globules that short cir-
cuit the arc, at one extreme, or a fine, showery
spray of metal and slag particles that, because
of their small size, are unable to create a short
circuit. The showery spray transfer is desir-
able. In some cases, however, the showery
spray cannot be used because it is associated
with great quantities of spatter. Since covered
electrodes are fed manually and used with
considerable manipulation, the stability in-
cludes the regularity of transfer, ease of sus-
taining a long arc, and other subtle points
difficult to define.

Bare electrodes rarely are used for weld-
ing because the weld becomes contaminated
and the arc is difficult to sustain. A consider-
able increase in stability is achieved by making
the electrode more thermionic with direct cur-
rent electrode negative. Bare electrodes are not
used with reverse polarity (electrode positive)
and provide little protection from the at-
mosphere.

Most electrodes contain cellulose or
metal carbonates that dissociate in the arc,

forming a gas shield to protect the weld from
atmospheric contamination. This shield con-
sists primarily of the active gases carbon diox-
ide, carbon monoxide, hydrogen, and oxygen.
Similar to their effect on gas metal arcs, these
gases do not develop a highly conductive arc
plasma; the current distribution is such that
the liquid metal is forced away from the arc
and weld pool as massive drops and spatter.
Because these reactions are more intense when
the electrode is negative, reverse polarity is
generally used with the covered electrodes that
do not contain cathode stabilizers (E6010,
E7015).

Coverings are intended to make the
electrode thermionic. Rutile, lime, and iron
oxide are generally used in combination for
this purpose. Such electrodes produce a more
stable arc, less spatter, and form smaller drops
with direct current electrode negative. In-
cluded in this type are the E6012, E6020, and
the high iron powder varieties.

The stability of arcs with ac is dependent
upon reignition of the arc during the interval
when polarity is changed and the current has
been reduced to zero. Stability frequently is
achieved by substituting potassium silicate for
the sodium silicate binder. The potassium
forms a lower ionization path between the
electrode and work and increases the cathode
emissivity to permit an easy reignition. Elec-
trodes containing large quantities of rutile or
lime are also thermionic and do not require a
substitution of potassium containing binders
when stability with ac is necessary.

MELTING RATES

GENERAL CONTROLLING
PARAMETERS

As discussed earlier, heat in an arc is
generated by electrical reactions at the anode
and cathode regions and within the plasma.
Portions of this energy will melt the electrodes
which support the arc unless they are ade-
quately cooled. The greatest portion of the arc
energy used for melting is obtained from
cathode or anode reactions, but substantially

more heating can be released from the
cathode. Furthermore, when the electrode is
the cathode terminal, considerable control of
the energy release is possible. Little can be
done to modify the release of energy at the
anode; it is related mostly to the current mag-
nitude and less to composition and other fac-
tors.

Most structural metals and their alloys
form what is called a cold cathode, its area is
rather small, but great quantities of energy are



generated to release the electrons needed to
support an arc. However, metals having very
high melting points easily supply electrons to
sustain the arc due to their temperature; these
metals are called thermionic. Included in this
category are molybdenum and tungsten. The
cold cathode, low melting point metals can be
made to supply electrons more easily by coat-
ing them with compounds that reduce the sur-
face work function. They then become ther-
mionic at low temperatures. In some cases, the
mechanism of electron release depends on sur-
face oxide emission; in others, it is due to the
formation of an atomic film of an alkali metal
on the surface. The degree of change is regu-
lated by the selection of the oxides or metals
and their quantities. In general, the change
from cold cathode to thermionic emission is
accompanied by a lowering of the heating
energy, and therefore, a reduction in the melt-
ing rate. Also, in general, any improvement in
the mode of metal transfer with dcen or arc
stability with ac is associated with a reduction
in melting rate.

The arc plasma may or may not supply
heat by radiation for melting the electrode.
When it does, the effect is relatively small by
comparison with other sources. Therefore,
those parameters affecting the plasma, such as
the shielding gas or flux or the arc length, do
not directly affect melting rate by changing the
radiation energy. If such a change in melting
rate is demonstrated, it is more likely to be
caused by a modification of some other factor
such as current or cathode heating.

In addition to the energy supplied by the
welding arc, electrical resistance heating of the
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electrode by welding current affects the elec-
trode’s melting rate. This effect is particularly
significant in welding processes that use small
diameter electrodes. Since this heating is
caused by the resistance of the electrode to the
flow of current, it is usually dependent upon
Ohm’s law and will be greater with small
electrode diameters, long electrode extensions,
and high electrical resistivity metals and
alloys. This dependence upon Ohm’s law has
been proven true for all practical purposes.

The relationship of all the aforemen-
tioned parameters on electrode melting rate
can be written simply as follows:

MR = al + bLPP? (2.19)

where
MR

the electrode melting rate

the constant of proportionality
for anode or cathode heating.
Its magnitude is dependent
upon polarity, composition,
and, with direct current elec-
trode negative, the emissivity
of the cathode

the constant of proportionality
for electrical resistance heating
and includes the electrode
resistivity

the electrode extension or
stickout

the welding current

L =

I =

Arc power is not a term in this equation, nor is
it essential since the plasma drop and voltage
drop at the workpiece are not part of the rela-
tionships affecting melting rate.

Table 2.4 — Relative magnitude of heating coefficients in the melting rate of
1.6 mm (1/16 in.) diam wire electrode

a* b*
kg/h Ib/h
kg/h-A Ib/h-A AZmm A%in.
Aluminum (dcep) 5.4 %107 12x102 44 % 10"55 9.7 X 10'2
Mild steel (dcep) 8.6 x 107 1.9 X xoj 2.5 X 107 54.7 X 107
Mild steel (dcen) 1.8 %X 1072 4.0 X 10° 2.5 X 10° 54.7 X 107

*Values given are for a and b in equation (2.19) when the electrode diam is 1.6 mm (1/16 in.).
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MELTING RATES IN GMAW

The melting rate with the GMAW pro-
cesses is controlled by the electrode diameter
and extension and cathode or anode heating,
depending on the polarity of welding current
as well as the magnitude of the welding cur-
rent. Neither the shielding gas nor the arc
length nor, therefore, the arc voltage has been
shown to exercise a significant effect on melt-
ing rate except, with some alloys, when the arc
is very short. Shielding gas composition is also
an exception when the electrode is negative
because oxidizing gas additives such as carbon
dioxide and oxygen form oxides on the wire
surface that may affect the electrode ther-
mionic properties.

Equation (2.19) for melting rate can be
used to calculate melting rates with electrode
positive. Problems develop with dcen because
the cathode heating value is so sensitive to the
presence of oxides and alkali and alkaline-
earth compounds.

400 HTN
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Melting rate in./min

100

0
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in./min 100 200 300 400

Fig 2.20 — Kffect of percent calcium in compound
additive on melting rate of 1.6 mm (1/16 in.) diam
mild steel electrode.

The first term of the equation is more sig-
nificant at low currents and with short exten-
sions of the electrode. The influence of the sec-
ond term becomes progressively greater as the
electrode diameter is reduced and its extension
or resistivity is increased and the current is
raised. The relative magnitude of the heating
coefficients with 1.6 mm (1/16 in.) diam wires
is shown in Table 2.4.

The values of these terms are dependent
to a great extent on the particular alloy as well
as the metal being welded. For example, the
first term is of greater significance with
aluminum since the resistivity component is
low. It is also more important when the
electrode is negative since the use of any addi-
tive that affects the cathode emissivity will also
reduce the magnitude of a.

An example of the effect of an additive on
melting rate is shown in Fig. 2.20. The
electrode can be made sufficiently thermionic
to reduce the heating effect represented by the
term a for straight polarity below that of direct
current electrode positive. Direct current
electrode negative arcs have great appeal
because their melting rates can be so high. Un-
fortunately, as mentioned earlier, when meit-
ing rates are high, the transfer of metal is in-
variably globular and spattery, and the im-
provements in transfer gained by making the
cathode more thermionic are accompanied by
a reduction in melting rate. When ac is used,
the magnitude of a is an average of the values
obtained at direct current with electrode nega-
tive and electrode positive.

The range of melting rate is limited by a
number of undesirable effects. When argon
shields are used, the lower limits of melting
rates are defined by the current at which drop
transfer begins. This varies with the electrode
diameter since lower currents can be used with
smaller wire diameters. Very often, however,
the melting rate is not reduced significantly by
this expedient since the resistivity increase
compensates somewhat for the current
decrease. The upper limit is defined by the for-
mation of jet rotation and, since this term in-
creases with the electrode diameter, high cur-
rent arcs generally are sustained with the large
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Fig. 2.21 — Effect of electrode diameter and extension
on melting rate of mild steel electrode.

diameter electrodes. The extent of these ranges
is shown in Fig. 2.21 for steel. This factor is
particularly important with steel, but is of lit-
tle significance with aluminum. The upper
current with aluminum is limited by the for-
mation of a very rough weld surface.

The current limits of arcs in active gas
shields are not determined on the basis of
metal transfer since the transfer is always
globular. Here the lower level is established by
random short circuiting, absence of wetting,
and other parameters that are reflected in poor
weld quality. The upper limit of current is
determined in substantially the same way —
spatter, poor bead appearance, and porosity.
Generally, however, the diameter requirements
are related to the welding current to be used.
Very small diameters (0.8 mm [0.03 in.] or
less) and large diameters (2.3 mm [0.092 in.]
and greater) are difficult to feed with conven-
tional equipment. The smaller diameter wires
are expensive. However, when very low melt-
ing rates are necessary, the short circuit tech-
nique is used frequently.
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MELTING RATES IN SAW

Generally speaking, the preceding com-
ments for GMAW apply to the SAW process.
The melting rate of the electrode increases as
the current increases. Changes in the anode or
cathode voltages produced by changes in flux
composition or changes in voltage level, travel
speed, or in electrode preheat will influence
the exact melting rates. The melting rate for
the SAW process is often reported as 13.5
kg/l-kA (30 Ib/h-kA) and will range from ap-
proximately 11 to over 16 kg/h<kA (24 to
over 36 Ib/h.kA) depending upon polarity and
composition.

MELTING RATES WITH SMAW

The SMAW process is the least efficient
of the three in converting electrical energy to
useful weld heat. This inefficiency is due in
part to the need for melting a flux along with
the core wire. More important, however, is the
absence of extensive electrical resistance heat-
ing. The diameters of the electrodes are so
large that anode or cathode heating is the pri-
mary source of energy. Control of melting
rate, therefore, is achieved largely by adjusting
current. The range of current that can be used
with covered electrodes is more limited than
with the GMAW or SAW processes; and as the
current requirements increase, the electrode
diameter must increase proportionally.

The lower limit of current is defined by
incomplete fusion, high viscosity of the flux,
or an unstable globular transfer. The upper
limit is caused by a cumulative rise in tem-
perature of the steel electrode due to electrical
resistance heating that does damage to the
electrode covering. This heating of some
materials in the covering, such as cellulose
materials and carbonates, will cause these con-
stituents to break down before reaching the arc
where the products of dissociation are needed
for shielding. Overheating may also cause the
covering to spall. Some coverings are more
susceptible to damage by overheating than
others. For example, the cellulose containing
E6010 electrode of 6 mm (1/4 in.) diam is
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Fig. 2.22 — The effect of an increase in iron powder on deposition rate for covered electrodes.

useful in the range between 200 and 300 A,
while for the same diameter, the rutile-base
E6012 that does not rely on gas formers has a
useful range between 200 and 400 amperes.

Iron powder electrodes were introduced
to provide even higher melting rates and better
material transfer than was possible with the
conventional mineral coverings. Because iron
is contained in the flux, the melting rate for a

given current is higher. However, the optimum
current needed to obtain the same quality weld
appearance with the iron powder electrodes is
also higher. This increase in current is propor-
tional to the amount of iron contained in the
covering. Therefore, higher melting rates for a
given electrode diameter are achieved by a
combination of increased efficiency and high-
er current. The results of these effects are
shown in Fig. 2.22.
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PHYSICAL PROPERTIES OF METALS
AND SHIELDING GASES

As previously stated, the physical proper-
ties of the metals or alloys being joined in-
fluence either the efficiency or applicability of
the various joining processes. Further, the
nature and properties of the shielding gases
generally employed, and of contaminants from
the atmosphere, may have a pronounced effect
upon achieving the desired final result. The
shielding gases may be generated either by the
decomposition of fluxing materials or by their
direct introduction into the arc stream and the
area surrounding the arc plasma.

It has been pointed cut that both thermal
conductivity and thermal expansion have a
direct effect on distortion. Yield strengths of
the materials being joined also influence the
extent of permanent yielding of welded struc-
tures. Further, it has been shown that electrical
resistivity and thermal conductivity have a
pronounced effect on the application of both
resistance and arc welding to the various
metals. In the case of resistance welding,
resistivity of the metals being joined, as well as
their thermal conductivity and specific heat,
influence the power requirements.

In the case of arc welding, arc starting
and arc stability are greatly influenced by the
ionization potentials of the metal and flux
vapors as well as the various electronic transi-
tions that occur in the shielding gases under
the extreme temperature conditions that exist
in the arc. The thermionic work function of
the electrode material, and to a lesser extent,
that of the materials being welded, have a
direct bearing upon the efficiency of the
energy transferred by a welding arc. Electrical

resistivity also plays an important role in these
processes due to 2R heating of the wire bet-
ween the contact tube or electrode holder and
the work, which may be an important con-
tribution to the total energy input to the weld
zone.

Weld bead shape is dependent to varying
degrees upon the interfacial energy between
the surrounding atmosphere and the molten
metal. The surrounding atmosphere may con-
sist either of a gas or a liquid flux. Elements in
the surrounding medium may control the
shape of the bead.

Another important material property that
should be considered when determining the
relative weldability of alloys is the rate of ox-
idation of the base metal or of any of the alloy
additions that are present in significant quan-
tity. This rate is critically important in deter-
mining the degree of shielding required. A
corollary to this is the relative stability of ox-
ides that may be present.

Both the “heat” of the arc and the degree
of shielding are influenced by the specific heat
and density of the shielding gases. Surface ten-
sion and the solubility of gases are discussed in
Chapter 4, p. 139. The role played by various
other properties is discussed in greater detail
in the following sections.

Electrical Resistivity

The importance of electrical resistivity to
many welding processes cannot be over-
emphasized. Its role in resistance welding is
obvious since the resistance of the materials
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Table 2.5—Physical properties of selected metals (at 20 °C [68 °F])

Thermal Coefficient
Metal Melting Temperature* Resistivity | Conductivity |of Expansion Densi_
°F °C X 1078 om |W/em™1.K"1| 107°K"! [gecm
Aluminum
99.9+ pure 1220.67 660.37 933.52 2.65 2.37 23.1 2.70
Wrought alloys 1170-1200 630-650  900-920 2.8-6.7| 1.2-2.1 22-23 2.6-2.8
Casting alloys 930-1200 500-650 770920 3.0-7.0f 1.2-1.8 22-23 2.6-3.0
Cobalt
99.9+ pure 2721 1494 1767 4.3 1.01 13.0 8.86
Co-Cr-W alloys 2400-2500 1320-1370 1590-1640| 8.5-17.6/ 0.12-0.25 11.2 8.0-9.0
Copper
99.9+ pure 1983.9 1084.4 1357.6 1.68 4.01 16.5 8.93
90 Cu, 10 Al
(alum. bronze) 1920-1960 1050-1070 1320-1340| 12-14 1.60 17 8.34
90 Cu, 10 Zn
(commercial
bronze) 1920-1960 1050-1070 1320-1340 3.92 1.92 18 8.92
Iron
99.9+ pure 2800 1538 1811 9.69 0.808 11.8 7.87
Low alloy steel 2610-2730 1430-1500 1700-1770] 10-20 0.32-0.66 114 7.8-8.0
Martensitic
stainless steel 2700-2800 1480-1540 1750-1810( 54-69 0.25 9-10 7.6-1.8
Austenitic
stainless steel 2500-2650 1370-1450 1640-1730@ 71-79 0.15 14-15 7.8-8.0
Magnesium
99.9+ pure 1200 649 922 4.30 1.56 24.8 1.74
Wrought alloys 930-1200 500650 770-920 | 4.5-12.5| 0.60-1.4 25-28 1.8
Cast alloys 840-1200 450650 720-920 | 4.5-16 0.46-1.4 25-28 1.8-1.9
Molybdenum 4750 2621 2894 5.09 1.38 4.8 10.24
Nickel
99.95 Ni + Co 2651 1455 1728 7417 0.915 134 8.9
60 Ni, 33 Cu,
6.5 Fe 2370-2460 1300-1350 1570-1620 48 0.26 13 8.4
Ni-Cr-Mo-Fe alloys
(Hastelloy alloy
series) 2050-2460 1120-1350 1390-16200 110-140 | 0.10-0.20 11-12 7.8-9.1
Tantalum 5468 3020 3293 12.8 0.575 6.3 16.6
Titanium alloys 2780-3040 1530-1670 1800-19401 43-230 | 0.024-0.24 7-9 4448
Tungsten 6129 3387 3360 542 1.75 4.5 19.3

*Based on the International Practical Temperature Scale of 1968; melting temperature may indicate a single
temperature or a range of temperatures.
Note: Table 2.5 was prepared by the Thermophysical Properties Research Center, Purdue University, for the
Office of Standard Reference Data of the National Bureau of Standards, Washington, DC 20234,
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Table 2.6—lonization potentials of vapors

Element eV
Aluminum 5.986
Barium 5.212
Boron 8.298
Carbon 11.260
Calcium 6.113
Cobalt 7.86
Chromium 6.766
Cesium 3.894
Copper 7.726
Iron 7.870

Element eV
Potassium 4.341
Lithium 5.392
Magnesium 7.646
Molybdenum  7.099
Nickel 7.635
Silicon 8.151
Sodium 5.139
Titanium 6.82
Tungsten 7.98

Note: Table 2.6 was prepared by the Atomic Energy
Levels Data Center, National Bureau of Standards,

Washington, DC 20234.

being welded is directly related to the heat
generated for a given current input. As men-
tioned previously, it also contributes to
preheating the welding wire or electrode in
both GMAW and manual processes. The
resistivities of a number of the metals and
alloy classes of interest in welding are listed in
Table 2.5. (Alloy additions increase the
resistivity.)

The values shown in the table were deter-
mined at room temperature, but in all cases
the resistivity to a first approximation in-
creases almost linearly as the temperature in-
creases. Although the rate of increase is
different for different materials, the room tem-
perature resistivity is a useful guide in deter-
mining the relative values for various
materials at elevated temperatures.

THERMAL CONDUCTIVITY

Thermal conductivity is also dependent
on temperature, and again, the values given in
Table 2.5 represent room temperature proper-
ties. Thermal conductivity decreases as the
working temperature is increased in a manner
analogous to the electrical conductivity values.
Similarly, pure metals have the highest con-
ductivity, and the addition of alloying ele-
ments tends to decrease the values of this prop-

erty.

Table 2.7—lonization potentials of gases

Element or
Compound Symbol eV
Argon Ar 15.760 (11.548)
Hydrogen H: 15.43
H 13.598
Helium He 24.5876 (20.96430)
(19.8198)
Nitrogen N: 15.58
N 14.534
Oxygen 0. 12.07
o] 13.618
Carbon Dioxide QO; 13.77
Carbon Mon-
oxide (60) 14.1

Note: Table 2.7 was prepared by the Atomic Energy
Levels Data Center, National Bureau of Standards,
Washington, DC 20234.

COEFFICIENT OF EXPANSION

The thermal coefficient of expansion of
the materials being welded is critically impor-
tant in analyzing the distortion problems in-
volved in welded assemblies. Values of this
coefficient are listed for the various types of
materials in Table 2.5. Again, these vary with
temperature, and the values given are those at
or near room temperature. The same general
considerations previously described for ther-
mal conductivity and electrical resistivity are
applicable for these values.
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Table 2.8—Electron thermionic work functions—probable ranges, eV

Element Range, eV Element Range, eV
aluminum (Al) 38t04.3 magnesium (Mg) 3.1 t0 3.7
barium (Ba) 4.1t044 manganese (Mn) (a, B,

or v) 3.8t044
barium oxide (BaO) 49 1t05.2 molybdenum (Mo) 40t04.8
cerium (Ce) 1.7 t0 2.6 neodymium (Nd) 4.1t04.5
cesium (Cs) 1.0to 1.6 nickel (Ni) 291035
cesium film or W 2.7t03.1 palladium (Pd) 4.5t053
chromium (Cr) 4.4 t0 5.1 platinum (Pt) 4.9 to 5.7
cobalt (Co) 391t04.7 samarium (Sm) 5.2t05.9
columbium (Cb)* 1.8 to 2.1 scandium (Sc) 3.31t03.7
copper (Cu) 1.1to 1.7 silver (Ag) 24 t03.0
europium (Eu) 44104.7 strontium (Sr) 2.1t02.7
gadolinium (Gd) 2.2t02.8 titanium (Ti) 3.8t04.5
gold (Au) 421t04.7 vanadium (V) 4.1t04.4
hafnium (Hf) 2.91t0 3.3 wolfram (W) 431t053
iron (Fe) (a or v) 3.5t04.0 yttrium (Y) 291033
lanthanum (La) 33t03.7 zirconium (Zr) 39t04.2

*Now renamed niobium (Nb)

Note: Table 2.8 was prepared by the Alloy Data Center, National Bureau of Standards,

Washington, DC 20234,

Table 2.9—Metal oxides

Relative Stability Oxidation Rate
(No. 1 is most stable and (No. 1 is the most
No. 10 is the least stable) | reactive and No. 9 is the

least reactive)

1. CaO 1. aluminum
2. MgO 2. magnesium
3. Al,O4 3. cobalt and
4. TiO, titanium
5. Si0, 4. tungsten
6. V,0; 5. manganese
7. MnO 6. vanadium
8. Cry0, 7. molybdenum
9. WO, and MoO, 8. iron
10. Fe,04 9. chromium

IONIZATION POTENTIALS

In the case of arc welding, both the ease
of arc initiation and the subsequent stability of
the arc are critically related to the minimum
ionization potential of the elements in the arc
atmosphere. This atmosphere consists of flux
materials and metals in the vapor phase as well
as gases introduced externally for shielding
purposes. It is believed that, in the cases of
helium and argon, the stability is achieved
through the transitions from the metastable ex-

cited stages to the ionized state. The ionization
potentials for a number of vapors and gases
are shown in Tables 2.6 and 2.7

THERMIONIC WORK FUNCTION

The thermionic work function is the
energy that must be imparted to an electron
near the Fermi level* of a solid to get the
electron out of the solid into a cavity. Since
the ease of starting and maintaining an arc is
exponentially related to the thermionic work
function, representative values for a number of
the elements are listed in Table 2.8. Generally
the values do not differ very widely, with two
or three exceptions. However, lowering this
value by even one electron volt makes a very
great difference in arc characteristics.

METAL OXIDES

The difficulty of transferring some alloy-
ing elements across the arc, as well as the
susceptibility of oxide inclusions in the weld
metal, is a direct function of the oxidation rate

*The Fermi level of a solid is the maximum energy
that electrons in a solid may reach, even at absolute zero,
because of the crowding of electrons.
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and the refractory stability of the metal oxides
formed during welding. Table 2.9 demon-
strates the comparative ease with which the
various elements oxidize, and the refractory
nature of the oxides formed. Thus it is possible
to obtain some information as to the relative
degree of shielding required when welding
various materials or alloys.

SPECIFIC HEAT

Specific heats of the common gases are
given in Table 2.10 and critical values are
shown for most metals of interest in Table
2.11. These values are a measure of the
amount of heat required to raise the tem-

perature of a unit weight of material one
degree. They are expressed in units of joules
per kilogramskelvin. It may be regarded as a
measure of the ability of a body or gas to ab-
sorb or store heat. Thus it may be seen from
Table 2.10 that much more energy is required
to raise helium than argon to a given tem-
perature. For dilute alloys such as plain car-
bon or low alloy steels, the values of the base
metal given in Table 2.11 may be used with
reasonable accuracy. In the case of higher
alloys, Kopp’s law of the additivity of heat
capacity may be used except in temperature
regions of anomalies such as the Curie tem-
peratures for iron and nickel, or when an
allotropic phase change occurs.

Table 2.10—Physical properties of shielding gases

Name of Gas N, A He H, CO,
Molecular weight 28.0134 39.948 4.0026 2.01594] 44.011
Normal boiling point

K 77.347 87.280 4224 20.268 194.65

°C —~195.81 —185.88 ~268.94 —252.89 —78.51

°F —32044 -302.57 —-452.07 —423.19 -109.3
Density at 21.1 °C
(70 °F), 1 atm:

kg/m® 1.161 1.656 0.1667 0.0841 1.833

b/t 0.07249 0.1034 0.01041 0.00525 0.1144
Specific volume at 21.1 °C
(70 °F), 1 atm:

m?/kg 0.8613 0.6039 5999 11.89 0.5455

fts/lb 13.79 9.671 96.06 190.5 8.741
Specific gravity at 21.1 °C
(70 °F), 1 atm: 0.9676 1.380 0.1389 0.0700 1.527
(@ir = 1)

Specific heat-const.
pressure at 21.1 °C (70 °F),
1 atm:

Jkg - K 1041 521.3 5192 1490 846.9

Btu/lb « °F 0.2487 0.1246 1.241 3.561 0.2024
Specific heat-const. volume
at 21.1 °C (70 °F), 1 atm:

Jkg - K 742.2 312.1 3861 1077 6534

Bw/Ib « °F 0.1774 0.0746 0.7448 2.575 0.1562

Note: Table 2.10 was prepared by the Cryogenic Data Center, National Bureau of Standards, Institute for
Basic Standards, Boulder, Colorado 80302.
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Table 2.11—Specific heats of selected elements

Atomic Temperature* Specific Heat
Element Symbol Weight °F °C K 10% Jkg=' - K!
Aluminum Al 26.98154 68 20 293 0.898
212 100 373 0.937
1220.67**  660.37**  933.52**  1.250
Carbon (gas) C 12.011 68 20 293 1.735
932 500 773 1.731
1832 1000 1273 1.731
3632 2000 2273 1.756
5432 3000 3273 1.822
Cobalt Co 58.9332 68 20 293 0419
783 417 690 0.524 (a)
783 417 690 0.517 (B)
2052t 1122t 1395t 0.936
2721** 1494** 1767** 0.640
Chromium Cr 51.996 68 20 293 0.483
1832 1000 1273 0.705
2732 1500 1773 0.870
3380** 1860** 2133** 0.974
Columbium (o) 92.9064 68 20 293 0.273
(Niobium) (Nb) 932 500 773 0.290
1832 1000 1273 0.313
3632 2000 2273 0.358
4480** 2471** 2744** 0.381
Iron Fe 55.847 68 20 293 0.444
1416t 769t 1043% 1.498
1672 911 1185 0.742 (a)
1672 911 1185 0.608 (v)
2541 1394 1667 0.679 (v)
2541 1394 1667 0.737 (8)
2800** 1538** 1811** 0.763
Magnesium Mg 24.305 68 20 293 1.019
212 100 373 1.102
932 500 773 1.253
1200** 649** 922** 1.327
Molybdenum Mo 95.94 68 20 293 0.259
1832 1000 1273 0.313
3632 2000 2273 0419
4750** 2621** 2894 0.546
Nickel Ni 58.71 68 20 293 0.440
1168t 358t 6311t 0.663
1832 1000 1273 0.604
2651** 1455** 1728** 0.616
Tantalum Ta 180.9479 68 20 293 0.140
1832 1000 1273 0.156
3632 2000 2273 0.181
5468** 3020°** 3293** 0.243
Titanium Ti 47.90 68 20 293 0.519
1621 883 1156 0.707 (a)
1621 883 1156 0.611 (B)
3043** 1673** 1946** 0.782
Tungsten w 183.85 68 20 293 0426
1832 1000 1273 0479
3632 2000 2273 0.537
6129 3387 3660 0.617
*Based on the International Practical Temperature Scale of 1968.
**Melting point.
Curie temperature.

Note: Table 2.11 was prepared by the Thermophysical Properties Research Center, Purdue University, for the
Office of Standard Reference Data of the National Bureau of Standards, Washington, DC 20234.



Supplementary Reading List [ 77

SUPPLEMENTARY READING LIST

Albom, M. J. 1964. Solid state bonding.
Welding Journal 43 (6). 491-504.

Anderson, J. E. and Jackson, C. E. 1965.
Theory and application of pulsed laser
welding. Welding Journal 44 (12):
1018-1026.

Bakish, R. and White, S. S. Handbook of
Electron Beam Welding. New York: J.
Wiley & Sons, 1964.

Bunshaw, F. F. High power electron beams.
International Science and Technology,
April 1962.

Campbell, H. C. 1970. Electroslag, electrogas,
and related welding processes. Welding
Research Council Bulletin 154.

Chase, T. F. and Savage, W. F. 1971. Effect of
anode composition on tungsten arc
characteristics. Welding Journal 50 (11):
467s-473s.

D’Annessa, A. T. 1964. The solid-state bond-
ing of refractory metals. Welding Journal
43 (5): 232s-240s.

Duvall, D. S., Owczarski, W. A., Paulonis, D.
F., and King, W. H. 1972. Methods for
diffusion welding superalloy Udimet 700.
Welding Journal 51 (2):. 41s-49s.

Gottlieb, M. B. The fourth state of matter. In-
ternational Science and Technology, August
1965, pp. 42-47.

Hicken, G. Ken and Jackson, C. E. 1966. The
effects of applied magnetic fields on weld-
ing arcs. Welding Journal 45 (11):
515s-524s.

Holtzman, A. H. and Cowan, G. R. 1965.
Bonding of metals with explosives. Weld-
ing Research Council Bulletin 104.

Jackson, C. E. 1960. The science of arc weld-
ing. Welding Journal 39 (4-6): 129s-140s,
177s-190s, 225s-230s.

Jones, J. B., Maropis, N., Thomas, J. G., and
Bancroft, D. 1961. Phenomenological
considerations in ultrasonic welding.
Welding Journal 40 (7): 289s-305s.

Jones, W. and March, N. H. Theoretical Solid

State Physics, vol. 2. London: Wiley-In-
terscience, 1973.

Locke, E., Hoag, E., and Hella, R. 1972.
Deep penetration welding with high
power CO, lasers. Welding Journal 51 (5):
2455-249s.

Manz, A. F. The Welding Power Handbook.
Tarrytown, NY: Union Carbide Corpora-
tion, 1973.

Needham, J. C. and Carter, A. W. 1965.
Material transfer characteristics with
pulsed current. British Welding Journal 12:
229-241.

Nestor, O. H. 1962. High intensity and cur-
rent distributions at the anode of high
current, inert gas arcs. Journal of Applied
Physics 33: 1638-1648.

O’Brien, R. L. Plasma Arc Metalworking Pro-
cess. New York: American Welding
Society, 1967.

The Oxy-Acetylene Handbook. 2d ed. New
York: Union Carbide Corporation, 1960.

Quigley, M. B. C. and Webster, J. M. 1971,
Observations of exploding droplets in
pulsed-arc GMA welding. Welding Jour-
nal 50: 461s-466s.

Rager, D. D. 1971. Direct current, straight
polarity gas tungsten-arc welding of
aluminum. Welding Journal 50 (5):
332-341.

Reed, T. B. Plasma torches. International
Science and Technology, June 1962, pp.
42-48.

Shifrin, E. G. and Rich, M. 1. 1973. Effect of
heat source wifith in local heat treatment
of piping. Welding Journal 52 (12):
792-799.

Stoeckinger, G. R. 1973. Pulsed dc high fre-
quency GTA welding of aluminum plate.
Welding Journal 52 (12). 558s-567s.

Tseng, Chao-Fang and Savage, W. F. 1971.
Effect of arc oscillation. Welding Journal
50 (11): 777-786.

Vill, V. 1. Friction Welding of Metals. Trans-



78 /PHYSICS OF WELDING

lated from the Russian. New York: tion in the weld pool in arc welding.
American Welding Society, 1962. Welding Journal 50 (4): 163s-173s.
Wood, F. W. and Beall, R. A. 1965. Studies of Woollard, K. F. and Gugdel, L. L. 1966.
high-current metallic ores. Bureau of Welding and brazing developments utiliz-
Mines Bulletin 625. ing stabilized methylacetylene propa-

Woods, R. A. and Milner, D. R. 1971. Mo- diene. Welding Journal 45 (2): 123-129.



3
Heat Flow in Welding

Introduction . ....................... 80 Solidification Rates. .................. 88

Peak Temperatures. . ................. 80 Typical Weld Thermal Cycles.......... 90

CoolingRates . ...................... 84 Supplementary Reading List ........... 98
Prepared by:

C. M. ADAMS, JR. Chairman
University of Cincinnati

Chapter Reviewer:

C. E. JACKSON
Okhio State University



3

Heat Flow in Welding

INTRODUCTION

In order to control metallurgical events in
welding, the thermal conditions in and near
the weld metal must be established. Of particu-
lar interest in this connection are: (1) the dis-
tribution of maximum or peak temperatures in
the weld heat-affected zone, (2) cooling rates
in the weld metal and in the heat-affected
zone, and (3) the solidification rate of the
weld metal. These factors will be considered in
the order stated and will be followed by a
description of typical weld thermal cycles.

Although the following discussions deal
largely with manual arc welding, certain
general statements can be applied to all weld-
ing processes. By applying these generalities in
choosing a welding process and selecting weld-
ing variables, the welding engineer can often
alter the nature and the extent of the
metallurgical changes in the heat-affected zone
to produce a more satisfactory joint. However,
consideration must also be given to the
metallurgical behavior of the material.

PEAK TEMPERATURES

PEAK TEMPERATURE EQUATION

Predicting or interpreting metallurgical
transformations at a point in the solid metal
near a weld requires some knowledge of the
maximum or peak temperature reached at a
specific location. For a single pass, full
penetration butt weld in sheet or plate, for ex-
ample, the distribution of peak temperatures

Note: The SI (metric) and U.S. customary values given in
this chapter are not, in most cases, exact equivalents. The SI
values are the primary measurements used in this and ail
Volume 1 chapters. The secondary U.S. measurements
(given parenthetically in text) are rounded off conversions
from the SI values. For a further explanation of the system
of measurements used in Volume 1, refer to the Foreward
on p. xi.
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in the base metal adjacent to the weld is given
by:

1 4.13pCtY 1
= + (3.1)*
T,- T, Hy e Tw— T,
where
T, = the peak or maximum tem-

perature, °C, at a distance, Y
(mm), from the weld fusion
boundary. (The peak tem-
perature equation does not ap-
ply at points within the weld

*C.M. Adams, Jr., “Cooling Rates and Peak Tem-
peratures,” pp. 210s-215s. (See Supplementary Reading List
for the complete bibliographical entry.)



metal, but only in the adjacent
heat-affected zone.)

T, = initial uniform temperature of
the sheet or plate, °C
T, = melting temperature, °C

(specifically, liquidus tem-
perature of the metal being
welded)

HEIT

H, .= net energy input = 7

net

(£ = volts; I = amperage; f; = heat
transfer efficiency; V = travel
velocity of heat source)*

p = density of material, g/mm?
C = specific heat of solid metal,
J/g « °C
pC = volumetric specific heat,
J/mm? . °C

t thickness of sheet or plate, mm

(See Table 3.1 for a guide to all the
mathematical symbols used in this chapter.)

The thermal properties for some metals
are given in Table 2.5, Chapter 2, p. 72. The
density and specific heat always occur as the
product, p C, the volumetric specific heat. This
property is of fundamental importance in
problems on heat conduction.

The peak temperature equation can be
used for several purposes including: (1) the
determination of peak temperatures at specific
locations in the heat-affected zone, (2)
estimating the width of the heat-affected zone,
and (3) showing the effect of preheat on the
width of the heat-affected zone.

For example, a single full penetration
weld pass is made on steel using the following
parameters:

E=20V pC = 0.0044 J/mm? . °C
I =200 A t = 5mm
V = 5 mm/s f; = 0.9**
T, = 25°C H,, = 720 J/mm
T, = 1510°C

*Refer to Chapter 2, p. 36, for a discussion of H and
L.
e ** Approximate value assumed as 0.9 for purposes of
calculation.
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The peak temperatures calculated at dis-
tances of 1.5 and 3.0 mm from the weld fusion
boundary are shown below.

at Y = 1.5 mm (0.06 in.):

1 4.13(0.0044)5 (1.5)+ 1

Tp—25 - 720 1510 -25
Tp = 1184°C (2163 °F)

at Y =3.0mm (0.12 in.):

1 _ 4.13(0.0044) 513)_'_ 1
Tp—25 720 1510 -25

T,=976 °C (1789 °F)

As would be expected, the peak tem-
perature decreases with increasing distance
from the weld. Moreover, at Y = 0, the equa-
tion shows that T,=T,,. This result is consis-
tent with the requirement that the peak tem-
perature at the weld fusion boundary equal the
melting temperature.

CALCULATING WIDTH OF HEAT-
AFFECTED ZONE

One of the more interesting uses of the
peak temperature equation is in calculating the
width of the weld heat-affected zone.
However, to calculate the width accurately the
outer extremity of the heat-affected zone must
be clearly identified with a specific peak tem-
perature which in turn is associated with some
characteristic change in structure or proper-
ties. For example, for most plain carbon or
low alloy steels, there is a distinct etching
boundary (as observed on the polished and
etched weld cross section), corresponding to a
peak temperature of 730 °C (1346 °F). Assum-
ing this etching boundary defines the outer ex-
tremity, the width of the heat-affected zone for
the preceding example can be calculated. Here
the problem is to determine that value of Y at
which T, = 730 °C:

) 4.13(0.0044) 5 Y, )
730- 25 - 720 *1510-25

Y, = the width of the heat-affected zone
= 5.9 mm (0.23 in.)
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Table 3.1—Guide to mathematical symbols in Chapter 3

Unit of Equation(s)
Symbol Definition Measurement where used
T, The peak or maximum temperature at a particu- T, =°C 3.1
Y lar distance, Y, from the weld fusion boundary; Y Y =mm 3.1
Y, Y, is the width of the heat-affecied zone T2 Y, referred to in
calculations only
T, The uniform initial temperature of the sheet or °C 3.1,3.2,3.3,
plate 34,35
T, Melting temperature (specifically, liquidus tem- °C 3.1,3.5
perature of the metal being welded)
Density of material g/mm3 3.1,3.3,34,35
C Specific heat of solid metal J/g.°C 3.1,33,34,35
pC Volumetric specific heat J/mm3. °C 3.1,3.3,34,35
t Thickness of sheet or plate mm 3.1,33,34
H,, =SE | Nex energy input J/mm 3.1,3.2,3.3,
v 34,35
A Heat transfer efficiency —
E Volts v
1 Amperage A
v Travel velocity of heat source mm/s
R The cooling rate at a point on the weld center R = °Cks |3.2,33
T, line at just that moment when the point is cool- T, = o 3.2,33,34
ing past the temperature of interest, T,
k Thermal conductivity of the metal J/mm . s°C 3.2,3.3,35
T Relative plate thickness Dimensionless 34
S, Solidification time, the time lapse from begin- s 3.5
ning to end of solidification at a fixed point in
the weld metal
L Heat of fusion J/mm? 3.5




Thus, it is predicted that the 730 °C
(1346 °F) characteristic etching boundary will
be located 5.9 mm from the fusion boundary,
or that a region 5.9 mm wide, adjacent to the
weld, will be structurally changed; that is, it
may be affected by the heat of welding.

If, however, this had been a quenched and
tempered steel, tempered at 430 °C (806 °F),
then any region heated above 430 °C will, in
theory, have been “over-tempered,” and may
exhibit modified properties. It would then be
reasonable to consider the modified zone as
*“heat-affected,” with its outer extremity lo-
cated where 7, = 430 °C:

1 4.13 (0.0044) 5 Y, 1
430- 25 720 *1510- 25
Y, =14.2 mm (0.56 in.)

Steels which respond to a quench-and-
temper heat treatment are frequently preheated
prior to welding. This treatment has the side
effect of widening the heat-affected zone.
Referring to the preceding example, suppose
the preheat temperature is 7,= 200 °C (390
°F).

! 4.13 (0.0044) 5 Y, )
430 - 200 720 *+ 1510~ 200
Y, = 28.4mm (1.12in.)

Thus, preheat has doubled the width of the
heat-affected zone.

Finally, one of the simplest and most im-
portant conclusions to be drawn from the peak
temperature equation, is that the width of the
heat-affected zone is directly proportional to
the net energy input. Again using the preced-
ing example (but without preheat), suppose the
net energy input is increased 50 percent to
1080 J/mm (27 432 J/in.):

1 4.13(0.0044)5 Y, 1
430- 25 1080 *1s10- 25

Y, =21.3 mm (0.84 in.)

The width of the heat-affected zone is also in-
creased 50 percent.

Although the peak temperature equation
can be very instructive and useful, it is impor-
tant to recognize certain restrictions in its ap-
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plication. The most important of these is that
the equation is derived for the so-called “thin-
plate” condition in which heat conduction
takes place along paths which are paraliel to
the plane of the plate. The equation thus ap-
plies to any single pass full penetration (weld-
ing or thermal cutting) process, regardless of
plate thickness. In fact, it applies to any full
penetration arc weld which is accomplished
with fewer than four passes. The equation must
be applied on a per pass basis; however, the in-
terpass temperature (that temperature to which
the weld region cools between passes) may be
inserted as an accurate value for 7, in the peak
temperature equation.

When heat flow is essentially planar, the
volume of heat-affected metal per unit length
of weld is 2tY; this value is also the total area
(both sides of the weld) of the heat-affected
zone as observed in a transverse cross section
of the weld. Thus, for any given material and
definition of the heat-affected zone, this area
(or volume per unit length) is simply propor-
tional to the net energy input, a concept which
can be used to extend application of the peak
temperature equation to other geometrics
(such as multipass welding of thick plates).

When heat transfer and melting efficien-
cies are taken into account, the quantity of
weld metal divided by the quantity of heat-
affected metal is a parameter which depends
on and increases with the intensity of the heat
source. As was discussed in Chapter 2, p. 36,
the quantity of heat required to produce a
weld having a specific cross section is deter-
mined by the theoretical heat requirement for
melting divided by the melting efficiency. This
net heat input, in turn, determines the size of
the heat-affected zone. It follows that small
heat-affected zones are associated with higher
intensity processes. The high intensity electron
beam heat source provides a double benefit in
this respect: less metal must be melted (by
comparison with an arc source) to produce a
given joint, and a small amount of metal is
melted with very high efficiency. The result is
that electron beam welds require very low
energy inputs and contain correspondingly
small heat-affected zones.



84 /HEAT FLOW IN WELDING

In arc welding, there frequently exists the
option of producing a given joint with a few
large or many small passes. There are technical
and economic factors favoring both courses of
action. The objective of minimizing the heat-

affected zone is best served by exercising the
second option (many low energy passes),
especially if there is ample time for cooling
between passes, so that the interpass tem-
perature is kept moderately low.

COOLING RATES

The next important aspect of heat flow to
be considered is the cooling rate of the weld.
After a point in or near the weld has reached
its peak temperature, the rate at which it cools
may have a significant effect on the metallurgi-
cal structure, the properties, or even the
soundness of the base metal. It is principally in
connection with the heat treatable steels that
cooling rate is of interest. These metals are
somewhat unique because their cooling rates,
which are critical to structure and properties,
are commensurate with those likely to be en-
countered in welding. In general, this condi-
tion is not true of other metals. For example,
in welding aluminum, the cooling rates
developed are almost always much higher than
any which might be regarded as metallurgical-
ly “critical;” therefore, calculation of cooling
rates actually contributes very little to the un-
derstanding of aluminum welding metallurgy.

THICK AND THIN PLATE COOLING
RATE EQUATIONS

Calculation and comparison of cooling
rates require careful specification of condi-
tions. Reference to simply “the cooling rate”
of a weld is inadequate because the cooling
rate varies with position and time. The most
useful method is to determine the cooling rate
on the center line of the weld at the instant the
metal is passing through a particular tem-
perature of interest, T, At temperatures well
below melting, the cooling rate in the weld
and in its immediate heat-affected zone is
substantially independent of position.

With carbon and low alloy steels, the tem-
perature of interest is best taken near the
pearlite “nose” temperature on the time-tem-
perature-transformation (TTT) diagram.* The
exact temperature is not critical, but should be
the same for all calculations and comparisons.
A value of T, = 550 °C (1022 °F) is quite
satisfactory for most steels.

The major practical use of cooling rate
equations is in the calculation of preheat re-
quirements. For instance, consider a single
weld pass in making a butt weld between two
plates of equal thickness. If the plates are
relatively “thick,” requiring several passes
(more than six) to complete the joint, the cool-
ing rate, R, is given by:

2 nk(Tp - To)?

R =
Hnet

3.2)**

R = the cooling rate at a point on the
weld center line, °C/s, at just that
moment when the point is cooling
past the temperature of interest, T,

k = thermal conductivity of the metal,
J/mmo.s °C

Strictly speaking, the cooling rate is a
maximum on the weld center line, and it is this

*TTT diagrams are discussed in Chapter 4, p. 111 and
in Chapter 64, Section 4 of the Welding Handbook, Sixth
Edition.

**C. M. Adams, Jr., “Cooling Rates and Peak Tem-
peratures,” pp. 210s-215s. (See Supplementary Reading List
for the complete bibliographical entry.)



maximum which is given by the equation.
However, the cooling rate near the weld fusion
boundary is only a few percent lower than on
the center line. Accordingly, the cooling rate
equation applies to the entire weld and the im-
mediate heat-affected zone.

If the plates are relatively thin, requiring
fewer than four passes:

t 2 3 *
R = 2nkoC (5 ) (r,-7,)% G3)
net

The distinction between thick and thin re-
quires some explanation. The thick plate equa-
tion is used when heat flow is three-dimen-
sional, downward as well as lateral from the
weld. The thick plate equation would apply,
for example, to a small bead-on-plate weld
pass deposited on thick material. The thin
plate equation would apply to any single pass,
full penetration welding (or thermal cutting)
process. Sometimes, it is not obvious whether
the plate is thick or thin because the terms
have no absolute meaning. For this reason, it
is helpful to define a dimensionless quantity
called “the relative plate thickness,”’r:

o (T, - T,)
TEnNTE

net

3.4)

The thick plate equation applies when 7 is
greater than 0.9, and the thin plate equation
when 7 is less than 0.6. When 7 falls between
0.6-and 0.09, the thick plate equation gives a
cooling rate which is too high, and the thin
plate equation gives one which is too low.
However, if an arbitrary division is made at 7
=0.75, larger values being regarded as thick
and smaller as thin, the maximum error may
not exceed 15 percent in a cooling rate
calculation, and, as will be seen, the error in
applying the equations to the calculation of
preheat requirements is minor. As an example
of the ambiguity in the qualitative terms thick
and thin, the cooling of an electroslag weld

*P. Jhaveri, W.G. Moffatt, and C.M. Adams, Jr.,
“The Effect of Plate Thickness and Radiation on Heat Flow
in Welding and Cutting,” pp. 12s-16s. (See Supplementary
Reading List for the complete bibliographical entry.)
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joining 300 mm (11.8 in.) thick plates would
be calculated using the thin plate equation.

PREHEAT TEMPERATURE AND
CRITICAL COOLING RATE

As can be seen from the cooling rate
equations, increasing the initial uniform tem-
perature, T,, of the base metal being welded
has the effect of reducing the cooling rate.
Preheat is often used for this purpose in weld-
ing the hardenable steels. For each steel com-
position, there exists a critical cooling rate; if
the actual cooling rate in the weld metal ex-
ceeds this critical value, hard martensitic
structures may develop in the heat-affected
zone, and there is great risk of cracking under
the influence of thermal stresses in the pre-
sence of hydrogen. The cooling rate equation
can be used (1) to determine the critical cool-
ing rate (under welding conditions), and (2) to
calculate preheat temperatures.

When welding hardenable steel, the first
problem is to determine the critical cooling
rate. The simplest and most direct way of
doing this is to make a series of bead-on-plate
weld passes in which all parameters, except the
arc travel speed, are held constant. Suppose,
for example:

E =25V
I = 300 A
t = 6 mm
fi = 0.9**
T, = 25°C
T, = 550°C

The bead-on-plate weld passes are deposited at
6,7, 8,9, and 10 mm/s (14, 17, 19, 21, and
24 in./min). Hardness tests are performed on
the weld cross sections, and it is found that
structures having high hardnesses have devel-
oped in the heat-affected zones of the welds
deposited at 9 and 10 mm/s, but not in the
others. The conclusion is the critical cooling
rate was encountered at some travel speed
above 8 mm/s. More to the point, the pass
deposited at 8 mm/s experienced a cooling rate

** Approximate value assumed as 0.9 for purposes of
calculation.
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which is a maximum *‘safe” value. In this cir-
cumstance, the net energy input is:

_25(300)0.9
Hyep = 8

=843.75 J/mm (21 431 J/in.)

In this example, the relative plate thickness is:

_. /00043 (550-25) _ .
T=6 843.75 =03

Therefore, the thin plate equation (3.3)
applies, and

R _ 6__\? 3 _
57 = 0.0044 (843.75) (550 - 25)3 =32.2

R

2 (0.028) 32.2
5.7°C/s (10.26°F/s)

This result means that approximately 6 °C/s
(10.8 °F/s) is the maximum safe cooling rate
for this steel, under welding conditions, and
the actual cooling rate should not exceed this
value. Preheat can be used in actual welding
operations to reduce the cooling rate to 6 °C/s
or less.

For example, if the following conditions
prevail:

E=25V
I =250 A
V =7 mm/s
t = 9 mm
fi =09

assuming the thin plate equation (3.3) applies,

R
(21rk>max =322

-00044< 4)(550 T,)

where
25(250) 0.9
Hyer = 7
= 804 J/mm (20 422 J/in.)
then

T, =162°C (324 °F)

The relative plate thickness is:

0.0044 (550 - 162
= 9‘/ 204 )

=041

and the thin plate equation does apply.

If the initial plate temperature is raised to
or above 162 °C (324 °F) the cooling rate will
not exceed 6 °C/s (10.8 °F/s), and brittle
material will not form in the heat-affected
zone. Next, if a weld pass of the same energy
input is deposited on a 25 mm (1 in.) plate, the
plate, in this situation, is neither thick nor
thin. Using the thin plate equation (3.3):

32.2 = 0.0044 (804
T, =354°C (669 °F)
r =25/ Q00HE G50 353)

(550 - T,)3

804 =082
The thick plate equation gives a similar result:
(550 - To)2
32.2= R
T,=389°C(732°F)
T =25 0.0044 (550 - 389) —0.74

804

Neither of the two calculated preheat
values is exactly correct. (In fact, one is too
low and one too high.) However, the
difference is not of practical importance. In
this case, selecting the higher preheat tem-
perature is prudent.

Repeating the exercise for a 50 mm (2 in.)
plate, but with the same energy input, the thick
plate equation (3.2) applies, and again:

T, = 389 °C (732 °F)

Sometimes, it is not necessary to reduce
the cooling rate through the use of preheat. If a
weld of the same energy input were deposited
on a 5 mm (0.2 in.) plate:

2
32.2 = 0.0044 ( )" (550 1,3

804
T =-24°C(-11°F)



The very low value determined for T, has no
practical meaning, except to show that preheat
(for cooling rate control) is not necessary.
Certainly, there would be no point in refrig-
erating the plate before welding. In actual
practice, even when cooling rate considera-
tions do not so dictate, a modest preheat is fre-
quently used with the hardenable steels to
remove condensed moisture on the work sur-
faces.

The cooling of a weld depends on the
available paths for conducting heat into the
surrounding cold base metal. It is sometimes
necessary to modify the cooling rate equations
for butt or for bead-on-plate welds. The
following equation is for a T-fillet weld join-
ing 9 mm (0.4 in.) plates, where:

H,,, = 804 J/mm (20 422 J/in.)

Here, there are three “legs” instead of two,
conducting heat from the weld. The cooling
rate equation, accordingly, is modified by
reducing the effective energy input by a factor
of two-thirds:

H,, = 2 (804) = 536 J/mm (13 614 J/in.)

9
32.2=0.0044 536

T, =254°C (489 °F)

2
(550 - 7,)3

0.0044 (550 ~ 254)
536

T=9

=0.44 (“thin”)

Because of the enhanced cooling, a higher
preheat temperature is required than for a butt
weld. A similar situation can arise in fillet
welding very thick plate. If the same weld pass
(H,,, = 804 J/mm [20 422 J/in.]) is
deposited at the 90 degree intersection be-
tween two 50 mm (2 in.) plates, the weld will
be more completely “‘surrounded” by cold
metal than if it were deposited on a flat 50 mm
plate. As in the preceding example, this situa-
tion is accommodated by reducing the effec-
tive arc energy input, because the heat flows

Cooling Rates [ 87

into three rather than two “quadrants” of cold
metal:

Hy,,= % (804) = 536 J/mm
(550 - T,))?
322=——5;

T,=419°C(786°F)

The variables, other than material proper-
ties which affect cooling rate and peak tem-
perature distribution, are the initial tem-
perature and thickness of the plate and the
energy input. In using preheat to control cool-
ing rate, the temperature required may vary
widely with conditions, and very high levels of
preheat are indicated for relatively low energy
weld passes on thick plate, especially in fillet
weld configurations. At the other extreme,
when the energy input divided by the square of
the plate thickness is relatively large, no
preheat may be required (except, for example,
to insure dryness).

In welding the hardenable steels, the criti-
cal cooling rate is a property of the steel and
should be determined under welding condi-
tions. Although TTT diagrams have been
published for all of the important low alloy
steels, these have been determined under con-
ditions which relate to conventional heat treat-
ment, not to those special circumstances pre-
vailing in the weld heat-affected zone. In
general, the heat-affected zone acts more hard-
enable (that is, it exhibits a lower critical cool-
ing rate) than does the same steel subjected to
a typical austenitize-and-quench sequence.
This difference is due to the temperatures in
the heat-affected zone which exceed by several
hundred degrees the maximum which would
ever be used in normal heat treatment; as a
consequence, the dissolution and homogeniza-
tion of alloy elements and carbides are much
more complete in the heat-affected zone, in
spite of the short exposure time to high tem-
perature. An indirect effect of very high tem-
perature excursions is that coarse local grain
size develops, further reducing the critical
cooling rate.

Selecting preheat temperatures should be
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guided by experience as well as by calculation
whenever possible. The optimum preheat tem-
perature is one that maintains the cooling rate
somewhat below the critical temperature
(allowing for a margin of safety). Excessive
preheat not only adds unnecessarily to the dis-
comfort of the welder, but, as has been pointed
out, increases the extent of the heat-affected
zone. Unfortunately, preheat temperature

commonly has been regarded as a fixed prop-
erty of the steel being welded. For example, it
may be stated that 200 °C (390 °F) is the
proper preheat temperature for arc welding
hardenable steel; this assumption is danger-
ously misleading since 200 °C may be too high
or too low. It is not the preheat temperature
but rather the critical cooling rate which is a
property of the steel.

SOLIDIFICATION RATES

The rate at which weld metal solidifies
can have a profound effect on its metallurgical
structure, properties, response to heat treat-
ment, and soundness. The solidification time,
§, (in seconds), of weld metal depends on the
net energy input:

LH

= net
20koC(T,, - T,)2 (3.5)
where
S, = solidification time, the time lapse

from beginning to end of
solidification at a fixed point in
the weld metal, s

L = heat of fusion, J/mm3

The solidification time is a function of the
energy input and the initial temperature of the
metal. If, for example, a weld pass of 800
J/mm (20 300 J/in.) net energy input is
deposited on a steel plate, with initial tem-
perature, 25 °C (77 °F):

. 2 (800)
! 2r0.028(0.0044) (1510 - 25)2

=0.94s

By comparison with any casting process,
weld metal solidification is extremely rapid.
In even a severely chilled ingot or casting, the
solidification time is several seconds, while,
for many castings, solidification time is over a
minute. For this reason, it is misleading to
describe weld metal as having a “cast” struc-

ture; welding involves a unique solidification
process. A principal reason weld metal freezes
so much more rapidly than a casting is that, in
a weld deposit, the weld metal is in good con-
tact with the surrounding metal (that is, the
surrounding cold metal, which acts as a
“mold”).

EFFECT OF DENDRITE SPACING

The solidification equation (3.5) shows
that solidification time is proportional to
energy input. Solidification time directly
affects the structure of weld metal. Most alloys
of technical importance freeze dendritically,
and an important structural feature of weld
metal is the dendrite spacing® (more exactly,
dendrite arm spacing). The dendrite spacing is
proportional to the square root of the
solidification time. For example, in compar-
ing two weld passes, one having four times the
energy input of the other, the dendrite spacing
will be twice as great in the larger deposit. In
other words, the larger energy input will pro-
duce a coarser structure, and the dendrite
structure directly influences the properties and
responsiveness to heat treatment of weld
metal. (In this connection, dendrite spacing
should not be confused with grain size**, an
entirely separate structural feature and one

*For an explanation of dendrite structure, refer to
Chapter 4, p. 125.

**For an explanation of grain size, refer to Chapter 4,
p. 101.



which does not depend systematically on
solidification time.)

With most metals, strength, ductility, and
toughness all improve with finer dendrite
spacing. Furthermore, fine dendrite structure
favors rapid response to heat treatment.

EFFECT OF ENERGY INPUT

The dominant factor governing all sig-
nificant thermal events in welding is the
energy input which affects peak temperature
distribution, cooling rate, and solidification
time. There is also a direct, if somewhat inex-
act, relationship between energy input and the
size of a weld pass (weld metal cross section
per pass). Changes in individual parameters
such as voltage, current, or travel speed have
effect only in so far as energy input is changed.
Two weld passes deposited under the follow-
ing conditions will emphasize this point:

Weld No. 1 Weld No. 2
E = 25V 25V
I = 250 A 500 A
4 = 7 mm/s 14 mm/s
n = 0.9* 0.9*
t = 9 mm 9 mm
r, = 162°C 162°C
Hypy = 804 J/mm 804 J/mm

Between these two weld passes, there will be
no important differences in peak temperature
distribution, cooling rate, or dendrite struc-
ture. There will be substantial differences in

* Approximate value assumed as 0.9 for purposes of
calculation.
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penetration and perhaps other important
features such as weld contour, the presence or
absence of undercut, and soundness. In other
words, energy input is not the sole factor
governing weld quality, but is a unique deter-
minant of thermal events.

Metallurgical considerations generally
favor low arc energy input; the extent of the
heat-affected zone is minimized and weld
metal properties are enhanced through pro-
duction of fine dendrite structure. Ignoring
other factors, this reasoning would favor the
use of many small rather than a few large
passes to produce a weld. Expressed in practi-
cal terms, there are definite metallurgical
benefits to be gained from the selection of the
“stringer-bead” technique.**

Simple economics favor the use of large
weld passes (high energy input) because they
are associated with high deposition and pro-
duction rates and reduction of time lost per-
forming interpass chipping and cleaning
operations. However, there can also be metal-
lurgical benefit from reduced cooling rates in
the welding of hardenable ferrous base metals.
An extreme example is the oxyacetylene weld-
ing of cast iron, where, because the melting
efficiency is very low, the energy input is enor-
mous and cooling rates are low enough to
avoid brittle structures.

In summary, the significance of the all-
important parameter, energy input, cannot be
overemphasized, and limitations on energy in-
put are frequently included in process
specifications, especially in handling sensitive
alloys.

**Stringer bead is defined on p. 318 of Appendix A.
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TYPICAL WELD THERMAL CYCLES

Figure 3.1 shows typical members of the
family of thermal cycles produced in 13 mm
(1/2 in.) steel plate by an arc weld made using
an energy input of 3940 J/mm (100 000 J/in.)
with an initial plate temperature of 27 °C (80
°F). The uppermost curve represents the ther-
mal cycle with a peak temperature of 1365 °C
(2490 °F) experienced by a point located 10
mm (0.39 in.) from the weld center line. The
lowest curve corresponds to the thermal cycle
with a peak temperature of 515 °C (960 °F)
experienced by a point 25 mm (1 in.) from the
weld center line. The intermediate curves sum-
marize the thermal cycles corresponding to
distances of 11, 14, and 18 mm (0.45, 0.55,
and 0.70 in.) from the weld center line, as
labeled. The shapes of the five curves shown in
Fig. 3.1 reflect a pattern typical of all arc
welds. The following three characteristics are
thus illustrated:

(1) The peak temperature decreases
rapidly with increasing distance from the weld
center line.

(2) The time required to reach peak tem-
perature increases with increasing distance
from the weld center line.

(3) The rate of heating and the rate of
cooling both decrease with increasing distance
from the weld center line.

EFFECTS OF ENERGY INPUT AND
PREHEAT TEMPERATURE

Figure 3.2 illustrates the effects of energy
input and preheat temperature on peak tem-
perature distribution in the weld heat-affected
zone. The specimen represented is a shielded
metal arc welded steel plate, 13 mm (1/2 in.)
thick. The upper two curves compare the dis-
tribution of peak temperatures produced with
an energy input of 3940 J/mm (100 000 J/in.),
using preheat temperatures of 27 °C (80 °F)
and 500 °F (260 °C). The lower two curves

present similar data for an energy input of
1970 J/mm (50 000 J/in.). Figure 3.2 shows
that:

(1) Decreasing either the energy input or
the preheat temperature provides a steeper dis-
tribution of peak temperatures in the weld
heat-affected zone.

(2) Increasing the energy input causes a
significant increase in the distance from the
weld center line to a point experiencing a par-
ticular peak temperature for all values of peak
temperature.

(3) Increasing the preheat temperature in-
creases the distance from the weld center line
to a point experiencing a particular peak tem-
perature by an amount that varies inversely
with the value of the peak temperature. For ex-
ample, consider the distance from the weld
center line to a point just heated to the upper
critical temperature (Ac;) for the four curves
shown. The data for these curves, shown in the
fourth column of Table 3.2 should be com-
pared with the distance to the points just
heated to the lower critical temperature (Ac,)
shown in the fifth column of Table 3.2.

In each case the readily visible heat-
affected zone in steel extends from the loca-
tion experiencing a peak temperature equal to
the liquidus outward to the location just
heated to the lower critical temperature (Ac;).
Thus, the heat-affected zones for the four con-
ditions summarized would be 6.1, 11.2, 2.0,
and 3.3 mm (0.24, 0.44, 0.08, and 0.13 in.)
wide reading from top to bottom in Table 3.2,
(These are the differences between the liquidus
and the Ac, distances.)

Figure 3.3 summarizes the effects of
energy input and preheat temperature on the
shape of the actual weld thermal cycles. The
heat-affected zones of arc welds in 13 mm (1/2
in.) plate using covered electrodes are illus-
trated. The four thermal cycles shown, giving
comparisons for 3940 and 1970 J/mm
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Fig. 3.1—Thermal cycles experienced by indicated locations in the heat-affected zone of an arc weld.

(100 000 and 50 000 J/in.) energy inputs,
were chosen to have a peak temperature of
1365 °C (2490 °F) in each case. Consequently
the corresponding locations are at different
distances from the weld center line. The
following is true of peak temperatures near the
liquidus:

(1) For a given preheat temperature, in-
creasing the energy input causes an increase in
the time of exposure to temperatures near the
peak temperature and causes a decrease in the
cooling rate.

(2) For a given energy input, increasing
the preheat temperature decreases the cooling
rate, but does not significantly influence the
time of exposure to temperatures near the peak
temperature.

Table 3.3 compiled from Fig. 3.3, sum-
marizes the time of exposure to temperatures

above 1095 °C (2000 °F) and the cooling rate
at 650 °C (1200 °F) for the four thermal cycles
shown. Note that for a preheat temperature of
27 °C (80 °F), doubling the input from 1970
to 3940 J/mm (50 000 to 100 000 J/in.) in-
creases the time above 1095 °C (2000 °F) from
5 to 16.5 s and decreases the cooling rate at
650 °C (1200 °F) from 14 to 4.4 °C/s 25 to 8
°F/s). On the other hand, if the energy input is
held constant at about 1970 J/mm, increasing
the preheat temperature from 27 °C to 260 °C
(500 °F) decreases the cooling rate at 650 °C
from 14 to 4.4 °C/s without measurably
changing the time of exposure to temperatures
above 1095 °C. Thus, by manipulating the
energy input and the preheat temperature, the
welding engineer can control the time at tem-
perature and the cooling rate for the material
in the weld heat-affected zone, in addition to
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fig. 3.2—Effect of energy input and preheat temperature on peak temperature distribution. A., and A, represent

critical temperatures.

controlling the width of the heat-affected
zone.

Figure 3.4 shows the effect of energy in-
put on the temperature isotherms as measured
at the surface of a 13 mm (1/2 in.) steel plate.
Imagine that an arc weld has progressed along
the horizontal center line of the figure from
right to left until the arc is operating at the
location labeled “O” distance behind the arc
center line. The isotherms in the upper portion
of Fig. 3.4 show the temperature distribution
for a weld made at 1.3 mm/s (3 in./min) with
an energy input of 3940 J/mm (100 000 J/in.)

for an initial plate temperature of 27 °C (80
°F). The isotherms in the lower portion show
similar data for a weld made with an energy
input of 1970 J/mm (50 000 J/in.) using 2.5
mm/s (6 in./min) travel speed with the same
arc current, arc voltage, and preheat tem-
perature. The width of the heat-affected zone
is reduced by decreasing the energy input, and
the volume of metal heated above some tem-
perature, say 815 ° C (1500 °F), is consider-
ably less at any instant of time. This effect
becomes much more pronounced with speeds
greater than 5 mm/s (11.8 in./min) such as are
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Table 3.2—Relation between temperature and distance from center line

Distance from weld center line
to point heated to:
Welding 1480 °C 870°C 705°C
Conditions Preheat 2700 °F 1600 °F 1300 °F
Energy Input Temperature (liquidus) (Ac3) (Acy)

J/mm J/in. °C °F mm  in, mm in. mm  in.
3940 100 000 27 80 94 037 13.2 0.52 15.5 0.61
3940 100 000 260 500 94+ 037+ 15.2 0.60 20.6 0.81
1970 50 000 27 80 74  0.29 9.1 0.36 94 0.37
1970 50 000 260 500 74+ 029+ 9.4 0.37 10.7 0.42
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Fig. 3.3—tffect of initial plate temperature on thermal cycles in the heat-affected zone of arc welds.
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Fig. 3.4—Effect of energy input on temperature isotherms at the surface of a steel plate. Upper portion: 3940

J/mm (100 000 Jfin.), 24 V, 208 A, 1.3 mm/s (3 in./min). Lower portion: 1970 J/mm (50 000 Jfin.), 24 V, 208 A, 2.5
mmy/s (6 in./min).

Table 3.3—Time of exposure and cooling rate

Welding Cooling
Conditions Preheat Peak Time above rate at
Energy Input Temperature | Temperature 650 °C (1200 °F)
J/mm Jfin. °C °F °C °F 1095 °C (2000 °F) °Cls °F/s
3
3940 100 000 27 80 | 1365 2490 16.5 44 8
3940 100 000 260 500 | 1365 2490 17 14 2.5
1970 50 000 27 80 | 1365 2490 5 14 25
1970 50 000 260 500 | 1365 2490 5 44 8
Tabie 3.4—Typical cooling rates
Welding Cooling Rate at 650 °C (1200 °F)
Conditions For butt weldsin 13  For fillet welds
Energy Input Preheat Temperature mm (1/2 in.) plate
J/mm I/in. °C °F °Cfs °F/s °Cls °F/s
1970 50 000 22 72 11 20 44 79
1970 50 000 120 250 7 13 34 61
1970 50 000 205 400 5 9 20 36
3940 100 000 22 72 4 ~17 10 18
3940 100 000 205 400 1.7 ~3 5 9
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Fig. 3.5—Effect of plate thickness on the thermal cycles in the weld heat-affected zone of manual shielded metal
arc welds in steel plate. Energy input: 1850 J/mm (47 000 J/in.). Initial plate temperature: 27 °C (80 °F).

often encountered with automated welding
processes. In fact, the steepness of the tem-
perature gradients normal to the direction of
welding increases at an exponential rate with
increase in the travel speed above 5 mm/s.

EFFECT OF PLATE THICKNESS AND
WELD GEOMETRY

The effect of plate thickness on weld ther-
mal cycles is illustrated in Fig. 3.5. The data
shown compare the thermal cycles having a
peak temperature of 1205 °C (2200 °F) for
butt welds made with an energy input of 1850
J/mm (47 000 J/in.) on 6, 13, and 25 mm (1/4,
1/2, and 1 in.) thick plate. The cooling rate
tends to increase with an increase in plate

thickness, while the time at elevated tem-
perature tends to decrease with an increase in
plate thickness.

The effect of plate thickness is complex
because the heat flow pattern changes
markedly between thin plates and thick plates.
In thin plates, the temperature isotherms
shown in Fig. 3.4 tend to extend vertically
downward into the plate and form curved sur-
faces roughly perpendicular to the plate sur-
face. On the other hand, with very thick plates,
the isotherms approximate surfaces of revolu-
tion about the longitudinal axis of the weld.
Thus the heat flow pattern changes from a
two-dimensional flow for very thin plates to a
three-dimensional flow for very thick plates.
This change explains in a qualitative fashion
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Table 3.5—Peak temperature gradients

Methods for increasing the steepness of

Process the distribution of peak temperatures
Electron beam welding (EBW) Decrease the effective diameter of the beam or increase the beam power
and the welding speed.
Plasma arc welding (PAW) Use smaller orifice or increase power and speed
Resistance spot welding (RSW) Decrease the weld time with an appropriate increase in weld current or
employ electrodes of higher conductivity.
Resistance seam welding (RSEW) Decrease the on-time with an appropriate increase in weld current or

Flash welding (FW)

Upset welding (UW)

Arc welding (AW)

flush cool the work.

Increase the rate of acceleration of the platens during flashing, decrease
the clamping distance or, in some cases, increase the upset distance to
extrude more of the heat-affected material from the weld region.

Decrease the heating time by an appropriate increase in heating current
or decrease the clamping distance.

Decrease the energy input by increasing welding speed, use stringer

Oxyacetylene welding (OAW)

beads, or use lower preheat temperatures.

Use a larger torch and a faster welding speed.

the influence of plate thickness on cooling
rates. The same effect is present, although to a
lesser degree, in fillet welds where the addi-
tional dimension of heat flow becomes effec-
tive for thinner plate due to the geometry of
the joint.

Table 3.4 summarizes some typical cool-
ing rates. The cooling rates for fillet welds
average three to four times those for butt welds
in 13 mm (1/2 in.) plate. The difference
becomes less pronounced, however, for thicker
plates and for last pass fillet welds.

EFFECT OF THERMAL
CHARACTERISTICS

No quantitative data are presently avail-
able showing the effect of the thermal charac-
teristics of material. However, the following
general conclusions can be drawn:

(1) The lower the thermal diffusivity of
the material, the steeper will be the distribu-
tion of peak temperatures.

(2) The higher the thermal diffusivity, the

faster will be the cooling rate for a thermal cy-
cle with a given peak temperature.

(3) The higher the thermal diffusivity, the
shorter will be the time at elevated tem-
perature for a thermal cycle with a given peak
temperature.

The peak temperatures in the heat-
affected zone of any weld involving fusion
range from the melting temperature down-
ward. The peak temperatures in the heat-
affected zone of a fusion weld in copper would
range from 1080 °C (1981 °F) at the edge of
the fusion zone to the initial plate temperature
at a considerable distance from the weld. By
comparison, the heat-affected zone of a fusion
weld in uranium would experience peak tem-
peratures ranging from 1130 °C (2065 °F) to
the initial plate temperature. However, the dis-
tance from the edge of the weld to a point ex-
periencing a peak temperature of say 540 °C
(1000 °F) would be much less for uranium
than for copper, since the thermal diffusivity
of uranium is only about eleven percent that of

copper.



CONTROL OF THE WIDTH OF THE
HEAT-AFFECTED ZONE

The width of the heat-affected zone in a
given material may be controlled by altering
the distribution of peak temperatures. In
general, the distribution of peak temperatures
is steeper the more concentrated the heat
source.* Thus, electron beam welding with
power concentrations as high as 10 MW/mm?
(65 000 MW/in.%) is capable of producing
welds with such steep distribution of peak tem-
peratures that the heat-affected zone almost
disappears. On the other hand, oxyacetylene
welding flames provide a diffuse heat source at
a comparatively low temperature, causing the
production of a relatively flat distribution of
peak temperatures and consequently a wide

*Refer to Chapter 2, pp. 34-37, for a discussion of
heat source intensities.
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heat-affected zone. Table 3.5 lists a number of
common welding processes in approximate
order of decreasing steepness of the peak tem-
perature gradient. Included in the table are
suggested techniques for altering the distribu-
tion of peak temperatures with each process.

In general, conditions which provide a
steep distribution of peak temperatures tend to
produce rapid cooling rates in the weld heat-
affected zone. Therefore, if it is desirable to
decrease the cooling rate in the weld heat-
affected zone, the welding variables listed in
Table 3.5 should be reversed. If sufficiently
slow cooling rates are not obtainable within
the practical range of welding variables, then
consideration should be given to using a pro-
cess providing inherently lower cooling rates.
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INTRODUCTION

Welding involves many metallurgical
phenomena. The welding operation itself is
somewhat akin to making a casting in a foun-
dry. Electrode coverings and submerged arc
fluxes produce slags which are similar to those
used in steelmaking. Moreover, the heat of
welding imposes thermal cycles on the base
metal that are not unlike those used in heat
treating steel and other base metals.

Although welding metallurgy differs from
conventional metallurgy in certain important
respects, an understanding of welding
metallurgy requires a broad knowledge of

general metallurgy. For this reason, the first
part of this chapter deals with general
metallurgy while the middle and latter sections
cover the specific aspects of welding metal-
lurgy. The survey of general metallurgy is by
no means exhaustive, and one who wishes to
increase his knowledge of the discipline is
referred to the Supplementary Reading List
which follows the chapter. Nevertheless, the
reader without an extensive background in
general metallurgy should find the opening
discussion sufficient to enable him to follow
the rest of the chapter.

GENERAL METALLURGY

STRUCTURE OF METALS

Solid metals have a crystalline structure
in which the atoms of each crystal are arranged
in a specific geometric pattern. This orderly
arrangement of the atoms is responsible for
many of the properties of the metal. The most

Note: The SI (metric) and U.S. customary values given in
this chapter are not, in most cases, exact equivalents. The SI
values are the primary measurements used in this and all
Volume 1 chapters. The secondary U.S. measurements
(given parenthetically in text) are rounded off conversions
from the SI values. For a further explanation of the system
of measurement used in Volume 1, refer to the Foreword on
p. xi.
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common crystalline structures found in metals
are listed in Table 4.1 and their atomic ar-
rangements are illustrated in Fig. 4.1. In the
liquid state, the atoms composing metals have
no orderly arrangement, but when the liquid
approaches the solidification temperature,
solid particles called nuclei begin to form. at
preferred sites as shown in Fig. 4.2a. As
solidification proceeds the individual nuclei
grow into larger solid particles called grains
(Fig. 4.2b). As the amount of solid metal in-
creases, of course, the amount of liquid metal
decreases proportionately, and the grains grow
larger and larger until they ultimately meet.



Where the grains meet produces a disar-
rayed arrangement of atoms called a grain
boundary (Fig. 4.2¢) which is quite naturally
irregular. Figure 4.2 shows the grain bound-
aries of an ingot which has been cast in a
cylindrical mold. The situation is much the
same in a weld, and because of the similarity
in the shape of its grains, a fusion weld can be
viewed as a tiny casting. At the same time, it
should be pointed out that the thermal condi-
tions which exist in making fusion welds pro-
duce cast structures with characteristics unique
to welding. These characteristics are complex
and not yet thoroughly understood. They will
be discussed later in this chapter.

Each grain in a particular pure metal, ex-
amined at any particular temperature, has the
same crystalline structure and the same atomic
spacing as all of the other grains. However,
since each grain grows independently of every
other grain, the orientation of the grain lattice
differs from one grain to another. Therefore,
the grain boundaries are regions where the
periodic and orderly arrangement of the atoms
is disrupted. Because of this grain boundary
disorder, there often are differences in the
behavior of the metal at these locations.

Up to this point we have been considering
pure metals. However, most common engi-
neering metals are alloys which are combina-
tions of metals or combinations of metals and
nonmetals. Alloys provideengineering prop-
erties that, for specific applications, usually
are superior to those of the unalloyed metals.
The atomic arrangement of the alloy, the
purity of the alloying elements, and the ther-
mal and mechanical history which the alloy
has experienced all have an influence on the
engineering properties of an alloy.

Alloying elements are incorporated into
the parent metal in one of two ways: The
atoms of the alloying element may replace
some of the parent metal atoms, or, if the
atoms of the alloying element are small
enough, they may fit into the spaces between
the atoms of the parent metal. These two pro-
cesses are described further as follows:

(1) Direct Substitution. If alloying atoms
are similar in size and chemical behavior to
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the atoms in the original unalloyed metal, the
alloying atoms may directly replace some of
the parent metal atoms, as shown in Fig. 4.3a.
Thus, the new atoms are dissolved or substi-
tuted in the parent metal and are known as the
solute. The remaining old atoms are the sol-
vent atoms, and with the new atoms, form an
alloy known as a solid solution. Examples of
solid solutions are gold dissolved in silver or
copper dissolved in nickel.

(2) Interstitial alloying. When the alloying
atoms are small in relation to the parent
atoms, they can locate (or dissolve) in the
spaces between the parent metal atoms without
actually displacing any of those atoms. This is
called interstitial alloying, and is illustrated in
Fig. 4.3b. Very small amounts of carbon, for
example, may alloy interstitially in iron. (Car-
bon is the most influential interstitial element
in the steelmaking process.)

Very frequently, however, the alloying
atoms cannot dissolve completely, either in-
terstitially or subtitutionally. The result, in
such cases, is the formation of mixed atomic
groupings (different crystalline structures)
within a single alloy. Each different crystalline
structure is referred to as a phase, and the
alloy is called a multiphase alloy. The in-
dividual phases may be distinguished, one
from another, if the alloy is suitably polished
and etched and then examined under a
microscope at magnifications of 50 to 2000.
(See Figs. 4.4a and b.) The process of polish-
ing, etching, and examining metals at some
magnification is called metallography.
Metallographic examination is one way of
studying the many characteristics of metals
and alloys.

All engineering alloys consist of the pri-
mary or basic element and smaller amounts of
one or more alloying elements. Alloys display
one or more of the phases that are charac-
teristic for the alloy. Each phase will have its
own characteristic crystalline structure.

The overall arrangement of the grains,
grain boundaries, and phases present in a
metal alloy is called the microstructure of the
alloy which is largely responsible for the
physical and mechanical properties of the
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Table 4.1 — Crystal structures of common metals

Crystal structure

Body Centered Cubic (BCC)

Metals with this structure

Fe (at room temperature and again near its melting point),

Cr, Cb, W, V, Ti (at high temperatures), Mo

Face Centered Cubic (FCC)

Hexagonal Close Packed (HCP)

Fe (at intermediate temperature), Cu, Au, Pb, Ni, Ag, Al

Co, Mg, Sn, Ti, (at room temperature), Zn, Zr

Fig. 4.1— The three most common crystal structures in metals and alloys. Left: face centered cubic (FCC); center:
body centered cubic (BCC); right: hexagonal close packed (HCP).

Initiol crystals Solid grains Solid grains with
grair  boundaries
Liquid Liquid
H+ +H
- +H
t + %

o. Initial crystal formation

b. Continued solidification

c. Complete solidification

Fig. 4.2 — Solidification of a metal.

alloy. The microstructure is affected by the
composition of the alloy and by hot or cold
working and heat treatment. The microstruc-
ture is greatly affected by welding which, in
turn, also influences the properties of the
alloy.

Many unique phenomena that profoundly
affect the mechanical properties of an alloy, at

both low and high temperatures, occur at grain
boundaries. Since the arrangement of atoms is
irregular at grain boundaries, there are many
vacancies or missing atoms. The space between
atoms may be larger than normal, so that in-
dividual atoms can move about relatively
easily. Because of this, the diffusion of ele-
ments (the movement of individual atoms)
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Fig. 4.3 — lllustration comparing the base metal crystal lattice and the crystalline structure of alloys. Left:
Substitutional solid solution; base metal lattice is distorted by presence of foreign atoms. Right: Solid solution
hardening; foreign atoms locate in interstices of base metal crystalline structure and cause distortion in lattice.
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Fig. 4.4 — Left: Typical microstructure of low carbon pearlitic steel containing more than a single phase. Light
areas are ferrite, a rather pure iron; dark areas are pearlite, composed of alternating thin layers of ferrite and iron
carbide; 100 X (before reduction). Right: An aluminum silicon alloy at 100 X (before reduction), showing a

multitude of phases within a single grain.

through the solvent structure generally occurs
more rapidly at grain boundaries than it does
within the grains. The resulting disarray makes
it easier for odd-sized atoms to segregate at the
boundaries. This segregation frequently leads
to the formation of undesirable phases that ad-
versely affect the properties of the material by
reducing its ductility and making it susceptible
to cracking during welding or heat treatment.

Grain boundaries increase the strength of
materials at room temperature by inhibiting
the deformation of individual grains. At ele-
vated temperatures, the ease with which the
atoms in the boundaries can slide past one
another reduces the strength of the material.
As a result, fine-grained materials have better
properties for room temperature and low tem-
perature service, while coarse-grained materi-
als are desirable for high temperature service.

The structure of a metal is sometimes

classified according to the grain size of the
metal. Metals may have a few large grains
(coarse-grained) or many small grains (fine-
grained) or a mixture of both large and small
grains (mixed grain size). The effect of weld
metal solidification rate on grain structure is
discussed in the following section of this
chapter beginning on p. 124,

PHASE TRANSFORMATIONS

Critical Temperatures

At certain temperatures the atoms of
many metals change their crystallographic
structure. For example, the crystalline struc-
ture of pure iron at temperatures up to 910 °C
(1670 °F) is body centered cubic. From 910
°C to 1390 °C (2535 °F) the structure is face
centered cubic, and from 1390 °C to the melt-
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ing temperature—1535 °C (2795 °F), it is
again body centered cubic. (See Fig. 4.1.) This
change in crystal structure is a phase change in
the solid state which is known as an allotropic
transformation.

Other metals that undergo allotropic
transformations at various temperatures are
titanium, zirconium, and cobalt. Chemical
composition, cooling rate, and the presence of
stress influence the temperature at which trans-
formation takes place.

A metal also undergoes a phase change
when it melts or solidifies. Pure metals melt
and solidify at a single temperature. Alloys, on
the other hand, usually melt and solidify over
a range of temperatures. The exception to this
rule is the eutectic composition, which will be
mentioned later.

Phase Diagrams

Events such as phase changes and
solidification are best shown by means of a
drawing called a phase diagram (sometimes
also referred to as an equilibrium diagram or a
constitution diagram).

Phase diagrams have been called the
metallurgist’s road map, for from a diagram of
a given alloy system one can find what phases
and what percentage of each phase are present
for any given alloy composition at any
specified temperature. One can also determine
what phase changes tend to take place with a
change in either composition or temperature
or both. However, the phase diagram has at
least one significant limitation: It is only an
approximation of how alloys actually behave
because it describes the behavior of the alloy
system only under equilibrium conditions.*
Those conditions rarely are encountered in
practice. This is especially true in welding,
because of the fast heating and cooling rates to
which alloys are subjected.

Most readily available phase diagrams
describe alloy systems containing two ele-

*Equilibrium implies that a metal is stable in a desired
state for a given environment. Obtaining this stability re-
quires slow heating and cooling conditions and long hold
times.

ments, while engineering alloys generally con-
tain many elements, or components. Phase
diagrams for systems with more than two com-
ponents are quite complex and are rather
difficult to interpret. Nevertheless, phase
diagrams still are the best way to study most
alloy systems.

A very simple phase diagram for the cop-
per-nickel alloy system is shown in Fig. 4.5.
This is called an isomorphous binary system—
that is, a two-element system in which both
elements are completely soluble in each other
in all proportions at all temperatures, in both
the liquid and the solid states. As shown in
Fig. 4.5, phase diagrams are drawn with the
alloy content plotted on the horizontal axis.
The extreme left hand edge of the diagram
represents zero percent nickel and 100 percent
copper while the extreme right hand edge
represents 100 percent nickel and zero percent
copper. Temperature is plotted on the vertical
axis.

Figure 4.5 shows that at temperatures
above the top curve, A, the only phase is liquid
metal. This is true for all compositions
covered by this diagram. At temperatures
below the bottom curve, B, the only phase is
solid metal. This, too, is true for all composi-
tions covered by the diagram. All solid alloys
formed are single phase only because copper
and nickel are completely soluble in each
other in the solid state. Thus, an alloy with 30
percent copper and 70 percent nickel is a
homogeneous solid solution. It remains solid
up to 1330 °C (2425 °F) where it begins to
melt. Melting is complete at 1365 °C (2490
°F). This alloy (30 percent copper and 70 per-
cent nickel) is known as monel.

In the region between the curves A (lig-
uid) and B (solids), the solid and the liquid
phases coexist. This illustrates the fact that
most alloys solidify (go from complete liquid
to complete solid) over a range of tem-
peratures. As the diagram shows, complete
solidification occurs at a single temperature
only for pure copper or pure nickel, in the
copper-nickel system.

Figure 4.6 shows the phase diagram for a
more complicated system: the silver-copper
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Fig. 4.5 — The nickel-copper phase diagram. Points along the top curve, A, represent the liquidus for each alloy
composition. Points along the bottom curve, B, represent the solidus for each alloy composition.

alloys. This diagram is used extensively in
designing brazing alloys. All compositions in
this system are entirely liquid at temperatures
above the lines labeled “liquidus.” Similarly,
all compositions are solid at temperatures
below the line labeled “solidus.” However, the
solid is present as a single phase in certain
parts of the diagram and as two phases in
another part. The alpha (a) and beta (8)
regions are single phase regions. The alpha
region defines the conditions where copper is
dissolved in silver in a single phase solid solu-
tion. The same is true for the beta region, but
in this case silver is dissolved in copper. In the
region between the solidus and liquidus lines
on the left side of the diagram, the phases pres-
ent are the liquid solution of copper in silver
and solid solution of copper in silver (a + lig-
uid). For the same region on the right side,

the phases present are the liquid and solid
solutions of silver in copper (8 + liquid).
Finally, the area labeled a + B contains
grains of both alpha and beta. Here, also,
alpha is a solid solution of copper in silver
and beta is a solid solution of silver in copper.

The silver-copper alloy system is one in
which each element has only limited solubility
in the other. The phase diagram depicts this
and shows that as a small amount of copper is
added, it dissolves in the silver, but as more
copper is added beyond its solubility, beta
begins to form. The second solid phase, beta,
is copper with some silver dissolved in it.

This phase diagram illustrates another
feature—the eutectic point. At this point
labeled on the diagram, an alloy of “eutectic”
composition solidifies at one temperature, just
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Fig. 4.6 — The silver-copper phase diagram. Note the composition, 28 percent copper -72 percent silver is the

eutectic composition.

as a pure metal does. The eutectic composition
solidifies somewhat differently, however, for
as the liquid cools, both the alpha and beta
phases are formed concurrently. Quite fre-
quently these phases occur as alternating
platelets, first of one phase, then the other. For
this reason, eutectic compositions have a dis-
tinctive microstructure.

A final feature of the silver-copper phase
diagram is that it shows solid solubility in
relation to temperature. The principle is the
same as with salt and water, where more salt

can be dissolved in hot water than can be dis-
solved in cold water. In Fig. 4.6, the boundary
line between the alpha plus beta region and the
alpha solid solution region shifts to lower
alloy content as the temperature decreases.
This means that when all the copper is dis-
solved that can be dissolved in silver at a cer-
tain temperature, the solubility limit will be
exceeded at any lower temperature and some
beta phase will form when the alloy is cooled
to that lower temperature. This behavior is the
principle behind precipitation hardening.



EFFECTS OF DEFORMATION AND HEAT
TREATMENT

Deformation and Annealing of Metals

When metals are plastically deformed,* a
number of changes occur in their microstruc-
ture. Each individual grain must “give” to
produce the anticipated overall deformation.
During deformation, each grain becomes
stronger and, therefore, more difficult to
deform further. This process is called work
hardening. Because of work hardening, the
stress-strain curve in a tension test continues
to increase beyond the yield strength of the
specimen. (See the section on tensile properties
in Chapter S, p. 155.) Figure 4.7 (a and b)
shows some of the property changes and the at-
tendant microstructure changes that typically
occur as a metal is worked (deformed) and
then heat treated (b and c). When this work is
done below the critical temperature for that
metal, there is a gradual increase in the hard-
ness or strength of the metal and a decrease in
its ductility. These changes result from the
phenomenon known as cold work.

If the metal in Fig. 4.7 (stainless steel) is
worked (Fig. 4.7a, moderately or 4.7b,
severely) and then heated to progressively
higher temperatures, several things happen. At
low temperatures (95 to 205 °C [200 to 400
°F]—in middle of diagram) there is a steady
decline in the residual stress level, but there is
virtually no change in microstructure or
strength. At about 205 to 230 °C (400 to 450
°F), a relatively low level of stress remains,
and the microstructure still looks as it did
(Fig. 4.7a and b). The strength of the metal re-
mains relatively unchanged compared to that
of the original cold-worked material and the
ductility, while improved, is still rather low.
This reduction in stress level and the improve-
ment in ductility are attributed to the metal-
lurgical phenomenon called recovery, a term
indicating a reduction in crystalline stresses
without accompanying structural changes
(stress relief).

*Deformed to the extent that they do not return to
their original shape.
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When the cold-worked metal is heated to
a temperature above 230 °C (450 °F), property
changes become apparent, as do changes in
microstructure. In place of the deformed
grains found in Fig. 4.7a or b, a new group of
grains form and grow (Fig. 4.7¢c). These grains
consume the old grains, and eventually all
signs of the deformed grains disappear. The
new microstructure (Fig. 4.7c) resembles the
original microstructure (before cold-working)
and the metal is softered and made more duc-
tile than it was in the cold-worked condition.
This process is called recrystallization, a nec-
essary part of all annealing procedures. (An-
nealing refers to a heating and cooling process
usually applied to induce softening.) When
heated to higher temperatures, the grains begin
to grow and the mechanical properties may be
degraded significantly in some metals.

Annealing, then, goes a step beyond the
ordinary stress relief. It accomplishes the max-
imum stress relief possible. If, for example,
stress relief were desirable in a structural
member that had been cold-worked to attain
design strength, annealing would be too severe
a stress relief and softening would reduce the
strength of the member below its design

strength.

Phase Transformations in Iron and Steel

Iron and steel and their alloys make up
the greatest tonnage of any of the metals used
in modern engineering structures. An under-
standing of the metallurgical characteristics of
iron and steel, which are largely governed by
the phase transformations they undergo, is es-
sential to the successful welding of these
metals. Hence this section is devoted to
describing the phase transformations in iron
and steel and explaining the significance of
their phase changes.

Pure iron, as mentioned earlier, solidifies
at1535°C (2795 °F)and formsabody cen-
tered cubic structure called delta iron or delta
ferrite. With slow cooling, the delta ferrite
persists until at 1390 °C (2535 °F), it
transforms into a face centered cubic structure
called gamma iron or austenite. The austenite
remains down to 910 °C (1670 °F) where it
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Fig. 4.7 — Generalized effects of work hardening and recovery on chromium-nickel stainless steel.

transforms back into the body centered cubic
structure known, this time, as alpha iron or
alpha ferrite. Delta iron and alpha iron are
similar in structure, but they are given
different names to distinguish between the
temperatures at which they form. This entire
transformation process is reversed, of course,
when iron is heated. From this, it is evident
that iron has two transformation temperatures:
910 °C (1670 °F), where alpha iron transforms
to gamma iron on heating (and gamma to
alpha on cooling) and 1390 °C (2535 °F),

where gamma iron transforms to delta iron on
heating (and delta to gamma on cooling).
Steel, fundamentally, is an iron alloy with
less than two percent carbon. The presence of
carbon alters the temperatures at which freez-
ing and phase transformations occur. The ad-
dition of other alloying elements also has
some effect on these temperatures. As with
other alloy systems, iron-carbon alloys freeze
over a range of temperatures, with different lig-
uidus and frequently different solidus tem-
peratures for each composition. As the carbon
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Fig. 4.8 — The iron-carbon phase diagram.

content of iron-carbon alloys increases up to
4.3 percent, the liquidus and sometimes the
solidus decrease.

Significant changes in the phase transfor-
mation temperatures brought about by varia-
tions in carbon content are as follows (see Fig.
4.8):

(1) Delta ferrite to austenite (on cooling).
This transformation occurs at 1390 °C (2535
°F) in essentially pure iron, but in steel it in-
creases to a maximum of 1492 °C (2718 °F)
with increasing carbon content. Delta ferrite
cannot exist in steels containing more that
0.50 percent carbon.

(2) Austenite to ferrite plus iron carbide (on
cooling). This is one of the most important
transformations in steel. Control of it is the
basis for most of the heat treatments used for
hardening steel.

This transformation occurs in essentially
pure iron at 910 °C (1670 °F). In steel with in-
creasing carbon content, however, it takes
place over a range of temperatures between
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boundaries A, and A, (see Fig. 4.8). The up-
per limit of this temperature range (A,) varies
from 910 °C (1670 °F) down to 723 °C (1333
°F). For example, the A; of a 0.10 percent car-
bon steel is 870 °C (1600 °F), while for a 0.50
percent carbon steel it is 775 °C (1430 °F).

(3) The lower temperature of the range
(A,) remains at 723 °C (1333 °F) for all plain
carbon steels regardless of their carbon level.

(4) Austenite can dissolve up to 2.0 per-
cent of carbon in solid solution. However, fer-
rite can dissolve only 0.025 percent. Below
A |, austenite transforms to ferrite. With car-
bon content above approximately 0.025 per-
cent, ferrite and the chemical compound iron
carbide (Fe,C), also called cementite, form.
Cementite contains 6.67 percent carbon and
precipitates in ferrite grains in a lamellar
fashion. The resulting grains are known as
pearlite.

Most of the alloying elements added to
steel (nickel and chromium, for instance) alter
the transformation temperatures. Sometimes
they do so to a marked extent. Sometimes they
even suppress transformation completely.
Phase changes which can be attributed to the
carbon in steel are shown in the iron-carbon
diagram in Fig. 4.8. Room temperature
microstructures of iron-carbon alloys at the
equilibrium conditions covered by this
diagram include one or more of the following
constituents:

(1) Ferrite—Solid solution of carbon in
alpha iron.

(2) Pearlite—A platelet-like mixture of
cementite and ferrite.

(3) Cementite—Iron carbide, Fe,C, pres-
ent in pearlite or as massive carbides in high
carbon steels.

It must be remembered that these are
equilibrium structures and that the hardening
of steel by heat treatment is based on produc-
ing structures not shown in this diagram,
which will be discussed shortly.

It should be noted that the iron-carbon
diagram is drawn only to 4.5 percent carbon.
Alloys containing more than 5 percent carbon
are almost impossible to make, and they have
no practical significance.
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Man took advantage of the fact that steel
can be hardened by heat treatment many cen-
turies before he discovered the mechanism by
which hardening occurs. The ability to harden
steel by heat treatment is dependent on the
transformation of austenite to a constituent
other than ferrite or pearlite. On the iron-car-
bon diagram, the transformation to ferrite and
pearlite occurs at or about 723 °C (1333 °F),
although this temperature is reduced by fast
cooling and by the addition of alloying ele-
ments. Transformation to pearlite requires
relatively slow cooling and extensive diffusion
of the atoms, with their rearrangement into
ferrite and iron carbide lamellae (layers). The
pearlitic structure, shown in Fig. 4.9, imparts
only moderate strength to steel. When the
cooling rate of an austenitized steel is in-
creased sufficiently however, marked changes
in transformation occur as follows:

(1) The transformation occurs at lower
temperatures.

(2) The resulting microstructure is drasti-
cally changed and the hardness and tensile
strength of the steel increase, with ductility un-
dergoing a corresponding decrease.

A slight increase in cooling rate only
depresses the transformation temperature a
small amount and produces a slightly finer
pearlitic structure. The lamellae are slightly
finer, the hardness of the steel is somewhat
greater than that of a steel with a coarse
pearlitic structure, and ductility is somewhat
lower.
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Fig. 4.9 — Typical lamellar appearance of pearlite.
1500 X (before reduction) Etchant: Picral.

At fast cooling rates, still lower transfor-
mation temperatures are encountered and
bainite forms instead of pearlite.

Bainite has a feathery arrangement of fine
carbide needles in a ferrite matrix. It has sig-
nificantly higher strength and hardness and
lower ductility than the fine pearlitic structure.

With still faster cooling rates (severe
quenching), martensite forms. Martensite is
hard and relatively brittle. Figure 4.10 illus-
trates its acicular (needlelike) appearance. As-
quenched martensite usually is too brittle for
practical use, but its ductility can be restored
by a process called tempering. This transfor-
mation is important in any consideration of
welding because the weld metal and part of the
heat-affected zone of a welded joint are heated
and cooled through this transformation tem-
perature range.

Certain commonly used heat treating
terms refer in part to the rate at which
austenite is cooled to room temperature. The
following treatments are listed in the order of
increased cooling rates from above the A,
temperature:

(1) Furnace annealing: Slow furnace cool-

ing.

(2) Normalizing: Cooling in still air.

(3) Oil quenching: Quenching in an oil

bath.

Fig. 470 — Quenched martensite (500 X, before
reduction, etched) showing acicular structure.



(4) Water quenching: Quenching in a

water bath.

(5) Brine quenching: Quenching in a salt

brine bath.
The hardness and tensile strength of a specific
steel would become increasingly greater if
treated in the order of (1) to (5). Treatment in
the reverse order would produce increasing
ductility.

The nonequilibrium structures just de-
scribed (except martensite) can be produced
not only by cooling at the proper rate, but also
by isothermal means. The latter involves hold-
ing at a given temperature for a particular
length of time.

The Isothermal Transformation or TTT
Diagrams

The iron-carbon phase diagram is very
useful, but it does not provide information
about the transformation of austenite to any
structure other than equilibrium structures,
nor does it furnish any details about the cool-
ing rates required to produce other structures
or the temperatures at which the transforma-
tions occur. A more practical diagram is the
isothermal transformation diagram or TTT
(time-temperature-transformation) diagram. It
graphically describes the cooling rate required
for the transformation of austenite to pearlite,
bainite, or martensite. It also gives the tem-
perature at which such transformations take
place. Figure 4.11 shows a TTT diagram for
0.80 percent plain carbon steel.

To produce this diagram, samples of the
specific* 0.80 percent carbon steel were heated
to their appropriate austenitizing temperature
(about 845 °C [1550 °F]) and placed in en-
vironments in which they could abruptly fall
to a series of temperatures ranging from 705
°C (1300 °F) to room temperature. This was
accomplished by plunging the samples into
various solutions of brine, oil, or water at the
desired temperature, and then holding each
specimen at that temperature for a specified
length of time. After each specimen had been

*Every composition of steel has its own TTT diagram.
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in its bath for the time specified, it was
removed, cooled quickly, and examined under
a microscope.

The sample of plain carbon steel in Fig.
4.11 held at 705 °C (1300 °F) did not begin to
transform for about 500 seconds (eight
minutes) and did not finish transforming until
4000 seconds (about one hour) had elapsed.
The structure formed was coarse pearlite, and
the sample was fairly soft (15 Rockwell C [Re¢
15D).

Transformation was quicker for the speci-
mens held at 565 °C (1050 °F). It started in
one second and was completed in five.
Transformation took place in the shortest
length of time at this temperature. For this
reason the “nose” of the curve is located at
565 °C (1050 °F) for this {0.80 percent car-
bon) plain carbon steel. The microstructure of
the steel transformed at this temperature is fine
pearlite (with a hardness of Rc 41). As tem-
perature decreased further, the time to start
transformation again increased, the
microstructure became bainite, and hardness
increased stiil more.

The specimens which were cooled to
room temperature rapidly enough to get past
the “nose” of the curve had an entirely
different microstructure. That structure was
martensite. Martensite forms by a transforma-
tion which occurs only on cooling. It starts at
the M, (martensite start) temperature, which,
for the 0.80 carbon steel in Fig. 4.11 is about
230 °C (450 °F). Martensite transformation is
complete when the temperature has dropped
below approximately 120 °C (250 °F) for this
steel. That temperature is known as the M,
(martensite finish) temperature. As the carbon
content of steel decreases, both the M, and M,
temperatures increase.

The information given by the TTT
diagram does not apply to heat treating pro-
cedures where continuous rather than isother-
mal cooling is used. Therefore, continuous
cooling transformation (CCT) diagrams have
also been developed for steels. These diagrams
are closely related to the TTT diagram, and
with them the slowest cooling rate which will
allow 100 percent martensite to form in a
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Fig. 4.11— The TTT diagram for the transformation of austenite in a eutectoid (0.80 percent carbon) plain carbon

steel,

given steel can be easily determined. This
cooling rate is called the “critical cooling
rate.” It is the rate at which the cooling curve
just misses the “nose” of the CCT curve.

As carbon and alloy content increase, the
TTT and CCT curves shift to the right. When
the curves move to the right, conditions pro-
ducing less rapid cooling can be used while
still allowing martensite to form. These steels
are said to have higher hardenability.

Hardenability
Although TTT and CCT diagrams

portray the transformation characteristics of
steels, the concept of hardenability presents
another method of describing the transforma-
tion of austenite in various steels. Hard-
enability should not be confused with hard-
ness. The maximum hardness of a steel is
primarily a function of its carbon content (Fig.
4.12). Hardenability, on the other hand, is a
measure of how easily martensite forms on
quenching. Certain steels, with very high hard-
enability, will form martensite even when they
are being slowly cooled in air. Other steels—
those with very low hardenability—require
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cooling rates of as much as 555 °C/s (1000
°FJs), if they are to transform completely to
martensite. These hardenability characteristics
are important since they will determine the ex-
tent to which a steel will harden during weld-
ing.

Tempering of Martensite

Martensite, just as it is formed, is
generally unsuitable for engineering applica-
tions because it can be quite brittle. However,
a tempering heat treatment can effectively in-
crease its ductility and toughness without sig-
nificantly reducing its strength. Tempering
consists of simply reheating the martensite to
some appropriate temperature (always below
the A,) and holding at that temperature for a
proper length of time. This permits the as-
quenched martensite to change to tempered
martensite. Tempering allows the carbon to
precipitate in the form of tiny carbide parti-
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cles. The desired compromise between hard-
ness and toughness can be obtained by
choosing the proper tempering time and tem-
perature. Higher tempering temperatures result
in softer but tougher steel.

Figure 4.13 illustrates the mechanical
properties obtained by tempering a quenched
low alloy steel. Quenching and tempering are
frequently used to enhance the properties of
machinery steels, pressure vessel steels, and
structural steels since that treatment develops
high yield and tensile strengths, high yield-to-
tensile ratios, and improved notch toughness
as compared to the same steel in the hot rolled,
annealed, or normalized condition. Temper-
ing curves of the types shown in Fig. 4.13 are
well-established for most plain carbon and
low alloy steels.

Other Grain Structure Changes

During heat treatment, the grain size of a
steel may be refined (reduced) or coarsened
(increased). Grain refinement occurs when a
steel which will transform is heated to a tem-
perature slightly above its A, temperature and
then is cooled or allowed to cool to room tem-
perature. A fine grain size is desirable for im-
proved toughness and ductility. Steel forgings
and castings frequently are normalized
specifically to produce grain refinement.

Steel heated to very high temperatures
(sometimes above 900 °C [1650 °F] but cer-
tainly above 1095 °C [2000 °F], which is far
above the A ; temperature) undergo grain coars-
ening. These coarsened grains persist even
when the steel is cooled back to room tem-
perature. Thus, when steel is overheated, the
grain size will coarsen. Coarse-grained steels
usually are inferior to fine-grained steels in
weldability, ductility and toughness.

Precipitation Transformations

Precipitation hardening (or age harden-
ing) is another method of strengthening or
hardening steel. The method is employed in
some of today’s important industrial alloy
steels. Figure 4.14a shows a portion of the
phase diagram for an alloy in which the beta
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Fig. 4.14a—Phase diagram of a precipitation hardening
system.

phase is increasingly soluble in the alpha
phase, as the temperature increases. The pre-
cipitation-hardenable alloy, X, shows there is
a duplex structure of a + B at room tem-
perature. By slowly heating this alloy, in-
creased amounts of beta are gradually dis-
solved in the alpha. When the temperature
reaches T, (a temperature at which x percent
of beta can be dissolved in alpha), the alpha
solid solution will have dissolved all of the
available beta. This composition will be stable
as a single phase solid solution at or above T,.
If alloy X is cooled below T, the solid solu-
tion will become supersaturated (the alpha can
no longer retain the same amount of beta in
solution) and the beta which cannot be re-
tained at that temperature must be rejected
from the solution. With slow cooling, this beta
will precipitate at preferred locations such as
the grain boundaries. (Figure 4.15 [a-b-c]
shows this sequence). If the same alloy is
heated to T, and then is cooled rapidly to
room temperature, however, there is no time
for diffusion and rejection of the beta, and the
single phase supersaturated structure is re-
tained (a-b-d).

At room temperature, the structure of the
material is identical with the structure at the
elevated temperature, but the room tem-

Aging Time (Time at Temperature after Quenching)

Fig. 4.14b—Microstructural changes in an age-harden-
ing alloy during several stages in the heat treatment.

perature structure is not stable. This can be
seen from the phase diagram for the system,
which indicates that two phases should exist at
that temperature. If this alloy is then reheated
to a temperature in the range T,-T, shown in
Fig. 4.14, the excess beta in solution is pre-
cipitated once again. However, it is now pre-
cipitated as a finely divided, uniformly dis-
tributed beta phase, as shown in Fig. 4.15e.
The formation of this precipitate causes distor-
tion in the lattice structure of the alloy. This
distortion, and the strain produced, strengthen
the alloy and consequently, the material has
been precipitation hardened. The size and dis-
tribution of the precipitated particles signifi-
cantly alter the strength of the alloy. The time
and temperature of the aging affect this dis-
tribution and hence, the properties of the
alloy. These variations are shown schematical-
ly in Fig. 4.14b.

Figure 4.14b identifies the various aging
temperatures as T,, T; and T, (T,<T,<T,)
and shows the change in hardness that occurs
with time at these temperatures. Since the
aging of a solution treated alloy is a dynamic
process, the hardness of the alloy (which
reflects the progress of the aging process) will
vary continuously. The rate of change at low
aging temperatures is much slower than at high
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Table 4.2 — Typical precipitation-hardening alloys

Typical Alloys of the Base Metal

Solvent element

or base metal: Iron Nickel Aluminum Magnesium Titanium
17-4 PH Inconel X* 2014 AZ 80 A 6A1-4V
17-7 PH René 41 2024 ZK 60 A 4A1-3Mo-1V
PH 15-7 Mo Udimet 500** 6061 HM 21 A 16V-2.5A1
AM 350 Waspaloy 7002 ZE 41 A 6A1-6V-6Sn
19-9 DL Inconel 700t 7039 ZH 62 A 13V-1iCr-3Al
A 286 M 252 7075 EZ 33 A

*Registered trademark of the International Nickel Co., Inc.

**Registered trademark of Special Metals, Inc.

tRegistered trademark of Allegheny-Ludlam Steel Co.

aging temperatures. At sufficiently high aging
temperatures the alloy can overage in a short
period of time. Overaging is the stage in the
process at which the fine particles of precipi-
tate begin to grow and agglomerate. As a
result of this, the particles become fewer in
number and their strengthening effect dimin-
ishes. When the particles are large and well
agglomerated, there is no longer sufficient
keying or lattice distortion to provide a sig-
nificant increase in hardness. Overaging can
occur in service if temperatures that exceed the
aging temperature are encountered for suffi-
cient time.

Table 4.2 lists some precipitation harden-
ing alloys. There are several elements that will
produce age hardening in these alloys.
Titanium and aluminum are used for this pur-
pose in both the nickel and the iron alloys.
Copper is commonly used in aluminum as well
as in iron alloys. In aluminum, the hardening
agent is the chemical compound CuAl,. Simi-
lar compounds can be produced by adding
certain amounts of copper to steel, aluminum
to magnesium, or chromium to titanium.

The precise mechanism by which the pre-
cipitate produces strengthening is not com-
pletely understood. It is known that, as the
precipitate forms, it strains the crystal struc-
ture in which it grows. When the precipitate
particles become large (on overaging), this
strain is decreased again. It is also known that
adding fine particles to the structure, even
without straining it, will increase the strength

of the structure. The strength will again
decrease when the particles grow large. Both
effects are found in most precipitation harden-
ing alloys.

The strengthening effect of fine particles
alone, called dispersion strengthening, is
sometimes used even when no precipitation of
the particles occurs. Alloys of this type will
have a microstructure consisting of fine parti-
cles formed on solidification, as for example,
in a eutectic alloy, or by other transformations
or techniques.

REVIEW OF COMMERCIAL ALLOYS

A large number of alloys are used com-
mercially in welded products. The most com-
mon of these are described in the following
pages. For more detailed information, refer to
the Supplementary Reading List at the end of
the chapter.

Steels

Most commercial steels can be classified
according to three groups: plain carbon steel,
low alloy steel, and high alloy steel.

Plain Carbon Steels.* Plain carbon steel,
the largest category by tonnage, consists of

*Chapter 61 in Section 4 of the Welding Handbook,
Sixth Edition covers these steels in detail. In the Seventh Edi-
tion, plain carbon steels tentatively will be covered in
Volume 4.
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ron, usually with less than 0.5 percent carbon
ind varying, but minor amounts of
nanganese, phosphorous, sulfur, and silicon.
The properties and weldability of these steels
lepend mainly on their carbon content,
although the other elements do influence these
properties to a limited extent. Plain carbon
steels frequently are categorized in relation to
their carbon content as indicated in Table 4.3.

Low Alloy Steels.* The carbon content of
these steels usually is less than 0.25 percent
and frequently is below 0.15 percent. Other
alloying elements (nickel, chromium, molyb-
denum, manganese, silicon) are added to in-
crease the strength of these steels at room tem-
perature and at elevated temperatures, as well
as to impart better notch toughness at low tem-
peratures. These elements also alter the
response of the steels to heat treatment, and
can improve their corrosion resistance. Some-
times these additions reduce the ease with
which the steels can be welded.

Modern design requires steels that have
aigher strength and toughness than the plain
zarbon and structural steels. A yield strength
>f 345 MPa (50 000 psi) and a tensile strength
of 480 MPa (70 000 psi) are achieved in the
as-rolled condition by adding two or more
alloying elements; adequate weldability is
maintained by restricting the carbon to 0.20
percent maximum. Some of these steels are
heat treated up to 690 MPa (100 000 psi)
yield strength and they have better notch
toughness than the ordinary carbon steel
grades. Proper choice of filler metal and weld-
ing procedures will develop comparable prop-
erties in welded joints in these steels.

A wide variety of steels has been
developed for use in machinery parts. These
steels, many of which are eminently weldable,
have been classified according to chemical
composition by the AISI-ASME classification
system. Other steels have been developed to
meet the needs of the cryogenic industry.
Those steels have good notch toughness at

*Chapter 63 in Section 4 of the Welding Handbook,
sixth Edition covers these steels in detail. In the Seventh Edi-

temperatures well below zero. Fine-grained
aluminum-killed steels with up to ten percent
nickel are frequently used for cryogenic ser-
vice.

Low alloy steels have also been developed
for high temperature service in welded struc-
tures such as steam boilers, oil refining towers,
and chemical processing retorts. Additions of
chromium and molybdenum give these steels
structural stability and provide high creep and
stress rupture values at temperatures up to 595
°C (1100 °F).

High Alloy Steels.** This group of steels
consists of high quality, expensive steels with
outstanding mechanical properties, corrosion
resistance, oxidation resistance, and elevated
temperature strength and ductility.

Dies, punches, shears, etc. are made from
high carbon tool steels that also contain
moderate amounts of other alloying elements.
These steels have outstanding hardness at
room temperature and some of them retain
their hardness at elevated temperatures. These
steels generally are difficult to work with and
require considerable care in welding.

Most of the high alloy steels are stainless
steels. Stainless steels resist attack by many
corrosive media at atmospheric or elevated
temperatures. They contain at least twelve per-
cent chromium and many of the grades have
substantial amounts of nickel. Other alloying
elements are added for special purposes.

There are three basic types of stainless
steel: austenitic, ferritic, and martensitic.
Some of these steels are precipitation hardena-
ble. The martensitic stainless steels contain the
smallest amount of chromium and they can be
quite hardenable. One classic example is the
cutlery grades, which are included in this
group.

Care must be taken when welding the
martensitic steels since martensite tends to be
produced in the heat-affected zone, and can be
very hard. Preheating and a postheat treatment
are necessary to prevent cracking.

**High alloy (stainless) steels are covered in Chapters
64 and 65 of Section 4 of the Welding Handbook, Sixth Edi-
tion. Stainless steels tentatively will be covered in Volume 4
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Common Carbon
name content Typical use Weldability
Ingot Iron 0.03% max  Enameling, galvanizing, and  Excellent
deep drawing sheet and strip
Low Carbon Steel 0.15% max  Welding electrodes, special Excellent
plate and shapes, sheet, strip
Mild Steel 0.15-0.30%  Structural shapes, plate and Good
bar
Medium Carbon Steel 0.30-0.50%  Machinery parts Fair (preheat and postheat
frequently required)
High Carbon Steel 0.50-1.00%  Springs, dies, railroad rails Poor (difficult to weld with-

out adequate preheat and
postheat)

The ferritic steels contain 12 to 27 per-
cent chromium and no austenite-forming ele-
ments. The ferrite phase exists up to the melt-
ing temperature of these steels and the steels
develop little or no austenite upon heating.
They are essentially nonhardenable, although
some of the alloys (those which can develop
small amounts of austenite at the grain bound-
aries) can produce some martensite on cooling
from the austenitizing temperature.

Austenitic stainless steels are produced by
adding alloying elements that stabilize the
austenite at all temperatures and thus elimi-
nate the austenite-to-ferrite or -martensite
transformation. Nickel is the alloying element
most frequently used for accomplishing this,
although combinations of manganese, carbon,
and nitrogen can serve the same purpose.

Chromium, nickel, molybdenum,
nitrogen, titanium, and columbium provide
special properties of corrosion and oxidation
resistance and elevated temperature strength.
Carbon also contributes to elevated tem-
perature strength but it reduces corrosion
resistance by forming a chemical compound
with chromium. These alloys do not undergo
the normal austenite-ferrite transformation
and for this reason they cannot be hardened by
heat treatment. There are, accordingly, no
hardened areas in the heat-affected zone of a
weld in these steels. The steels usually have ex-
cellent weldability. However, there are certain

metallurgical considerations which apply to
the weld metal in making a sound, serviceable
weld.

Aluminum and Magnesium Alloys*

Aluminum alloys rank as some of the
most versatile and widely used of the nonfer-
rous metals. Their light weight, good corro-
sion resistance, and good weldability account
for their extensive use. The aluminum alloys
can be classified in two broad groups: heat-
treatable and nonheat-treatable.

The strength of pure aluminum and the
nonheat-treatable alloys are developed by
strain hardening and by solid solution. In the
most commonly used alloys, manganese and
magnesium are the principal alloying ele-
ments. In the annealed condition (“‘soft
temper”), the alloying elements provide the
strength whereas in the cold worked (or strain
hardened) materials, the degree of strain hard-
ening determines the strength.

The alloying elements in heat-treatable
aluminum alloys are dissolved in the
aluminum at a high temperature and main-
tained in solid solution by quenching from
this temperature. This heat treatment is com-

*Chapters 69 and 70 cover aluminum and magnesium
respectively in Section 4 of the Welding Handbook, Sixth Edi-
tion. In the Seventh Edition, these metals tentatively will be
covered in Volume 4.
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monly referred to as a solution heat treatment.
The solution of specific elements or com-
pounds in aluminum governs the strength of
these alloys in the solution heat-treated condi-
tion. The strength of these alloys can be in-
creased by the precipitation, in finely divided
form, of a portion of the elements still in solu-
tion. This is accomplished by aging the alloy
at a moderately elevated temperature (100 to
175 °C [210 to 350 °F]). Alloys responding to
either of these precipitation treatments are
designated as age hardenable. Strengths may
also be increased in the precipitation harden-
ing alloys by strain hardening them after solu-
tion heat treatment. Strain hardening may or
may not be followed by aging.

Magnesium and its alloys possess distinc-
tive properties that must be taken into con-
sideration when designing structures of these
materials. Hence, an understanding of some of
the basic metallurgical, chemical, and physical
characteristics of magnesium is desirable when
working with this metal.

Magnesium has a hexagonal close packed
crystal structure and as such has fewer slip
planes available for plastic deformation than
do aluminum and steel. This factor limits the
direction and the amount of plastic deforma-
tion possible on magnesium from room tem-
perature up to about 205 °C (400 °F). At tem-
peratures above 205 °C, magnesium can be
worked without difficulty, and more easily
than many other metals.

In its pure state, magnesium does not have
sufficient mechanical strength for structural
purposes and the metal must be alloyed with
other elements to obtain the desired proper-
ties. Aluminum, zinc, manganese, and zir-
conium are the most common alloying ele-
ments in magnesium. The rare earths and
thorium are the chief elements used in mag-
nesium for high temperature applications.

Magnesium alloys may be divided into
two general groups: those for room tem-
perature service and those for elevated tem-
perature service. The first group consists of the
older well-established alloys of the Mg-Al-Zn,
Mg-Zn-RE,* or Mg-Zn-Zr series. The ele-

*RE is a symbol used for rare earth.

vated temperature group consists of alloys
having thorium and rare earths as the chief
alloying elements in combination with zinc,
zirconium, manganese, and silver.

Copper and Copper Alloys**

Copper serves as a base element for more
than one hundred common commercial alloys.
The general classification of these alloys is as
follows:

Oxygen-bearing copper

Oxygen-free copper
Precipitation-hardening copper
Copper-zinc alloys (brasses)

Copper-tin alloys (true bronzes)
Copper-silicon alloys (silicon bronze)
Copper-nickel alloys
Copper-nickel-zinc alloys (nickel silver)

Copper-aluminum alloys (aluminum
bronze)
Copper-beryllium alloys

Fourteen common alloying elements are
added to copper, mostly within the limits of
solid solubility, therefore producing alloys
that are basically single phase. Most of the
alloys show no crystallographic changes upon
heating and cooling, but some are heat treat-
able in the same manner as aluminum alloys.
Many precipitation-hardening reactions are
available in the copper alloys in commercial
use, but only a few of the alloys show suffi-
cient response to be properly called precipita-
tion hardened alloys.

Many of the wrought copper alloys are
hardened by cold work. Cold worked tensile
strengths may be as high as 350 percent of the
annealed strength. The application of heat in
any quantity will reduce the cold worked
strength. If heat is applied for a longer time,
recrystallization and annealing may occur,
with a substantial reduction in strength.

**Chapter 68 in Section 4 of the Welding Handbook,
Sixth Edition covers copper and copper alloys in detail. In
the Seventh Edition, they tentatively will be covered in
Volume 4.



The most important age-hardening reac-
tions in copper alloys are obtained with
beryllium, chromium, boron, nickel, silicon,
and zirconium. These elements produce most
of the alloys classified as age hardenable. Care
must be taken in welding and heat treating the
age-hardenable copper alloys. Whenever
possible, complete re-solution and aging
should be provided after welding. However,
for copper alloys to respond to this treatment,
the proper welding process and the proper
filler metal must be used.

Nickel-Base Alloys*

Nickel and the high nickel alloys have a
face centered cubic structure with physical
properties similar to the austenite phase of
iron alloys. However, unlike iron, they do not
experience any phase transformation. High
nickel alloys are noted for their resistance to
corrosion and high temperature.

Nickel alloys of commercial importance
contain one or more of the following ele-
ments: copper, chromium, iron, molybdenum
and cobalt. These major alloying elements,
with the exception of molybdenum, form bi-
nary solid solutions with nickel within the
range of concentrations used in commercial
alloys, and have relatively little effect on
weldability. Molybdenum, when added in
amounts greater than 20 percent, forms a sec-
ond phase with nickel; however, commercial
alloys within the two-phase region are weld-
able. The elements manganese, columbium,
carbon, silicon, aluminum, magnesium and
titanium are added in smaller amounts.

Many residual elements, particularly
sulfur and lead, are practically insoluble in
nickel and undergo eutectic reactions that
cause hot cracking of the weld. Elements of
this nature must be eliminated or controlled
by other means to insure weld and heat-
affected zone soundness.

Gas reactions may cause porosity in

*Chapter 67 in Section 4 of the Welding Handbook,
Sixth Edition covers nickel and nickel alloys in detail. In the
Seventh Edition, they tentatively will be covered in Volume
4.
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nickel and chromium-free high nickel alloy
welds. Filler metals contain a gas-fixing ele-
ment such as titanium to prevent porosity.

High nickel alloys are classified as either
solid solution strengthened or precipitation-
hardenable. The latter type requires an age-
hardening treatment in order to develop all
their properties.

Titanium and Titanium Alloys**

The majority of the titanium alloys are
strengthened by one or a combination of three
mechanisms:

(1) Lattice distortion through the addi-
tion of interstitial alloying elements such as
oxygen, nitrogen, hydrogen, and carbon.

(2) Solid solution strengthening by alloy-
ing with other metallic elements.

(3) Allotropic transformation.

The allotropic transformation is the fa-
miliar solution anneal and age cycle used to
strengthen many alloys. It is the basis for heat
treatment of titanium. The process uses the
allotropic transformation temperature spread
in which the beta phase becomes the super-
saturated solution and the alpha phase the pre-
cipitate. Compound or intermediate phase pre-
cipitation is seldom used to strengthen
titanium alloys. The effect of alloying ele-
ments (including impurities) is to either in-
crease or decrease the ability of the beta phase
to become supersaturated. The decomposition
of the beta phase during continuous cooling is
similar in many respects to that of austenite in
steel. Alpha may transform or precipitate from
the beta phase by nucleation and growth upon
cooling. Indeed, even a martensite-like struc-
ture may be formed. The results of decomposi-
tion are very different, however. The precipita-
tion of alpha from a metastable beta solution
often results in a large strength increase.
Titanium martensite, however, is not very hard
and thus does not produce the strengthening
effects which the same phase produces in steel.

**Chapter 73 in Section 4 of the Welding Handbook,
Sixth Edition covers titanium and titanium alloys in detail.
In the Seventh Edition, they tentatively will be covered in
Volume 4.
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THE METALLURGY OF WELDING

WHAT IS A WELD?

Welding is the most effective method of
joining materials. Yet in many ways it is the
most complex, especially from a metallurgical
point of view. Virtually all types of metal-
lurgical phenomena occur during the course of
making a weld. Welding metallurgy is con-
cerned with melting, solidification, gas-metal
reactions, slag-metal reactions, surface phe-
nomena, and solid state reactions. As
described in the preceding chapter on heat
flow, p. 79, these reactions occur very rapidly
during welding in contrast to other metallurgy
fields such as steelmaking, casting, and heat
treatment.

The term weld is, unfortunately, am-
biguous because it is used in so many ways.
Technically, it refers to the area of coalescence
produced by the welding process. In describing
a weld, it is helpful to be more specific, and
thus the term used here, and the one most
often meant when a weld is mentioned is a
welded joint, which includes not only the
melted or coalesced zone but also the region
around it. Another term often used is weld-
ment. This term normally means an assembly,
large or small, which contains one or more
welded joints.

The welded joint is a composite of all the
parts involved in welding and comprises the
weld metal, the heat-affected zone, and the
unaffected base metal. The metallurgy of each
weld area is intimately related to the material
as well as the welding process and procedure
used. Most typical welded joints, such as those
in mild steel, are rapidly solidified, usually
fine-grained castings of a chemical composi-
tion similar to the base metal. The weld metal,
the region which has been melted during weld-
ing, is the first of the three parts. It is an ad-
mixture of the base metal and, if used, the
deposited filler metal. Some welds are
autogenous; as this word indicates, such weld
metal is composed of only remelted base metal
and does not contain any filler metal—as for

example, resistance welds and gas tungsten arc
welds made without filler metal. In most cases,
however, a filler metal is used.

To achieve good properties in the welded
joint, the weld metal is usually similar in
chemical composition to the base metal, but
sometimes the weld metal is significantly
different, as in the case of a braze weld in cast
iron. The usual intent is to produce a weld
metal having properties compatible with rather
than an identical composition to the base
metal. Therefore, variations on the base metal
composition are not uncommon in filler
metals.

When a weld is deposited, the first metal
to solidify grows epitaxially (with its orienta-
tion controlled by the crystal substrate) upon
the solid grains of the unmelted base metal.
Depending upon composition and solidifica-
tion rates, the weld solidifies in a cellular or
dendritic growth mode. (Dendrite growth is
discussed fully in the next section which covers
solidification.) Both modes cause segregation
of alloying elements, and consequently, the
weld metal is less homogeneous on the micro
level than the base metal, which has had the
benefit of working and heat treatment. For this
reason, among others, the strengthening mech-
anisms which are often used for base materials
are not appropriate for the weld metal, and
other metallurgical strengthening methods
must be used. These methods are also
described in more detail in the next section of
this chapter.

The second region of the welded joint is
the weld heat-affected zone. The heat-affected
zone is that part of the base metal which,
because of its proximity to the fused metal, has
been influenced by the heat generated in the
welding process. The thermal cycle of welding
will normally bring the metal nugget to its
melting temperature, although this condition
may be very local, as in a flash weld, or
perhaps may even fall short of full melting, as
in an ultrasonic or a forge weld. For the vast
majority of welded joints, however, a full



range of temperatures between ambient and
the liquidus, will be represented in the heat-
affected zone. The zone may be small in size if
the heat is intense and applied to acclimated
regions, as in electron beam welding. On the
other hand, it may be quite large, as in the case
of a high heat input electroslag or submerged
arc weld. Figure 3.4, Chapter 3, p. 94 shows
several isotherms around the weld puddle for
medium and high heat input welded joints in
steel. The 540 °C (1000 °F) isotherm in the
case of a high heat input welded joint extends
out about 25 mm (1 in.) from the weld center
line with the weld puddle extending to only
about half this distance.

Fig. 416 — Llow alloy steel weldment. Note heat-
affected zone around each weld pass.

Although the heat-affected zone may in
theory include all regions heated to any tem-
perature above the ambient, from the practical
viewpoint it includes those regions heated by
the welding process which are actually in-
fluenced by its heat. Thus, for steels, the heat
of welding has little influence in a welded
plain carbon as-rolled steel for regions heated
to less than about 600 °C (1110 °F). For a
heat-treated steel quenched to martensite and
tempered at 315 °C (600 °F), any heating
above this temperature may produce a change
in properties of a significant portion of the
heat-affected zone. For a heat-treated
aluminum alloy age hardened at 120 °C (250
°F), any portion of a welded joint heated
above this temperature is a part of the heat-
affected zone.
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Heat-affected zones are often defined by
the response of the welded joint to hardness or
etching effect tests. Thus, changes in micro-
structure produced by the welding heat which
are seen in etching or in hardness profiles may
be used to define the “heat-affected zone.” In
many cases these are arbitrary measures of the
heat-affected zone, although they may be of
practical value in testing and evaluating
welded joints. An example of the heat-affected
zone in a multipass weld in steel is seen in Fig.
4.16. In this figure, a heat-affected zone can be
seen to surround each weld pass; thus it con-
sists of several different regions. The signifi-
cance of the weld heat-affected zone is dis-
cussed later in this chapter.

The third region making up a welded
joint is the base metal itself. This is the
material to be joined and may be the portion
of the weldment over which the welder or
welding engineer has the least control. The
weld metal and heat-affected zone must be
compatible with the base metal to be joined if
a successful welded joint is to be produced.
When the base metals are simple alloys which
achieve their strength by alloy strengthening
alone, the welding process can usually produce
weld metals and heat-affected zones with com-
patible properties. When base metals are
strengthened by complex heat treatments or
mechanical deformation, it may be difficult to
produce completely compatible weldments.
Again, it may be possible to make the proper-
ties of welded joints compatible with those of
the base metal, but the particular base metal
involved may be prone to one or another kind
of weld defect. In this case, serviceable weld-
ments may be difficult to achieve.

The combination of the mechanical,
chemical, thermal, and other properties of a
base metal go to make up a complex property
called “weldability” which is discussed at
length later in this chapter.

WELD METAL

As briefly noted already, the majority of
welded joints contain a melted zone which,
when solidified, comprises the weld metal.
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This region consists of metal that may be
slightly or even grossly different from the base
metal because it is composed of varying mix-
tures of filler metal and base metal melted in
the welding process. The filler metal employed
may be tailored to the mechanical properties
and chemical composition of the base metal
but its structure (as well as even that of an
autogenous weld) will be markedly different.
This structure, and its attendant properties, are
a direct result of the sequence of events that
occur just before and during the time when the
weld metal solidifies. These events include
reactions of the metal with gases in the vicinity
of the weld, reactions with nonmetallic liquid
phases (slag or flux) during welding, and solid
state reactions occurring in the weld after so-
lidification. Each of these phenomena will be
considered in detail.

Solidification

As described at the beginning of this
chapter, grains or clusters of crystals form
when a liquid metal solidifies. This transfor-
mation from liquid to solid is governed by the
combined processes of nucleation and growth,
and the size, orientation, and distribution of
the grains produced can influence the
mechanical properties and soundness of the
solidified structure.

Each grain has some initiating source
(nucleus) from which it grows. Nucleation may
take place at the wall of the container or from
foreign, solid particles suspended in the lig-
uid; these are examples of heterogeneous
nucleation. If no heterogeneous nuclei are
available, solidification must initiate by
homogeneous nucleation from within the lig-
uid, and this requires substantial supercooling
(that is, cooling the liquid well below the nor-
mal freezing temperature).

The most effective heterogeneous nucleus
is a solid particle (seed crystal) of the metal
which is solidifying; this kind of nucleation is
dominant in solidification of weld metal. In
arc welding, melting precedes solidification
when the arc approaches a particular area, but
a liquid-solid interface is always present (or
the puddle falls away), and this constitutes an

ideal nucleation site; there is very little super-
cooling and no homogeneous nucleation. The
turbulence of the weld pool frequently causes
fragments of solid metal to separate from the
liquid-solid interface, and these may act as
nuclei. However, most nucleation takes place
at the weld fusion boundary, the major liquid-
solid interface. Not all of the grains that
nucleate undergo extensive growth; some are
pinched off during the growth process. This
produces fewer but larger grains in the weld
metal. The mechanical properties are affected
by grain size. An example of weld metal grains
nucleated at heat-affected zone grains is shown
in Fig. 4.17.

Weld metal often exhibits a structure
described as columnar in which the grains are
relatively long and parallel to the direction of
heat flow. This structure is a natural result of
the grains initiating at the weld fusion bound-
ary, and many grains which are favorably
oriented grow without interruption until
solidification is complete.

Fig. 4.17 — Weld metal dendrites (top of photograph)
growing on coarse grains of base metal heat-affected
zone. Note base metal grain boundaries extending
into weld metal dendrite boundaries.

Fig. 4.18—Columnar structure of shallow and deep
welds. Left: Shallow weld. Right: Deep pear-shaped
weld.



Not all weld metal is coarse grained and
columnar. The grain structure varies with
different alloys, and can be modified by pro-
cess variations which alter the pattern of tur-
bulence in the liquid metal. In general, nearly
pure metals, and alloys which solidify over a
narrow range of temperatures, develop the
most columnar and coarse-grained weld metal.

Weld metal can suffer from a subtle
solidification defect called “ingotism,” a sur-
face of weakness where groups of intersecting
columnar grains have been the last metal to
solidify. This defect can be serious in electron
beam or parallel-gap arc welds where colum-
nar grains growing from opposite sides meet at
the midplane of the weld, a location which
tends also to act as a repository for impurities
and porosity, and is prone to fracture at low
strains. The influence of weld shape on this
grain structure is shown in Fig. 4.18. The
problem of ingotism can best be handled by so
manipulating the gap configuration or welding
procedure as to change the geometry of the
columnar grain structure; these manipulations
often include reducing the travel velocity of
the heat source.
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Rapid solidification of almost any tech-
nically important metal alloy involves micro-
segregation of alloying elements. This unmix-
ing process is associated with, and, in large
measure, responsible for the formation of
dendrites. A dendrite is a structural feature
which reflects the complex shape taken by the
liquid-solid interface during solidification (see
Fig. 4.17).

The primary dendrites and dendrite arms
which form early in solidification are of a
higher melting composition than the inter-
dendritic material which freezes later. Those
alloy elements which lower the melting tem-
perature are progressively displaced by the
growing solid, and must migrate away from
the liquid-solid interface by diffusion into and
through the liquid. However, diffusion is a
slow process, and there is a tendency for low
melting liquid to accumulate at the interface.
This accumulation impedes growth. The char-
acteristic filamentary, branched configuration
of dendrites is a direct consequence of this ac-
tion: The growing solid dendrite arms literally
“reach” through the enveloping layer of low
melting liquid.

The spacing between dendrite arms deter-
mines the microscale of alloy segregation and
is determined by the rate of solidification. The
more rapid the solidification, the more closely
spaced are the dendrites.

The dendrite arm spacing is a structural
feature of quite small magnitude, typically
much smaller than the grain size. (It is not
unusual for the grain size in some weld metals
to exceed 1 mm [0.04 in.]; there may be thou-
sands of dendrite branches within one grain.)
There is a unique dependence by the dendrite
arm spacing on energy input; in fact, as a diag-
nostic technique, energy inputs can be esti-
mated with fair accuracy by measuring the
dendrite arm spacing when data on welding
parameters are not available. Although the
tendency is for grain size to increase with
energy input, there is no fixed relationship.
The grain size can be influenced by nucleating
agents (grain refiners), vibration, or other pro-
cess variables, but the dendrite arm spacing is
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exclusively a function of solidification rate
which is controlled by energy input.*

If weld solidification rates are quite
rapid, full dendrites may not develop. Under
these conditions, a much shorter projection of
the freezing interface into the liquid weld pool
occurs which is called a cell structure. Spac-
ings between cells are normally smaller than
those between dendrites and segregation of
solutes is not so extensive. Examples of
dendrites and cells with their corresponding
segregation patterns are shown in Fig. 4.19.

Gas-Metal Reactions

In a fusion welding process such as arc
welding, the extent to which the metal and the
atmosphere interact is strongly dependent on
the physical details of the welding process.
Thus, in gas metal arc welding (GMAW)-spray
transfer, reactions may be quite extensive even
though the exposure time is brief. In the first
place, the liquid metal transfers across the arc
in the form of tiny droplets which offer a very
large reacting surface area, and which become
superheated to temperatures far above the
melting point. Second, the arc atmosphere it-
self is rendered highly reactive by the dissocia-
tion and ionization of gas molecules. An ele-
ment such as nitrogen, often regarded as
relatively inert, becomes highly reactive in an
electric arc.

Some processes minimize exposure. Gas
tungsten arc welding (GTAW) and GMAW-
short circuiting arc are in this category
because in these processes liquid metal is
transferred in the form of relatively large
droplets, thus minimizing the exposed surface
area; moreover, these large droplets are never
in “free flight” through the high temperature
arc plasma, and so never become superheated
more than 100 °C (180 °F) above the melting
point.

Other processes, such as submerged arc
welding (SAW), minimize gas-metal reactions
by interposing a protective slag barrier be-
tween the metal and the atmosphere. In some

*See the discussion of solidification rates in Chapter
3, p. 88.

cases, such as in electron beam welding (EBW)
and GTAW, adverse gas-metal reactions are
prevented by insuring that the welding at-
mosphere is absolutely nonreactive. However,
with some of the most productive and
economically attractive arc welding processes,
notably GMAW and the shielded metal arc
welding SMAW processes, the arc atmosphere
is inherently reactive, and it becomes necessary
to compensate and control the effects of gas-
metal reactions.

The earliest attempts at consumable
electrode arc welding of steel were made using
bare wire electrodes without any control of the
arc atmosphere. The early welds produced by
this method, while representing the beginnings
of a major advance in manufacturing tech-
nology, tended to be quite porous and brittle.
As the infant welding industry progressed, it
was discovered, quite circumstantially, that
weld quality sometimes improved when the
electrode wire was covered with oxide or
drawing lubricant, and so began the arc weld-
ing industry.

The improvement of weld quality associ-
ated with nonmetallic electrode coverings was
partly due to the enhancement of arc stability
through promotion of emission and ioniza-
tion, and partly to the exclusion of air from
the arc atmosphere. This exclusion of air was
(and still is) accomplished by volatilization or
destructive distillation of compounds in the
electrode covering.

It is now recognized that the exclusion of
air from the arc atmosphere is absolutely vital
to the production of high quality arc welds in
steel. This fact can be somewhat perplexing
since in other metal processing operations,
steel is melted and poured in air without any
concern at all. However, as previously noted,
the gases nitrogen, oxygen, and water vapor
are rendered highly reactive in an electric arc
and thus can be harmful.

Control of oxygen is basic in fusion weld-
ing of steel. To some degree, oxygen is always
present in or available to the liquid weld
metal, but the concentration varies widely with
the oxidizing potential of the arc atmosphere
and with the composition and surface condi-



tion of the metal. A major concern is to pre-
vent oxidation of carbon, the reaction most
frequently responsible for porosity in steel
weld metal:

C + O — CO (gas bubbles)

This unfavorable reaction is usually pre-
vented by deoxidation; elements having a high
affinity for oxygen, such as aluminum or
silicon, are introduced into the weld metal in
order to react preferentially with oxygen:
giq —10- j ;)5» 31[(35203 (gonrr'netauic inclusions)
Mn + O — MnO (deoxidation products)

In fact, the chemical control in welding
may be regarded as a battle in which carbon
competes with the deoxidizing elements for the
available oxygen. To avoid porosity, it is im-
portant to insure that the deoxidizing elements
win this competition.

The deoxidation reactions in steel have
the mildly undesirable side effect of producing
nonmetallic inclusions. These may rise to the
surface of the weld pool or may remain in the
deposit in the form of complex oxides. Such
inclusions are generally very fine and widely
dispersed and unless extensive have little sig-
nificant effect on mechanical properties. The
nonmetallic deoxidation products are far
preferable to porosity.

However, excessive concentrations of
aluminum and silicon should be avoided;
otherwise, there may be serious loss of duc-
tility and toughness, especially at low tem-
peratures. It is therefore important to balance
the quantity of deoxidizers provided with the
oxidizing potential of the weld system. The
ideal chemistry incorporates deoxidizers
slightly in excess of that theoretical minimum
amount needed to react with the available ox-
ygen. Achieving this balance requires a com-
patible selection of the process and materials
comprising the welding system.

The principal sources of oxygen are the
arc atmosphere, the oxide or scale on the sur-
faces of the workpieces, and the oxygen which
initially may be present in the metal. Deox-
idizers (aluminum and silicon) are usually
available from alloy elements in the electrode,
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constituents in the covering of a consumable
SMAW electrode, or in the core of a GMAW
flux cored electrode. For example, if the arc
atmosphere is 100 percent carbon dioxide, and
therefore strongly oxidizing, it is essential to
supply a relatively large quantity of deox-
idizer; on the other hand, if the atmosphere is
argon containing two percent oxygen, far less
deoxidation is necessary.

These requirements present a com-
patibility problem: a filler metal which is of
the ideal composition for the welding of steel
with the GMAW process using argon-two per-
cent oxygen, may produce a porous weld in an
atmosphere of 100 percent carbon dioxide.
Conversely, a filler metal (whether flux cored
or not) which produces a satisfactory weld in
100 percent carbon dioxide, may not be suita-
ble for use in the argon-two percent oxygen at-
mosphere because of over-deoxidation. The
effect of under-deoxidation is porosity which
is readily detected and frequently rejectable.
The effect of over-deoxidation (loss of duc-
tility and impact resistance) is more subtle and
not detectable by nondestructive means.

The problem of compatibility between the
welding environment and materials has been
somewhat intensified by the development of
the GMAW process, because with GMAW the
user has independent control over the filler
metal composition and the arc atmosphere. On
the other hand, in SMAW the electrode
manufacturer is entirely responsible for com-
patibility because he provides the arc at-
mosphere and deoxidizing capacity as an in-
tegral unit.

Water vapor can be harmful, particularly
as a source of hydrogen which can cause
porosity and embrittlement. Porosity can be
controlled by excluding the gas, or by insuring
that the molten metal has sufficient fluidity to
allow the gas to escape. A far more serious
effect of hydrogen is the formation of cracks in
high carbon and alloy steel welded joints. This
effect is also dependent on solid state reactions
in steels and will be discussed later. Water
vapor can also be harmful in welds because it
produces a loss in arc stability.

In nonferrous alloys, the primary gas-
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metal reactions of concern are the solution,
reaction, and evolution of hydrogen or water
vapor. These gases therefore should be ex-
cluded from the molten pool. In aluminum
and magnesium, the hydrogen is often in-
troduced from hydrated oxides on the surfaces
of the wire or workpieces, and evolves during
solidification to produce porosity. For this
reason, wires for welding are stored in sealed,
desiccated containers, and mechanical clean-
ing or vacuum heating at 150 °C (300 °F) is
recommended for workpieces or wires which
have been exposed to moist air. For aluminum
alloys, a small concentration of chlorine gas in
the arc atmosphere reduces porosity.* For
magnesium, the hydrogen solubility difference
between the liquid and solid states is less than
that for aluminum, so the tendency for hy-
drogen-produced porosity is reduced.

In the case of copper and copper alloys,
hydrogen reacts with oxygen in the liquid
metal during solidification to produce water
vapor and thus porosity. The filler metals for
copper alloys contain deoxidizers to prevent
this reaction. Alloys of zinc, aluminum, or
beryllium are not porosity prone because these
elements themselves have a deoxidizing effect.
Nickel-copper and nickel alloys are more
prone to porosity, and filler metals for these
alloys contain strong deoxidizers.

Titanium alloys are embrittled by contact
with a number of gases such as nitrogen, hy-
drogen, or oxygen, and these elements must be
shielded from the arc atmosphere. Welding is
done in vacuum or under carefully shielded
conditions.

Liquid-Metal Reactions

During the welding process, nonmetallic
liquid phases are frequently produced that in-
teract with the liquid weld metal. These may
be deliberately produced, as is the case with
slag layers formed by the melting of flux in the
SMAW, SAW, and electroslag (ESW) or
electrogas (GMAW-EG, FCAW-EG) pro-
cesses. They may also be produced as a result

*Since chlorine attacks tungsten, it cannot be used in
gas tungsten arc welds.

of reactions occurring in the molten weld pool
and may remain in or on top of the weld metal
after welding, as, for example, is the case with
fine inclusions in carbon dioxide-shielded gas
metal arc welds. When slag layers are formed,
a variety of chemical reactions occur between
the liquid metal and slag, reactions that are
quite similar to those which occur during the
refining of the metal when it is produced from
ore. The slag which is formed from the weld-
ing flux is therefore an important part of the
welding process.

In general, flux layers are used almost ex-
clusively in ferrous welding. The surface films
produced in the welding of aluminum,
titanium, copper, and other metals are com-
posed of oxide layers resulting from an imper-
fect gaseous shielding on the weld metal. Simi-
lar layers occur in gas metal arc welds in steel.

The flux layers used in the SMAW, SAW,
and ESW or GMAW/FCAW-EG processes are
designed to absorb deoxidation products pro-
duced in the arc and molten metal. The quan-
tity and type of nonmetallic deoxidation pro-
ducts generated in arc welding steel are
directly related to the specific shielding and
deoxidants used. These nonmetallics, pri-
marily silicates of aluminum, manganese, and
iron, may float to the surface of the weld pool
and become incorporated in the slag, but some
will remain in the metal as inclusions. The
cleanliness of the weld metal is influenced by
the quantity of nonmetallics produced, and by
the extent to which they can be removed with
the slag. Clearly, the more strongly oxidizing
is the arc environment the more deoxidation is
required, and the greater the quantity of non-
metallics produced.

An important feature of deoxidation is
the composition of the resulting nonmetallics.
Aluminum is a powerful deoxidizer but is best
used in conjunction with silicon, which is
somewhat less powerful, and manganese,
which is relatively weak. In concert, these ele-
ments form liquid products of deoxidation
which readily agglomerate, float, and are
fluxed from the liquid metal into the slag.
Deoxidation with aluminum alone tends to
result in dirty weld metal because the fine dis-



persion of solid nonmetallic particles pro-
duced is likely to remain in the weld metal. In
practice, silicon and manganese react with the
bulk of the dissolved oxygen, and sufficient
aluminum is provided to insure a very low
final oxygen concentration, thus preventing
any oxidation of carbon which might cause
porosity. Ideally, the quantity of aluminum in-
troduced, together with silicon and
manganese, should be just enough to leave
about 0.01 percent metallic aluminum (but
not more than 0.05 percent) in the weld metal.
In addition to the deoxidation function,
welding slags may also aid in removing
sulphur and phosphorus from the deposit. In
this regard they are much like metallurgical
slags; that is, an oxidizing basic (lime rich)
slag is necessary to perform this function. The
extent to which welding fluxes can act in this
capacity is not clear, however, only the lime-
rich fluxes (for example, the coverings for
EXX18 electrodes) can perform this function.
Another important effect that results from
the interaction of the liquid and solid state is
the weld defect referred to as hot cracking.
This phenomenon arises whenever, during the
solidification of the weld metal, the inter-
dendritic liquid (the last region to freeze) has a
substantially lower freezing temperature than
the bulk dendrite. Under these conditions,
shrinkage stresses produced during solidifica-
tion become applied to this small liquid region
and produce interdendritic cracks. These
cracks are called hot cracks because they occur
at temperatures close to the bulk solidification
temperature. They are promoted by any com-
positional variations in the weld metal that
produce a low melting interdendritic liquid.
In ferrous alloys, including the stainless
steels and nickel alloys, the most common
cause for this cracking is the presence of low
melting iron and alloy sulfides that wet the
dendrite surfaces. However, in some ferrous
alloys, such as stainless steels, silicates have
also been found to produce cracking. The con-
trol of cracking in these alloys is usually ac-
complished by controlling the amount and
type of sulfides that form and the minor alloy
constituents that may promote cracking. Thus,
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in ferrous welds, manganese-to-sulfur com-
position ratios of 30 or more are used to pre-
vent hot cracking in weld metal, although
when harmful alloy elements such as carbon,
phosphorus, and perhaps nickel are present,
the manganese-to-sulfur level may have to be
increased. In stainless steels of the austenitic
type, a duplex microstructure in the weld
metal, such as austenite and delta ferrite, will
effectively prevent cracking. For this reason,
weld metals for these alloys are compounded
to contain two to eight percent ferrite. Ferrite
in greater amounts may adversely affect weld
metal properties.

In nonferrous alloys, hot cracking, when
encountered, may be caused by the fact that
the alloy composition exhibits a liquid-solid
region extending over a wide range of tem-
peratures on its phase diagram. In such a posi-
tion on the diagram, the large freezing point
range for the dendritic and interdendritic
material promotes shrinkage stresses imposed
on the interdendritic region, which cracks. In
these alloys, the cracking may be reduced or
eliminated by increasing the alloy content of
the weld metal to reach a composition whose
liquidus-to-solidus temperature gap is de-
creased.

Solid State Reactions

In terms of the behavior of weld metals,
there are a number of solid state reactions that
are important as strengthening mechanisms in
the weld metal itself. These will be discussed
in detail later in this chapter. In terms of in-
teractions occurring during the welding pro-
cess, however, there are some important
phenomena involving solid state transforma-
tions and subsequent reactions with dissolved
gases in the metal. The most significant of
these phenomena is the formation of cold
cracks in weld metal (or heat-affected zones),
often referred to as delayed cracking.

This type of cracking is confined to steels,
and in particular to steels which can transform
to hard transformation products upon cooling
from the weld thermal cycle. These steels,
called hardenable steels, have compositions
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that permit the normal transformation pro-
ducts in steel to be bypassed in favor of a hard
and highly (internally) strained phase called
martensite (refer to the earlier discussion of
martensite on p. 110.)

The cracking defect itself occurs after the
weld has cooled well below the melting tem-
perature, sometimes hours or even weeks after
welding. It is always associated with the pres-
ence of hydrogen in the weld metal which
remains there during solidification and subse-
quent transformation. Since this type of crack-
ing is always associated with hydrogen and
martensite, the following two precautions are
universally used to minimize the risk of
delayed cracking: (1) preheat and other pro-
cess variables which are adjusted to keep the
cooling rate low enough that hard structures
are not produced in the weld and, (2) steps to
exclude hydrogen from the welding environ-
ment or quickly diffuse it away from the mar-
tensite after welding.

There is no question that hydrogen pro-
motes cracking in hardenable steels. The fun-
damental details are not clear, but they ap-
parently relate to phase transformations and
attendant changes in hydrogen solubility dur-
ing cooling.

At high temperature (above 800 °C [1470
°F]) the steel is face centered cubic austenite, a
form in which hydrogen is quite soluble. Upon
cooling, the austenite transforms either to an
aggregate of ferrite and carbide or to marten-
site, and there is a drastic reduction in hy-
drogen solubility. In a plain carbon steel, this
transformation takes place at a relatively high
temperature (near 700 °C [1290 °F]), even if
cooling is rapid. Consequently, there is suffi-
cient mobility so that much of the rejected hy-
drogen can diffuse out of the metal. Moreover,
the high temperature transformation product
(ferrite plus carbide) which forms in the heat-
affected zone is relatively ductile and crack
resistant.

A rapidly cooled hardenable steel
transforms at a much lower temperature
(generally below 400 °C [750 °F] and often
near room temperature), so the hydrogen is
locked into the structure which may also be

hard and brittle. It is this combination which
induces cracking. The association of hydrogen
with cracking led to the development of low
hydrogen electrodes.

Low hydrogen electrode coverings must
be kept as nearly moisture free as possible
because water is a potent source of hydrogen.
For this reason, the electrodes frequently are
supplied in hermetically sealed containers.
Contact with humid air will cause harmful hy-
dration. Ideally, the electrodes should be used
immediately upon removal from their sealed
container. When this is not possible, the ex-
posed electrodes should be stored in a desic-
cated environment or at a temperature of
about 130 °C (265 °F). It is important to
recognize that electrodes which have become
hydrated by exposure to the atmosphere may
not be readily dried since some of the moisture
combines chemically with constituents of the
electrode covering. Information on rebaking
(drying) procedures for these electrodes may
be found in the latest edition of the Structural
Welding Code, AWS D1.1 (paragraph 4.9)
and from the electrode manufacturer.

The problem of delayed cracking is not as
severe with weld metal as it is in the weld heat-
affected zone and will be discussed again
under that topic.

Strengthening Mechanisms in Weld Metals

The final mechanical properties of weld
metals are, to a large extent, established at the
time that solidification is complete. Relatively
few commercial applications of welds require
or even permit the weld to receive a full reheat
treatment and thus the strength and toughness
of the weld may be entirely dependent on the
composition of the weld nugget and the tech-
nique by which it was deposited. In some in-
stances, the welded joint receives a postweld
heat treatment at high enough temperatures to
soften a hardened heat-affected zone and to
relieve residual stresses, but this treatment will
usually not increase the strength of the weld
metal, and may not improve its toughness. In
carbon steels it frequently does improve
toughness, however.



The properties of the weld metal,
especially its strength, are therefore usually
governed by solid solution strengthening and
fine particle strengthening effects. For this
reason, the manganese content of ferrous alloy
welds is usually higher than that of the base
metal, although the carbon content is lower.
The reduced carbon content is often required
to control hot and cold cracking and to main-
tain the toughness of the weld metal. The
natural solidification structure of most weld
metal is fine. Even though the solidification
dendrites appear large, the fine dendrite
branching between the major dendrite col-
umns produces a fine microstructure resulting
from the beneficial strengthening mechanisms.

Precipitation hardening or martensitic
strengthening is not commonly employed in
weld metals because a heat treatment is re-
quired subsequent to welding. In a limited
number of cases, however, the actual weld
deposition procedure may act as a sufficient
quench to the weld metal to produce a heat
treatment effect. Thus, an alloy steel weld
metal deposited at a sufficiently low heat input
may transform to martensite with its attendant
hardening effect. The composition of some
aluminum alloy weld metals is such that the
welding procedure leaves the weld in the solu-
tion treated condition, and it will subsequently
age at room temperature to a higher strength
level.

Postweld heat treatments usually soften
weldments, but the preceding discussion shows
that this is not always true of a precipitation
hardening weld metal. The postweld heat
treatment of a material such as an aluminum
alloy may produce hardening, and in ferrous
alloys containing vanadium, it may also pre-
cipitate alloy carbides which have a hardening
effect.

THE HEAT-AFFECTED ZONE

The response of the area next to the fu-
sion line in a welded joint is quite dependent
on the nature of both the material welded and
the welding process or procedure. Since the
weld thermal cycle is generally a rapid one, the
materials most influenced by welding will be
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those strengthened by heating and quenching
heat treatments. Nevertheless, it must also be
remembered that the temperatures in the weld
heat-affected zone vary between the ambient
and the liquidus temperature. At temperatures
close to the liquidus, many metallurgical pro-
cesses that proceed slowly at lower tem-
peratures (because they depend on solid state
diffusion) such as recrystallization annealing,
solution treatment, tempering, and aging, can
proceed to completion quite rapidly.

The influence of welding on some
materials can act simultaneously as both a
rapid heating and cooling and an annealing
cycle depending on the part of the heat-
affected zone referred to. Thus in order to un-
derstand the various effects of weld heat on the
heat-affected zone, it is simplest to discuss
these effects in terms of four different types of
metal alloys which may be welded. These are:
(1) metal alloys that are alloy (solid solution)
strengthened, (2) alloys that are strengthened
by cold work, (3) alloys that are precipitation
hardened, and (4) alloys that are transforma-
tion (martensite) hardened. Even though some
materials are strengthened by more then one of
these processes, for simplicity the processes
will be considered separately.

Alloy Strengthened Materials

Metals and alloys that are strengthened by
alloying alone, that is, by solid solution
strengthening, are normally the easiest to weld
from the standpoint of the heat-affected zone.
If they undergo no solid state transformations,
the effect of the thermal cycle is quite
minimal, and the properties of the heat-
affected zone will be little changed by welding.
Since the region next to the fusion line will be
heated very close to melting, some grain
growth may occur in this region. This will
normally have only a modest influence on
mechanical properties, but in the case of some
body centered cubic metals, particularly the
refractory metals, coarse grain size in the weld
heat-affected zone may increase their transi-
tion temperature and reduce ambient tough-
ness.
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Fig. 4.20 — Recrystallization of cold worked base metal in the vicinity of a weld. A: Cold worked metal (elon-
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without phase change. Below: Weld in iron or steel.

Of much greater concern are the materials
that are not used in the heat treated condition
but are from an alloy system which will re-
spond to heat treatment. For example, hot
rolled steels do not achieve their mechanical
properties through special heat treatments but
rather through alloying of iron with carbon,
manganese, and perhaps several other alloy
clements. When welded, these materials can
sometimes transform to martensite from the
weld thermal cycle. This transformation will
lead to a major change in the properties of the
heat-affected zone, and these materials must be
considered as transformation hardening
alloys. This type of material will be discussed
later.

Materials in the alloy-strengthened group
are annealed aluminum alloys, annealed cop-
per alloys, and very low carbon, hot rolled, or
annealed steels. Annealed ferritic and
austenitic stainless steels come under essen-
tially the same category; however, the
austenitic stainless alloys have a special heat-
affected zone problem called “sensitization.”
These steels rely on high levels of chromium
(about 18 percent) for good corrosion resis-
tance. When the austenitic alloys are welded,
the region in the heat-affected zone between

about 550 °C and 650 °C (1020 and 1200 °F)
will be in the right temperature range for the
chromium present to combine with carbon and
chromium carbides which will precipitate in
the grain boundaries in this heat-affected zone
region. This precipitation reduces the effective
chromium content to a level susceptible to
rapid corrosion, and the region is said to be
“sensitized.” There are three solutions to this
problem: Reduce the carbon content of the
steel (that is, to use extra low carbon grades)
add to the steel alloy elements which combine
with carbon (titanium or columbium), or
reheat the weldment to 980 °C (1800 °F) and
rapidly cool it to room temperature so that the
grain boundary carbides are dissolved and do
not have a chance to reform.

Strain Hardened Materials

Since all strain hardened materials will
recrystallize when heated close to their melting
points, it is to be expected that a heat-affected
zone containing these materials will soften
considerably from its cold worked hardness.
The heat-affected zone structure will be that
shown in Fig. 4.20. In the figure, the cold
worked base metal shows the typical elongated



and crushed grains resulting from mechanical
deformation. At some point in the heat-
affected zone, the base metal reached a tem-
perature just high enough to cause
recrystallization and this is detected by the
presence of fine, equiaxed grains in the
microstructure. At the fusion line, the cold
worked structure has been completely
recrystallized and the new grains have grown
to a large size. The weld metal grain (dendrite)
size is usually as large or larger than this
coarse-grained heat-affected zone. As might be
expected, the coarse-grained heat-affected
zone no longer has the strengthening effect of
cold work and thus is much softer than the
cold worked strength level of the base metal.
Under such circumstances, the weldment will
not generally be able to meet the strength
specifications for the base metal and a lower
strength will have to be accepted. As a result,
the strength of the weldment probably will be
close to that of the annealed plate.

In the case of cold worked materials
which transform when heated, the effects of
welding are even more complex. As shown in
Fig. 4.20, these materials, principally iron and
steel alloys, will have two recrystallized zones.
The first zone results from recrystallization of
the low temperature alpha phase (refer to the
iron carbon phase diagram, Fig. 4.8) which
has been cold worked. The second
recrystallized region results from the fact that
the ferrite phase transforms between 723 and
910 °C (1333 and 1670 °F) to the gamma
phase, which also brings about a recrystalliza-
tion. Thus the microstructure of these alloys
will show two recrystallized regions in the
heat-affected zone.

Precipitation Hardened Materials

The alloys that are strengthened by pre-
cipitation hardening respond to the heat of
welding much as the work hardened alloys do;
that is, the heat-affected zone undergoes an an-
nealing cycle. In this case, however, the
response of this zone is more complex since
the welding thermal cycle produces different
effects in different regions of the heat-affected
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zone depending on the peak temperature
achieved. Since this type of alloy normally
receives a three step heat treatment involving a
solution treatment, a quench from the solution
treatment temperature, and an aging heat
treatment (see page 113—117), it is to be ex-
pected that any alloy in the aged condition
will be substantially reheat treated by welding.
At the regions closest to the weld, the metal is
heated close to melting and this thermal cycle
acts as a re-solution treatment of the alloy.
Since welding thermal cycles are usually rapid,
the cooling rate from this treatment is usually
fast enough to serve as a quench and the result-
ing structure is a single phase solid solution
region. This region is usually relatively soft,
and often coarse grained as well, but can be
hardened by an aging treatment following
welding.

The region next to this has been heated
close to but below the solution treatment tem-
perature. This region will therefore become
“overaged” during the weld thermal cycle.
Subsequent heat treatment cannot reharden
this region unless a full retreatment of the
joint using a solution treatment and a quench
and aging cycle is employed. Regions farther
away from the weld will be given a slight aging
treatment but usually this is of little conse-
quence unless the temperature of the region
rises close to that used for solution treatment.
Figure 4.21 illustrates the regions developed
in the heat-affected zone of a precipitation
hardened alloy.

While it is almost impossible to weld high
strength precipitation hardenable alloys with-
out some loss of strength, a variety of tech-
niques may be used to minimize this loss. The
most effective of these techniques is to re-solu-
tion treat and quench and age the weldment.
This technique is the most difficult to do, and
in the case of large weldments, may not be
practicable. A second approach would be to
re-age the weldment only. This raises the
strength of the solution treated region of the
heat-affected zone, but does not improve the
strength of the overaged zone. The third ap-
proach is to simply accept the strength loss in
the weldment and design on that basis—a pro-
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Fig. 4.21 — The influence of the weld thermal cycle on a precipitation hardening alloy. Left: The weld heat-
affected zone regions. Right: The corresponding positions on the phase diagram for the alloy.

cedure that is not very cost effective since alloy
strengthened materials having the same
strength level are usually less expensive than
the higher strength precipitation hardening
alloys. Another alternative is to weld the alloy
in the solution treated condition and use aging
only after welding. The overaged zone is still
weakest, but the overall effect may be an im-
provement over the aged and welded condi-
tion.

Since it is the weld thermal cycle that is
damaging to the strength of the heat-treated
material, it is always advisable to avoid high
heat input processes when welding these
alloys. Thus, electron beam welds in precipita-
tion hardening alloys produce the best joint
efficiencies while submerged arc or electroslag
welds produce the poorest.

Another problem that often occurs in pre-
cipitation hardening alloys, but is by no means
exclusive to them, is heat-affected zone hot
cracking. These cracks occur because regions
next to the weld fusion line are heated to such
a temperature that some of the phases present
may melt. If these phases lie near or along
grain boundaries, they wet the boundaries and
cause intergranular separation. They are, in
most respects, like weld metal hot cracks but

are usually small (sometimes called
microcracking) and lie next to, but on the
heat-affected zone side of, the fusion line. This
type of hot cracking is usually eliminated by
control of the base metal composition.

Transformation Hardening Materials

The transformation hardening alloys of
interest are the steels with enough carbon and
alloy content present to transform to marten-
site upon cooling from welding. These may be
steels which are already heat treated to tem-
pered martensite prior to welding, or simply
steels that have the right composition to
transform to martensite even though they have
never been deliberately heat treated. In either
case, the sequence of regions in the weld heat-
affected zone is approximately the same. These
regions, along with the pertinent phase
diagram, are shown in Fig. 4.22.

Next to the fusion line will be a region
(region 1) heated close to the melting point,
and this will consist of material heated high
into the austenite temperature range. This
material will be extremely coarse grained, and
if the cooling rate is high enough, can readily
transform to martensite. It will normally be a
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Fig. 4.22 — Relation between the peak temperatures experienced by various regions in a weld, and how these

correlate with the iron-carbon phase diagram.

high hardness zone. Next to this will be a
region (region 2) heated just into the all-
austenite range. This will normally be fine
grained and will not readily transform to mar-
tensite. It will be of moderate hardness only.
The next region away from the weld (region 3)
will be the “intercritical zone.” This area has
been heated partially into the austenite range
and thus is a mixed structure. A small amount
of martensite may form in this zone. This area
is usually not very hard, but if martensite is
present, it may be somewhat brittle.

The final region (region 4) of the weld
heat-affected zone in this case is the tempered
zone. In this region the metal is not heated

high enough to form austenite (that is, it is less
than 723 °C [1333 °F]), but rather the weld-
ing heat serves to temper the metal to a soft
condition.

The zones just described are not indepen-
dent of the welding process or procedure. In-
tense energy welds produce narrow heat-
affected zones but also induce high cooling
rates, thus promoting martensite. High heat in-
put welds create larger zones, but may produce
slower cooling rates, thus making softer heat-
affected zone regions.

It might seem that producing martensite
in the weld heat-affected zone would not be
such an undesirable feature of welding this
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kind of alloy since martensite is hard and
strong, but there are several problems that
martensite may present. The first of these con-
cerns the properties of this zone; it is hard but
often brittle, and thus not acceptable. This
brittleness normally increases as the carbon
content of the steel increases.

Secondly, the presence of martensite pro-
motes cold or delayed cracking in the heat-
affected zone just as it does in weld metal.
Once again, martensite alone will not cause
cracking; there must be two elements present
in addition to martensite: hydrogen and
restraint-induced stresses. While all three of
these elements can be controlled in welding,
this type of cracking occurs much more com-
monly in heat-affected zones than in weld
metals, and thus is often known as “underbead
cracking,” that is, in the heat-affected zone
under the weld bead.

The procedures used to eliminate this
cracking are, first, to remove hydrogen from
the area (as described in the weld metal case).
This includes the use of low temperature

postheating to hasten the escape of hydrogen
from the weld area. One of the more common
sources of hydrogen is the welding electrode,
since hydrogen normally enters the heat-
affected zone by diffusion from the molten
weld metal. Thus low hydrogen electrodes may
be used to suppress cracking in the heat-
affected zone. Secondly, restraint may be
decreased by control of joint design. Third,
steps may be taken to prevent the formation of
martensite by selecting a base metal that has a
low cracking tendency (discussed later under
base metal properties) or by preheating the
joint. This latter step not only thoroughly
dries the joint and thus eliminates hydrogen
(water) but also allows the cooling rate from
welding to be adjusted so that no martensite
will form. The hardness of a weld heat-
affected zone is usually a good indication of
the presence of martensite and thus potential
cracking. Cracking rarely occurs at weld
hardnesses of VHN 250 or less, but is com-
mon as the VHN approaches 450.

Figure 4.23 shows three welds in a steel



that were given different thermal treatments.
The first weld was made without preheat, thus
hard martensite formed. The second was made
on a preheated plate. The third plate was
heated to a high temperature, usually between
550 and 650 °C (1020 and 1200 °F) after
welding. This treatment is a form of
“postheating” or postweld heat treatment and
may be done both to improve the toughness of
the hard martensitic zone and soften the hard
martensite to prevent cracking. It will also
reduce the residual stresses of welding and
may be done for this reason alone. If only the
prevention of underbead cracking is desired, a
much lower temperature postweld heat treat-
ment may be used. Holding a complete welded
joint in the 200 °C (390 °F) range for a num-
ber of hours will allow any hydrogen present
to diffuse out of the steel before it can induce
cracking. For this reason, when welding un-
derbead crack sensitive steels, it is common
practice to preheat before welding and main-
tain the preheat temperature for some hours
after welding is complete (up to ten hours for
thick welded joints.)

When welding hardenable steels that have
already been heat treated to martensite and
then tempered, some other special precautions
may be necessary. It is not desirable to soften
(over temper) the region heated to less than
723 °C (1333 °F) next to the weld, so welding
heat inputs should not be too large. Indeed, in
some of these steels the heat input used is
deliberately designed to produce martensite in
the weld heat-affected zone. These steels fall in
the low alloy-high strength steel category, and
reference should be made to manufacturer-
recommended welding procedures when weld-
ing these steels.

Steels in this category may also demon-
strate heat-affected zone hot cracking
(microcracking). This hot cracking is pro-
duced by the same mechanisms mentioned for
weld metals and precipitation hardening
alloys. In steels, high levels of carbon and
sulfur promote hot cracking while manganese
reduces it. If the manganese-to-sulfur ratio in
the steel is 60 or greater, hot cracking is not
likely to occur.
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BASE METAL

The third component in a welded joint is
the base metal to be joined. Most of the com-
mon engineering materials available today are
readily weldable. However, there are materials
that are more difficult to weld successfully if
their full service characteristics are to be re-
tained. In selecting a material for a particular
use, therefore, one should carefully consider
its welding behavior with the available joining
methods as well as its performance charac-
teristics. All too often appropriate matching of
the joining process and procedure with the
material and application are considered so late
that the modifications then necessary result in
poor economy or performance. The key prop-
erty of a weldment system from a joining view-
point is the complex characteristic called
weldability.

Weldability

Weldability is the capacity of a metal or
combination of metals to be welded under
fabrication conditions into a specific, suitably
designed structure, and to perform satisfac-
torily in the intended service. The better the
weldability, the easier it is to meet these re-
quirements. Weldability is a complicated
property, however, and not easily defined. It
encompasses the metallurgical compatibility of
a metal (or alloy) with any specific welding
process, the ability of the metal to be welded
with mechanical soundness, and the ser-
viceability of the resulting welded joints.
Metallurgical compatibility implies that the
base metals and weld metal can be combined
within the degree of dilution encountered in a
specific process without the production of
deleterious constituents or phases. The
mechanical soundness must meet soundness
requirements and normal engineering stan-
dards. The serviceability factors concern the
ability of the finished weldment to meet
special requirements such as low temperature
impact, high temperature stability, or other
designated qualities.
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The weldability and metal combinations
vary considerably with the welding process
used. The heat effects and dilution percent-
ages* vary from essentially zero for ultrasonic
and explosion welding to extremely high heat
effects and dilution percentages in certain
types of submerged arc welding. In resistance
welding, the base metal may account for 100
percent of the weld metal. Many dissimilar
metal combinations previously considered un-
weldable may be joined by welding processes
with essentially no dilution. Pressure welding,
friction welding, ultrasonic welding and low
dilution metal arc welding such as GMAW-
short circuiting arc (GMAW-S) have increased
the combinations of materials that may be suc-
cessfully joined.

The surface condition, chemistry, and
mechanical properties of the base metals have
a decided effect on the production of a sound
weld. It is obvious that control of the major
alloying elements is necessary to meet service
requirements. The proper range or level of the
major alloying elements is normally guaran-
teed by the specification to which the base
metals are ordered. However, the proportions
of these alloying elements may have a pro-
found effect on the weldability. For example,
the carbon-silicon and chromium-nickel ratios
in austenitic stainless steels strongly affect the
hot cracking susceptibility of these alloys.

The major alloying elements are at least
defined by ranges, and in some cases by ratios.
The residual elements, which may cause ex-
treme difficulty in welding, are not always
specified to insure satisfactory weldability.
The specific elements and tolerable levels of
residuals should be defined for each type of
alloy.

Reviewing what has just been said about
the weld area, in terms of weldability, the as-
received strength of the materials must be

*In a weld bead containing both filler metal 4 and
base metal B, the percent of base metal B in the total weld (A4
+ B) is spoken of as the percentage by which the filler metal
has been diluted:

B
% dilution =
A

X 100.
+ B

known and welding techniques modified to
achieve the required and finished temper. The
heat of welding performed on cold worked
materials will reduce the mechanical proper-
ties by relieving stresses or by causing com-
plete recrystallization. Welding techniques on
cold worked materials must be designed to
minimize heat input. Likewise, quenched and
tempered structures must have minimal heat
input to retain their properties. Age-harden-
able materials with very stable precipitates
may be welded in the aged condition if heat
input is minimized; but in any aged material, a
small solution-annealed area will be present in
the heat-affected zone. Materials that age at
low temperatures, that are in the age-hardened
condition, and that have less stable precipi-
tates will be severely overaged in the heat-
affected zone when high heat input is used.

The surface condition of the base metals
may adversely affect the production of a sound
weld. Moisture on the surface of ferrous
materials may add hydrogen to the weld metal
and result in both porosity and hydrogen un-
derbead cracking. Moisture in other materials
will almost always produce porosity. Other
surface contaminants, such as sulfur or lead-
bearing materials, may result in hot shortness
on a macro or micro scale, by the formation of
low melting constituents. The effect of a con-
taminated base metal surface varies in extent
with various alloys. Oxides such as rust and
mill scale on ferrous materials may not only
prevent adequate fusion, but may also prevent
adequate wetting and slagging action. Refrac-
tory oxides such as those of titanium or
aluminum may melt at considerably higher
temperatures than the base metal and,
therefore, prevent proper fusion.

Metallurgical Considerations

As previously suggested, many welded
joints employ filler metals that do not match
the base metal. In all such applications, the
metallurgical consequences of mixing these
materials must be considered. Certain general
rules, based on solubility relationships of the
metals under consideration, are applicable.

In general, elements can be mixed in the



liquid state and not cause difficulty in the
solid state if the mixture will form a solid
solution. When the solubility range is large, as
in the case of the copper-nickel system (100
percent solubility), the elements can be diluted
in large percentages without the formation of
unwanted secondary phases. When the
solubility limit is grossly exceeded, embrittle-
ment may occur. Supersaturation may also oc-
cur because of the sluggishness of solid state
reactions, but then precipitation will result
when the metal is reheated to an elevated tem-
perature (age hardening). When understood
and planned for, this behavior may be used to
advantage; but when not expected, the embrit-
tlement of the welded joint will probably be
harmful.

In addition to solid solubility, weldability
also is affected by the formation of low melt-
ing eutectic phases between metals, and by low
melting metals and nonmetals. Since these
materials freeze at temperatures below that of
the matrix, they lead to hot shortness or hot
cracking. An extreme example is the effect of
sulfur on nickel, producing the nickel/nickel-
sulfide eutectic that does not freeze until ap-
proximately 540 °C (1000 °F), whereas nickel
freezes at approximately 1450 °C (2640 °F).

Certain metal systems demonstrate
allotropy; that is, they have the ability to
change their crystallographic structure during
changes in temperature. Several problems may
result from these crystallographic changes,
because of abrupt volume changes, drastic
solubility changes (especially the solubility of
gases), the formation of brittle phases and ma-
jor changes in mechanical properties. For ex-
ample, the austenite-to-martensite transforma-
tion is responsible for underbead cracking in
carbon and low alloy steels.

Certain combinations of elements pro-
duce gassing. When, for example, oxygen-
bearing copper is subjected to a hydrogen-con-
taining atmosphere, water vapor is formed
which ruptures the metal. Gassing may also
occur in carbon, carbon-molybdenum, and
chromium-molybdenum steels when these
metals are subjected to a hot hydrogen con-
taining atmosphere. Carbon in the presence of
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oxygen may produce carbon monoxide and
carbon dioxide, which will cause porosity in
metals. Hydrogen and sulfur may produce hy-
drogen sulfide.

The solubility of gases in molten metal is
high, compared with the solubility in the solid
state. Oxygen solubility in carbon steel for ex-
ample, changes from 0.16 percent to much less
than 0.01 percent at room temperature. Due to
the extreme decrease in solubility, oxygen is
expelled from the freezing metal; in many
cases, however, it never gets to the surface.
Even if oxygen is not present in high amounts
in the base metals, it may enter the molten
pool during welding. If unable to escape at
sufficiently high temperature, the gas will form
porosity in the weld metal. Oxygen porosity
can be easily controlled by the addition of
proper deoxidizing agents. These elements
possess high affinity for oxygen, combine with
the oxygen and become slagged out of the
molten pool. Typical deoxidizers in steel are
titanium, aluminum, zirconium, vanadium,
and silicon.

Dissimilar Metal Weldability Problems

The combination of metals with different
mechanical and physical properties can easily
result in weldability problems. Problems may
occur when similar base metals are welded
with a dissimilar filler metal, or when dissimi-
lar base metals are joined. When the weld
metal is much stronger at high temperature
than the base metal, high stresses may be set up
in the heat-affected zone of the base metal. If
plastic flow cannot take place to relieve these
stresses, cracking in the heat-affected zone may
result. When the mechanical properties of the
base metal involve high yield strength paired
with low ductility, the base metal may also
crack in welding.

Matching the physical properties of the
components of a welded joint is also impor-
tant. When an extreme difference in coefficient
of expansion exists between the weld metal
and the base metal or metals, thermal gra-
dients in postweld heat treatment or service
will cause stressing at the interfaces, which
may result in failures. Filler metals should be
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selected to provide a gradual change from one
base metal to the other whenever possible.

The thermal conductivity differences be-
tween metals must be recognized when weld-
ing dissimilar metal joints. The material with
higher thermal conductivity should be pre-
heated, or the welding techniques should be
modified to provide more heat input to that
metal.

When the melting points between base
metals or between base metals and filler metals
differ, techniques minimizing shrinkage
stresses must be used to prevent hot tensile
failures in the base metal with the lower melt-
ing point. If the joint is highly restrained, hot
tensile failure results from the freezing of the
weld metal when the heat-affected zone of the
lower melting base metal is in the mushy stage
since the mushy heat-affected zone cannot
withstand tensile stresses.

Effect of Alloying Elements on Weldability

The elements added intentionally or as
residuals determine the metallurgical charac-
teristics of the weld metal and base metal.
Alloying elements are added for one or more
of the following purposes:

(1) To form interstitial alloys and in-
crease mechanical properties by lattice distor-
tion.

(2) To form substitutional alloys and
strengthen the metal by solid solution harden-
ing.

(3) To provide deoxidation of molten
metal without loss of primary alloying ele-
ments.

(4) To increase or decrease hardenability
of the heat-affected zone (metals exhibiting
martensitic transformations).

(5) To form age-hardening precipitates.

(6) To form carbides.

(7) To provide nuclei for grain size con-
trol.

(8) To minimize segregation.

(9) To raise or lower ductile-to-brittle
transformation temperature.

(10) To control amount, distribution, and
shape of inclusions.

The only elements capable of forming in-

terstitial alloys are carbon, hydrogen, oxygen,
nitrogen, and boron. When these are present as
alloying elements, very small amounts result in
very great changes in mechanical properties.
The effects of carbon and boron on harden-
ability in steel are a good example of this fact.
Complete control of interstitial alloying is
necessary for the attainment of sound welded
joints. The pickup of carbon from car-
bonaceous materials, or of boron in gas weld-
ing from borate fluxes, may promote cracking
in welds.

Substitutional solid solutions are formed
when the atomic diameters of the elements in
the crystal lattice and the alloying element are
within approximately == 15 percent. As an ele-
ment is added by substitution, the original
crystal lattice is distorted in linear relation to
the amount of alloying element added. The
hardness and strength are increased in linear
fashion. When alloying takes place in the weld
metal or base metal and remains within the
limits of the substitutional solid solution, few
welding problems result. When solid solubility
is exceeded, secondary phases, intermetallics,
or complete rejection of one of the elements
occurs. Many special metallurgical charac-
teristics depend on exceeding solubility limits,
but whatever reaction occurs, it usually in-
creases difficulties in achieving weldability.
The corrosion resistance of almost all
materials decreases when secondary phases or
intermetallics are formed. Cracking may occur
when large amounts of elements are rejected,
such as copper or lead in steel.

Gassing on a major or minor scale due to
the decrease in oxygen solubility, and the com-
bination of oxygen with other elements such as
carbon, must be considered in the manufacture
of base metals. The solubility of metals for ox-
ygen and other gases decreases rapidly with
temperature, and porosity results when the
molecular gas is trapped in the metal. Alloying
agents such as titanium, aluminum, zirconium,
vanadium, and silicon all have greater affinity
for oxygen than iron and, therefore, may act as
deoxidizers in carbon and low alloy steels.
Other alloy systems utilize other deoxidizing
agents; for example, aluminum, zinc, silicon,



zirconium, and phosphorus are used in copper
alloys. All fusion welds require deoxidizing
agents, unless the welds are made in a vacuum
or under a special atmosphere. Even gas metal
arc and gas tungsten arc welds using inert
gases require deoxidizers to prevent gassing
from the atmosphere. The greater the amount
of metal melted, the greater the need for deox-
idizers. When welding thin sections of metal
by the GTAW process, the addition of filler
metal is often required only to provide ade-
quate deoxidation of the metal.

Alloying elements in steel may be added
to increase the hardenability. This is ac-
complished by reducing the critical cooling
rate and the temperature of the austenite-to-
martensite transformation. The elements hav-
ing the greatest effect on the hardenability of
steel are carbon, manganese, molybdenum,
chromium, vanadium, nickel, and silicon. The
effect of these elements on controlling the ten-
dency to form heat-affected zone martensite,
and thus cold cracking, is expressed in many
formulas, called carbon equivalent (CE) for-
mulas. A common one is:

- %Mn %Ni %Cr %Cu

CE=%C+—3—+*=5 *T0 * 20
% Mo %V
750 " 10

The hardenability of weld metal and base
metal in carbon and low alloy steels affects the
weldability in two ways. The chances for hy-
drogen underbead cracking increase with in-
creased hardenability, and the depth at which
hard brittle martensite is formed increases.
When CE by the above formula exceeds 40,
underbead cracking can occur. Cracking is
also influenced by welding preheat and other
factors, however.

Two other methods of increasing hardness
are the formation of age-hardening precipi-
tates and the formation of carbides. It is rare
when spontaneous aging, caused by multipass
welding, can result in appreciable hardening
and attendant decrease in weldability. In most
materials that will age with short times at tem-
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perature, the major problem is softening due
to overaging.

Most age hardening reactions have little
effect on weldability, since the normal percen-
tages encountered in standard nonage harden-
ing materials will not cause significant pre-
cipitation. When unusual combinations are
joined, the age hardening reactions must be
considered.

Nonmetallics are normally to be avoided,
but not in the case of carbides. Chromium,
molybdenum, tungsten, titanium, and colum-
bium* carbides may be required to produce
needed high temperature properties. In any
case, when a carbide is formed, the matrix is
depleted of both carbon and the carbide-form-
ing element. This depletion is innocuous for
almost all carbides except chromium carbide.
When this is formed in stainless steels, the
matrix in the grain broundary area is depleted
of as much as 70 percent chromium which may
lead to intergranular corrosion in the weld
heat-affected zone.

Grain refiners are added to metals to pro-
vide nuclei for the formation of many small
grains, and thereby to minimize poor proper-
ties due to coarse-grained structures. Basically
speaking, all grain refiners provide high melt-
ing intermetallics or nonmetallics (oxides, car-
bides, etc.) that form in the molten metal, and
nucleate grain growth. Aluminum, vanadium,
titanium, zirconium, and nitrogen act as grain
refiners in carbon and low alloy steels; zir-
conium and titanium are used in aluminum
alloys; iron, aluminum, and titanium are used
in copper alloys. Most good deoxidizers also
act as grain refiners when fine oxides are not
floated out of the metal. Grain refiners are im-
portant to weldability since decreased colum-
nar grain size always improves the ductility
and minimizes hot short cracking by better
distribution of low melting constituents.

*Element 41, which was named columbium by its dis-
coverer in 1801, has been renamed niobium. In order to pre-
vent misunderstanding among those who have become
familiar with the name columbium, the American Welding
Society, together with other American societies concerned
with the manufacture, use, or fabrication of metals, will con-
tinue to refer to this element as columbium.
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Effect of Process and Process Variables

Temperature distribution and cooling
rates are discussed in Chapter 3, p. 79. The
effects of heat input, including preheat, and
the type of welding process utilized, normally
control the cooling rate of the molten pool
and heat-affected zone. In metals exhibiting
high hardenability, slow cooling rates are en-
couraged to minimize heat-affected zone
cracking. In other alloys exhibiting solid state
phase transformation, slow cooling may also
be beneficial. In most face centered cubic
materials, however, slow cooling is detrimen-
tal. All grain boundary problems are aggra-
vated by the formation of coarse grains since
the available grain boundary surface decreases
in relation to volume. In metals that age
harden, slow cooling may age greater areas in
the heat-affected zone. High heat input and
slower cooling always increase the amount of
dilution, which may, as previously indicated,
be detrimental.

Preheat, which is a method of producing
slow cooling, is desirable in carbon and low
alloy steels because it minimizes the hardness
of the heat-affected zone, lowers shrinkage
stresses, allows more hydrogen to diffuse out
of the weld and minimizes very thin marten-
sitic zones.

The heat pattern or distribution may be a
function of many variables, such as polarity,
shielding gas, arc length, electrode manipula-
tion (whether automatic or manual) and ther-
mal conductivity of the base metal. The pat-
tern of heat input and its intensity determine
the shape of the molten pool and weld metal.
Weldability may be drastically changed when
the weld metal and the dilution pattern are
altered.

The selection of the best welding tech-
niques and sequences requires application of
all the factors that have just been discussed
affecting weldability. Special techniques for

welding are only required when special
problems are present. These may occur when
the base metal is not chemically satisfactory,
when the physical or metallurgical properties
of the base metals, the filler metals or both are
decidedly different, or when residual stresses
are extremely high. Distortion, weld metal,
and base metal cracking, and porosity may be
eliminated or reduced by appropriate
modification of the welding technique and se-
quence.

SUMMARY

The production of a sound welded joint
requires a thorough understanding of all of the
metallurgical factors that are involved. From
the control of the chemical composition and
heat treatment of the base metal, through the
selection of the proper process and procedure,
to the utilization of the proper filler metal, the
welder and welding engineer must combine the
elements of the welded joint requirement with
the available materials to produce a satisfacto-
ry joint. The number of principles to be con-
sidered is extensive and may seem formidable
to some, but properly understood, they also
permit a great deal of flexibility in the selec-
tion of alternate approaches to the same
weldability problem. Thus, when a welded
joint cannot be successfully produced by one
means, a second, perhaps more fruitful method
may be tried. The large number of approaches
is well illustrated by the problems and solu-
tions suggested in Table 4.4. In this table, a
variety of typical welding problems involving
a broad range of materials is listed. In each
case, a suggested solution, based on both
metallurgical principles and experience, is pre-
sented. This table is not to suggest, however,
that all weldability problems can be solved
with current technology, but it does point out
that many weldability problems can be and
have been solved by careful consideration of
the metallurgical factors related to joining.
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WELDABILITY TESTING

The term weldability, defined on p. 137,
is so all-inclusive that it is sensitive to all the
significant parameters encountered in fabrica-
tion and service. No single test or combination
of tests can accurately predict the performance
of most structures because the variables of
restraint, fit-up, surface condition, service
stresses, etc. are generally impossible to
forecast and therefore to duplicate.

Even with these limitations, weldability
testing can provide useful clues as to the pre-
cautions such as appropriate process selection,
preheat, energy input, joint design, and so
forth which may be required for a reasonable
degree of confidence in the resulting welded
joint.

Numerous weldability tests have been
devised, all of which can be classified as either
(1) theoretical, (2) simulated, or (3) actual
welding. These categories are described in the
following paragraphs.

THEORETICAL TESTS

An example of the theoretical weldability
test is the Jominy Hardness-Bend Ductility
System devised in 1943. This system predicts
the heat-affected zone cooling rate of a given
weld from experimentally based tables that
relate cooling rate to heat input, plate thick-
ness, and preheat.

A series of notched bend specimens are
austenitized at 1150 °C (2100 °F) and cooled
at the calculated rates to duplicate the ex-
pected hardness of the heat-affected zone. If
the specimens can be bent through 10-20
degrees, they are considered sufficiently duc-
tile for most applications.

Another theoretical approach for steel
consists of predicting heat-affected zone hard-
ness from the composition of a steel. In this

case, a modified carbon equivalent formula is
combined with a heat flow equation applicable
to the given weld. The following “rule of
thumb” exemplifies this type of approach: If
the calculated heat-affected zone hardness is
below VHN 300, hydrogen cracking is very
unlikely, while predicted hardnesses above
VHN 400 indicate high susceptibility to
cracking.

Obviously, the theoretical approaches do
not take the effects of weld metal into account
and since cellulosic weld electrodes have a
much greater tendency to cause heat-affected
zone cracking than low hydrogen electrodes,
the ten degree bend criterion may not be ap-
plicable in many cases. The VHN 300 limit is
generally conservative. Also, the effect of
preheat may not be correctly rated by these
methods. It has been shown that preheating to
100-150 °C (210-300 °F) does little to affect
the cooling rate in the transformation range
(that is, the heat-affected zone hardness is not
affected); however, the hydrogen-induced
cracking tendency decreases greatly. Thus
calculated weldability formulas may not take
into account all of the welding variables in-
volved.

SIMULATED TESTS

To simulate the heat effect of welding,
and thus create a synthetic weldability test,
two general types of apparatus are available:
(1) a unit which heats and cools a metal speci-
men over a thermal cycle exactly like that
found in a particular weld, and (2) a unit
which not only heats and cools the specimen
over the weld thermal cycle, but which also
can apply a controlled tension load to the
specimen at any time during the cycle.
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Table 4.4 — Typical welding problems

Cause

Remedies

Cracking — Weld Metal

High rigidity of joint

Reduce cooling rate (preheat); mechanically relieve residual stresses
(peening); minimize shrinkage stresses (backstepping block se-
quence). Increase strength of weld metal or build up greater cross
section of weld beads.

Excessive alloy pickup from base metal

Change current level and rate of travel; weld with straight polarity
if possible (emissive coating on wires and electrodes); overlay
base metal at low amperages prior to welding joint.

Defective electrodes (moisture, ec-
centricity, poor striking ends,
poor core wire)

Change electrode; grind striking ends to proper dimensions; bake
electrodes (low hydrogen).

Poor fit-up Reduce root gap; clad edges; weld with poor fit-up technique.
Small bead Increase cross-sectional area of weld, use larger electrode.

High sulfur in base metal (carbon
and low alloy steels)

Use process with high level of sulfur-fixing elements (basic slag
from EXX15, 16, 18).

Angular distortion (weld root in
tension)

Change to balanced welding on both sides; consider peening;
preheat.

Unsound welds

See Porosity and Inclusions, below.

Crater cracks

Fill in crater prior to withdrawing electrodes; use tapering device
for gas tungsten arc.

Cracking — Base Metal

Hydrogen in welding atmosphere
(underbead cracking — ferrous
metals, H,O embrittlement —
oxygen-bearing coppers)

Use hydrogen-free process (GMAW, GTAW, etc.; low-hydrogen
electrodes; SAW); high preheats, postweld aging or anneal.

Hot short cracking of base metal
(copper alloys)

Low heat input, high speed welding, thin beads, change material.

High strength with low ductility

Use annealed or stress-relieved material.

Hot tensile cracking of base metal
in heat-affected zone (copper
alloys)

Weld with electrode matching melting point of base metal

Excessive stresses

Redesign; change welding sequence (cladding or buttering tech-
nique); use intermediate stress relief.

High hardenability (steel)

Preheat; increase welding conditions to slow-cool weld beads;
postheat prior to cooling from interpass temperature; weld with
austenitic electrode.

Brittle phases

Solution heat treat prior to welding.

High lead content

Change material; weld with minimum heat input.

Porosity

Excessive hydrogen, oxygen,
nitrogen in welding atmosphere

Use low hydrogen process (GMAW, GTAW, SAW); use filler with
high deoxidizers.

High rate of weld freezing

Preheat; increase heat input; use lower melting filler.

Qil, paint or rust on base metal

Clean joint surfaces.

Dirty surface on GMAW electrode

Use specially cleaned wire.

Improper arc length, current, or
manipulation

Obtain better control of welding parameters.

Zinc volatilization in copper

Use ECuSi electrodes; reduce heat input.




Weldability Testing |/ 145

Table 4.4, continued — Typical welding problems

Cause Remedies
Porosity
Galvanized coatings on steel Use E6010 electrode with manipulation to volatilize zinc ahead of
molten pool.
Excessive moisture in electrode or Use dry materials.
joint
High sulfur base metal Use electrode with basic slagging reactions.
Inclusions
Failure to remove slag from pre- Clean surfaces and previous beads.
vious deposit
Entrapment of refractory oxides Power wire brush previous bead.
Tungsten in weld metal Use high frequency to initiate arc; improve manipulation.
Improper joint design Increase included angle of joint.
Oxide inclusions (GMAW, Provide proper shielding and coverage.
GTAW)
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Fig. 4.24 — The Murex test showing basic outline. Fig. 4.25 — The Varestraint test showing basic outline,

While these tests provide very useful in- ACTUAL WELDING TESTS
formation regarding the mechanical properties
of various areas within the heat-affected zone, An extensive variety of actual welding
during as well as after the weld cycle, they can-  tests have been devised to measure the
not account for residual and reaction stresses, weldability characteristics of steel. In general,
hydrogen pickup, and other conditions which  these tests serve one or both of two purposes.
may be imposed on production welds. First they are used to calibrate the weldability
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Fig. 4.26 — The T-joint test showing basic outline.
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Fig. 4.28 — The circular-patch test showing basic out-
line.

of particular grades or individual heats of
steel. For this purpose the specimen dimen-
sions and welding conditions are prescribed
and fixed to make the steel sample the only
variable. Second they are used to establish a
compatible combination of steel, filler metal,
and welding conditions that will produce
welded joints satisfactory for the application.
In effect these tests fall into two groups: those
used to assess fabrication weldability and
those used to measure service weldability. The
fabrication tests evaluate whether a particular
material and process can be used to produce a
joint acceptably free of defects. The service
tests measure whether the properties of the
welded joint are satisfactory for service.

Fabrication Weldability Tests

The tests in this category determine the
susceptibility of the welded joint to cracking

Groove for
welding

Plate

cenfer “line Gap

Fig. 4.27 — The Lehigh test showing basic outline.

and can be grouped according to the type of
cracking that they produce.
(1) Hot-Cracking Tests

(@) The Murex test (Fig. 4.24) is con-
ducted on two plates which are welded while
mounted in a fixture that provides a means of
rotating the plates with respect to each other at
various speeds. Susceptibility to hot cracking
is indicated by the extent to which the weld
metal cracks at various rates of strain during
solidification.

(b) The Varestraint test (Fig. 4.25) also
utilizes external loading to impose plastic
deformation in a plate while a weld bead is
being deposited on the long axis of the plate.
By the choice of the radius to which the plate
is bent, the severity of deformation causing
cracking can be determined.

(c) The T-joint test (Fig. 4.26) uses a
restrained T-configuration to measure the hot
cracking tendency in a fillet weld. The second
bead is deposited immediately following the
first bead on the other side so that the rotation
strains generated by the contraction of the first
bead are imposed on the second bead during
deposition.
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Fig. 4.29 — The controlled-thermal-severity test showing basic outline.

(2) Root-Cracking Tests

(8) The Lehigh restraint test (Fig. 4.27)
provides a means of imposing a controllable
severity of restraint on the root bead deposited
in a butt weld groove with dimensions to suit
the application. By testing a series of plates in
which the weakening side-slits are varied in
depth, a critical restraint for cracking can be
determined for the chosen welding conditions.
This specimen is equally useful for hydrogen-
induced cracking studies.

(b) The circular-patch test (Fig. 4.28)
comprises a plate with a circular hole cut into
it and a patch fitted to create a circular weld
groove. When a weld bead is deposited, the
circular configuration magnifies the stresses
placed on the weld metal because of thermal
contraction. Restraint can be varied in a given
plate thickness by adjusting the plate size and
patch diameter.

(3) Hydrogen-Induced Cracking Tests
(@) The Lehigh restraint test (Fig. 4.27)
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Fig. 4.30—The cruciform cracking test showing basic
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described previously is capable of indicating
quantitatively the susceptibility of weld metal
or base metal to hydrogen-induced cracking,
including delayed cracking.

(b) The controlled-thermal-severity test
(Fig. 4.29) consists of a plate bolted and
anchor-welded to a second plate in a position
to provide two fillet (lap) welds. The fillet lo-
cated at the plate edges has two paths of heat
flow. The lap weld located near the middle of
the bottom plate has three paths of heat flow,
thus inducing faster cooling. Further control

A

Se’ction for crock
measurement

Fig. 4.31 — The longitudinal-bead-weld cracking test
showing basic outline.

of the cooling rate is possible by varying the
plate thicknesses.

(c) The cruciform cracking test (Fig.
4.30) comprises three plates with ground sur-
faces tack welded at the ends to form a double
T-joint. Four test fillet welds are deposited in
succession in the order shown, with complete
cooling between deposits. Cracking, detected
by cross-sectioning, is most likely to occur in
the third bead. Careful fit-up of the plates is
necessary to obtain reproducibility.

(d) The longitudinal-bead-weld cracking
test (Fig. 4.31) uses a bead-on-plate weld
deposited on a small plate partly immersed in
water. The electrode specified is E6010 to
provide a high potential of hydrogen in the arc
atmosphere. Cracking is measured on a
ground center line section of the weld ob-
tained after the specimen has been aged 24
hours and thermally stress-relieved to avoid
possible grinding cracks.

Service Weldability Tests

This class of tests is designed to measure
mechanical properties that are considered vital
to the satisfactory performance of the welded
joint in service. These tests are discussed in
Chapter 5.
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BRAZING AND SOLDERING METALLURGY

Unlike welding, brazing and soldering are
performed at temperatures below the solidus
of the base materials.* Metallurgical con-
siderations that affect these processes range
from liquid metal properties and solidification
to base metal surface interactions and the
physical and environmental conditions under
which the joints are made.

Brazing and soldering have several advan-
tages over welding. For one thing, they mini-
mize the degradation of the base materials
since melting is not involved and peak temper-
atures are controllable. In addition, they
reduce oxidation, minimize residual stresses
and distortion, and make possible a more cos-
metic joint appearance. Finally, brazing and
soldering lend themselves to high speed
automation.

However, several disadvantages can be
anticipated from brazing and soldering.
Brazed and soldered joints cannot easily be
tested nondestructively. There is also the
problem of brittle intermetallic compounds
forming in specific materials systems (such as
during the soft soldering of steel). Depending
upon the complexity of the components, jigs
and fixtures may have to be designed and
utilized, and costly precision fitting joints are
generally required.

Brazing filler metals have a liquidus
above and soldering filler metals a liquidus
below 450 °C (840 °F). In both processes, the
filler metal is distributed between the closely
fitted surfaces of the joint by capillary attrac-
tion. In braze welding, a fillet is used to join
the components being brazed and the filler
metal is nor distributed in the joint by capil-
lary attraction.

The capillary flow of the liquid metal into

*Brazing and soldering are discussed in Chapter 1, pp.
23 and 25 respectively.

the joint generally depends upon its surface
tension, wetting characteristics, and physical
and metallurgical reactions with the base
material and oxides involved. The flow is also
related to the generation of hydrostatic
pressure within the joint. Figure 4.32 is an
idealized presentation of the wetting concept.
A contact angle of less than 90 degrees
measured between the solid and liquid usually
identifies a positive wetting characteristic.
Contact angles greater than 90 degrees are
usually an indication of no wetting.

In some brazing and soldering processes,
wetting and spreading are assisted by the addi-
tion of flux. In vacuum brazing, however, flow
and wetting are dependent upon the surface in-
teractions between the liquid metal and base
metals themselves. Fuel gases, hydrogen, and
vacuum systems provide the most common
types of controlled atmospheres.

Fluxes perform functions similar to con-
trolled atmospheres in providing surfaces
receptive to wetting and spreading. Most ox-
ides are readily displaced or removed by flux.
Oxides of chromium, aluminum, titanium, and
manganese are more difficult and may require
special treatments.

A brazing or soldering cycle generally
consists of heating to, residing at, and cooling
from a peak temperature. During the time at
peak temperature when liquid filler metal is
present in the joint, metallurgical reaction can
occur with the base metal. This reaction is
generally referred to as erosion or dissolution.
The rate of dissolution of the base metal by the
filler metal depends on the solubility limits of
the filler and base material, the quantity of
brazing filler metal available to the joint, the
brazing cycle, and the potential formation of
lower temperature eutectics.

In some important metallurgical systems,
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Fig. 4.32 — Wetting angles of filler metals used in braz-
ing and soldering.

an interlayer of intermetallic compound forms
between the filler metal and the base metal
during the joining operation. The degree of in-
termetallic growth and the type of phases pres-
ent can substantially alter the joint properties.
Phase diagrams may be used to predict inter-
metallic compound formation.

Once the filler metal has solidified to
form the joint, subsequent effects are con-
trolled by diffusion phenomena within the
joint. For example, it is possible through high
temperature aging of a soldered joint to con-
vert the filler metal to an intermetallic com-
pound. When titanium, for example, is joined
with a pure tin filler metal, it is possible by
subsequent aging or heat treatment to com-
pletely diffuse the tin into the base metal so
that a joint effectively no longer exists. This
method of metallurgical joining has been
defined as liquid-activated diffusion bonding,
but actually, it is an extension of the joining
mechanism in brazing and soldering.

Impurities and contaminants are impor-
tant factors to be considered with these pro-
cesses. The limitations on residual elements
should be stated explicitly in the filler metal
specifications to insure consistent melting and
joint flow characteristics. Contaminants
caused by mishandling materials or as a result
of preparation for joining can affect the for-
mation of the joint and the joint properties.
For example, residual sulfur compounds can
cause poor flow or result in hot cracking in
certain brazed or soldered joints.

The properties of the resulting joints are
dependent upon successful metallurgical
bonding at the interfaces and on the final com-
position of the filler metal within the joint

area. Most joints of this type are overdesigned
to insure failure in the base material.
However, the metallurgical properties of the
joint can be important when high temperature
service or exposure to corrosive media is to be
expected.

Strength measurements are made in shear,
in tension using a peel method, or by hardness
traverses across the joint area. Dynamic prop-
erties of joints are measured in creep, fatigue,
and under stress corrosion conditions. Con-
sideration must be given to all these factors
when selecting a more suitable brazing or
soldering filler metal. Extreme care is neces-
sary in the interpretation of mechanical prop-
erties of joints made with filler metals that
melt below the base material. Results may or
may not reflect the actual joint depending on
the joint design selected and the method of
testing.

Liquid filler metal penetration between
the grain boundaries of the base metal has pre-
viously been recognized within joints. If ex-
cessive, this penetration can lead to embrittle-
ment problems. Base materials in a stressed
state are particularly susceptible to liquid
metal penetration. For example, where cop-
per-based filler metals are used on high iron-
nickel alloys under stress, rapid failure can
result. Since the diffusion rate of alloying ele-
ments, especially those forming interstitial
solid solutions, is greater between the grains
rather than inside the grains where slight
solubility exists, grain boundary penetration
(and cracking) will be greater. If a eutectic is
formed to fill the crack or boundary as it
separates, then little damage is done and this is
known as an intrusion. Where high solubility
exists, intergranular attack generally is not so
intense. When rapid failure of a joint or adja-
cent material occurs during the manufacturing
operation, the boundary penetration
phenomena should be suspected.

The dynamic characteristics of the braz-
ing and soldering processes are receiving in-
creasing recognition, and careful considera-
tion is being given to the subsequent diffusion
and metallurgical changes that can occur in
service. At elevated temperatures, intermetallic



compounds still grow in the solid state as a
direct result of diffusion. This means that the
metallurgical and mechanical properties of
these joints can change during service. The
soldered joints in electrical generating
machinery exposed to elevated temperatures
for as long as 30 years are one example of such
a change. Preferential attack of particular
phases by corrosive media must also be taken
into account. Precise knowledge of the
behavior of joints at high temperatures as in-

Supplementary Reading List / 151

fluenced by service conditions is mandatory if
the application is to be successful. Galvanic
effects are more likely where a widely differen-
tiated dissimilar metal is used or where the
brazing or soldering filler metal solidifies with
large discrete heterogeneous phases which
behave in an anodic manner. The complexity
of the metallurgy involved should not be a
deterrent to the use of these processes, however.
Their excellent utility in service has been
proven.
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5

Testing for

Evaluation

of Welded Joints

INTRODUCTION

All types of welded structures, from
bridges and jet engines to metal trash cans, are
expected to serve some function. Likewise the
welded joints comprising these structures or
components are expected to possess certain
service-related capabilities or properties. To
assure that their intended function is fulfilled,
a test of some type is usually performed. The
ideal test, of course, is the observance of the
structure in actual service. Generally, however,
such observance is not possible because of the
obvious cost and time factors. It is therefore
necessary to utilize a test structure or specimen
and a test method which may not resemble the
actual welding situation, but which must be
related to it and the expected performance of
the structure involved.

This chapter is devoted to the testing
methods which can be used to examine and
evaluate the expected performance of welded
joints.* For each method, the chapter describes

Note: The SI (metric) and U.S. customary values given
in this chapter are not, in most cases, exact equivalents. The
SI values are the primary measurements used in this and all
Volume 1 chapters. The secondary U.S. measurements
(given parenthetically in text) are rounded off conversions
from the SI values. For a further explanation of the system
of measurements used in Volume 1, refer to the Foreword
on p. xi.

*The reader should note that weld cracking tests are
not covered in this chapter. They are covered in Chapter 4,
however, under the general heading of “Weldability Test-
ing” (see pp. 143-148).
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the phenomenon being tested, the test methods
which may be used, and finally how the results
may be applied with special consideration of
their relationship to welded joints.

The problem of predicting the perfor-
mance of structures from a “laboratory” type
test is a complex one, since the size, configura-
tion, environment, and type loading are rarely
identical. In welded joints, the complexity is
further increased by the nature of the joint
which is far from homogeneous, metallurgical-
ly or chemically. In addition to the base metal,
the welded joint consists of weld metal and a
heat-affected zone. The latter regions, besides
differing from the base metal, are themselves
composed of a multitude of metallurgical
structures as well as chemical heterogeneities.
A variety of properties are thus to be expected
throughout the welded joint. Any test, then,
will measure either the properties of some dis-
crete portion of the joint or some composite
average of all or a portion of the joint. When
testing a welded joint, the investigator not
only has the problem of relating the test to the
service of the actual structure, but also of
determining whether the true properties are
measured by the limited region tested. The
reader therefore should use care in the in-
terpretation and application of any test results.

When selecting a test method, the func-
tion to be performed by that test must be con-
sidered and balanced against its time and cost.



Both the tension and hardness tests, for exam-
ple, provide a measure of strength, yet the
hardness test is the simpler and less costly of
the two. The hardness test would be totally in-
adequate if the purpose is to establish the
strength of a welded joint. On the other hand,
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it should be perfectly satisfactory as an in-pro-
cess control test to assure, for example, that
the proper heat treatment is performed. Thus
the reader should recognize that each test has
its range of applicability which is neither all-
encompassing nor completely insignificant.

TENSILE PROPERTIES— STRENGTH AND DUCTILITY

Tension and bend tests are frequently
used to evaluate the breaking strength and duc-
tility of a material and to determine that the
material meets applicable specification re-
quirements. Welding results in metallurgical
(and often compositional) differences in the
welded joint, and it is important to know the
effects of these changes on, mechanical proper-
ties. Therefore, tension and bend tests are fre-
quently made which may indicate the
suitability of the welded joint for service and
are often used to qualify welding procedures or
welders according to specific code require-
ments. The following sections will discuss the
use of tension and bend tests, particularly as
applied to welded joints.

TENSION TESTS
Base Metal Tension Test

Longitudinal or Transverse Test. The basic
data on the strength and ductility of materials
are generally obtained from an engineering
tension test in which a machined specimen is
subjected to an increasing uniaxial load while
simultaneous observations of linear extension
are made. Specimens oriented parallel to the
direction of rolling are designated longi-
tudinal; those oriented at 90 degrees to the
rolling, transverse. The test results are plotted
in the form of a stress-strain curve (see Fig.
5.1) in which the nominal stress is calculated
by dividing the load by the original specimen
area, and the nominal strain is calculated by
dividing the elongation of the specimen gage
length by its original gage length. This ap-
proach contrasts with that of using the instan-
taneous (rather than initial) values of cross-

sectional area and gage length to determine
stress and strain. If instantaneous values are
used, the result is called a true stress-true
strain curve. However, the true stress-true
strain curve is more difficult to obtain than the
engineering stress-strain curve and therefore is
used only when an accurate representation of
the basic plastic flow characteristics of the
material are required. In testing welded joints,
the engineering approach is used almost ex-
clusively.

The yield strength from the engineering
stress-strain curve is generally measured at
some arbitrary amount of extension under
load or permanent plastic strain (offset) or, for
certain steels that exhibit such a phenomenon,