. AD=A0S0 908 MASSACHUSETTS INST OF TECH CAMBRIDGE DEPT OF OCEAN E-=ETC F/6 13/5 b
DEVELOPMENT OF ANALYTICAL AND EMPIRICAL SYSTEMS FOR PARAMETRIC ~-~ETC(U)
NOV 77 Vv J PAPAZOGLOU, K MASUBUCHI NOOOIJ-‘!H-DM
WCLASSIFIED







Y

T
Final Report

DEVELOPMENT OF |
< ANALYTICAL AND EMPIRICAL SYSTEMS ’
FOR PARAMETRIC STUDIES OF DESIGN |
AND |

FABRICATION OF WELDED STRUCTURES

A050908

by
Vassilios J. Papazoglou
Koichi Masubuchi

0DC FILE CoPyF

November 30, 1977

Massachusetts Institute of Technology
Cambridge, Massachusetts

Office of Naval Research
Contract NO0014-75-C-0469 NR 031-773
(M.LT. OSP 82558)

-

. for public relecsey °
Distribution Unlimited




MASSACHUSETTS INSTITUTE OF TECHNOLOGY
DEPARTMENT OF OCEAN ENGINEERING
CAMBRIDGE, MASS. 02139

e P O ST

st

Final Report

Prepared Under

Contract No. N00014-75-C-0469, NR 031-773 '
(M.I.T. OSP #82558) 3

DEVELOPMENT OF ANALYTICAL AND EMPIRICAL SYSTEMS FOR PARAMETRIC
STUDIES OF DESIGN AND FARRICATION OF WELDED STRUCTURES

to

Office of Naval Research

November 30, 1977

by

Vassilios J. Papazoglou

Koichi Masubuchi




SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE R
1. REPORT NUMBER 2. GOVT ACCESSION NO, RECIPIENT'S CATALOG NUMBER
\ Final Report (q )

TIT

VELOPMENT OF ANALYTICAL AND EMPIRICAL SYSTEMS
“FOR RPARAMETRIC STUDIES OF _QESIGN AND gmcan
OF _gEI.DED _a:rRUC'rﬁREs.

6. PERFORMING ORG. REPORT
|

3 8. CONTRACT OR NUMBER(®)
Vassilios J.fPapazoglou }sda__——;-m";
Eoichi Aasubuchi N@ 4-75-C-g46 } NR 031-773

A & WORK

Department of Ocean Engineering
Massachusetts Institute of Technology‘
Cambridge, Massachusetts 02139

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::gGRhg ELE'GEN . PROJECT, TASK

11. CONTROLLING OFFICE NAME AND ADDRESS
“ 30 Novaliiie @77
3. NUMBER O
‘ 285~ \
74, MONITORING AGENCY NAME & ADDRESS(I{ different from Controlling Office) | 15. SECURIT (of this repod})
unclassified

1Sa. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

This document has been approved for public release and sale; its
distribution is unlimited. Reproduction in whole or in part is permitted
by the U.S. Government.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)
Welding

Fabrication

Distortion

[~ Residual Stress

Vi

20. AﬂrACT (Continue on reverae side If necessary and identify by block number)
Part I of the report covers the development of a monograph entitled

ling weld distortion in welded aluminum structures. Distortion in welded

shrinkage, longitudinal shrinkage and angular change.

MAnalysis of Design and Fabrication of Welded Structures.?! The monograph deals
with the prediction of stresses, strains and other effects produced by welding.
Part II covers the development of analytical means for predicting and control-

structures is caused by three fundamental dimensional changes, namely transvers

— M P

DD , 5n'5s 1473  €oimion oF 1 NOV 68 1S OBSOLETE Unclassified
S/N 0102-014-6601

4

Z/— 0 é g 3 é SECURITY CLASSIFICATION OF THIS PAGE (When n...‘-':m.j))&—(} QJ |

|
|
y
4
|
1

——




E‘{ LLCURITY CLASSIFICATION OF THIS PAGE(When Date Entered)

20. ABSTRACT (cont'd)
‘-_-\ijllégring the fabrication of actual structures, such as ships, airplanes and

buildings which have various types of joints, these dimensional changes are .
conbined. Therefore, shrinkage distortion that occurs in structures can be |
extremely complex. |

After a brief introduction, Section 2.2 discusses thermal stresses
during welding, residual stresses and distortion in a general manner. The
subsequent sections up to Section 2.6 discuss the analytical and experimental
investigations carried out at M.I.T. on the prediction of various fundamental
types of distortion. Finally, Section 2.7 deals with methods of distortion
reduction, as they were tested by various investigators at M.I.T.

NS

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)




ACKNOWLEDGMENT

This is the final report of the Contract No. N0O0014-75-C-0469,
NR 031-773.

We greatly appreciate the guidance and encouragement given by many
people in the U.S. Navy, especially Dr. B. A. MacDonald and Dr. F. S.
Gardner of the Office of Naval Research.

We would also like to thank Mr. F. R. Miller of the U.S. Air Force,

Materials Laboratory for donating laser welded specimens for determining

residual stresses.

CACCESSION for

NTIS White Section
pOC Buff Section O3
UNANNCUNCED O
JUSTIFICATION

By S oukaal
DISTRIBUTIGN/AVAR ADILITY CO3ES

B

AvaiL. and/or SPCIAL

A

[PRRCTE




asidaiasamacy

ECTCT T

RS § 3

ek

A TR

|

ii
ABSTRACT

This report is divided into two parts in accordance to the two
tasks of the three-year research contract.

Part I covers the development of a monograph entitled "Analysis
of Design and Fabrication of Welded Structures." The monograph deals
with the prediction of stresses, strains and other effects produced by
welding. A summary of the sixteen chapters, which consist the major
portion of the work, is presented. Then, the computer programs contained
in the six manuals of Section IV of the monograph are ocutlined.

Part II covers the development of analytical means for predicting
and controlling weld distortion in welded aluminum structures. Basic
background information is first presented and then the present state-of-
the-art is summarized.

Distortion in welded structures is caused by three fundamental
dimensional chang;s, namely transverse shrinkage, longitudinal shrinkage
and angular change. During the fabrication of actual structures, such
as ships, airplanes and buildings which have various types of joints,
these dimensional changes are combined. Therefore, shrinkage distortion
that occurs in structures can be extremely complex.

After a brief introduction, Section 2.2 discusses thermal stresses
during welding, residual stresses and distortion in a general manner.
The subsequent sections up to Section 2.6 disucss the analytical and
experimental investigations carried out at M.I.T. on the prediction of
various fundamental types of distortion. Finally, Section 2.7 deals with
methods of distortion reduction, as they were tested by various

investigators at M.I.T.
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An Appendix presents results on residual -stress measurements of

laser-welded joints.
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0.1 INTRODUCTION - OBJECTIVES AND TASKS

‘The objective of this three-year research contract is to develop
analytical and empirical systems to assist designers, metallurgists and
welding engineers in selecting optimum parameters in the design and
fabrication of welded structures.

The program includes the following two tasks:

Task 1l: Development of a monograph for predicting stresses,

strains, and other effects produced by welding.

Task 2: Prediction and control of distortion in welded aluminum

structures.

The first subject is of a general nature to assist designers and
welding engineers so that they can utilize latest and most advanced
information in design and fabrication of various types of welded structures.
Computers have been used extensively to carry out computations required
for various parametric studies.

The second subject, on the other hand, is aimed at developing
information focused to a specific application. This subject has been
selected because (1) the Navy is concerned about distortion problems which
may occur during the fabrication of aluminum hulls of surface effect ships,
and (2) information on distortion of aluminum structures is scarce.

The program started on December 1, 1974 and was completed on

November 30, 1977.
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0.2 PERSONNEL INVOLVED

The program was carried out under the supervision of Professor

Koichi Masubuchi. He was assisted by a group of researchers whose names

are given below. Professor Masubuchi was also assisted by several

people including Mr. A. J. Zona (Instructor of the Welding Laboratory),
Mr. F. Merlis (Specialist on stress measurement), and Mrs. June McLean
'(Secretary).
Those who made significant contributions to this research program
include:
Professor Celio Taniguchi
Dr. Katsuhide Kitamura
Dr. Kouyu Itoga
Frank M. Pattee
Michael D. Serotta
Michio Nishida
David Beauchamp
Victor M. Brito
Vassilios J. Papazoglou
Guillermo E. Briceno
Chao Hsiung Lin
Mr. Edison Goncalves
Services by Professor Taniguchi, Dr. Kitamura, Dr. Itoga, Lt. Brito,
Lt. Briceno, and Mr. Goncalves were available at no cost to this contract.
In addition, Dr. Toyohiko Muraki of the Atomic Energy of Canada,

Ltd. has contributed in preparing manuals of computer programs.
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0.3 REPORTS AND THESES

0.3.1 Reports

The following reports have been prepared:

A

2.

6.

7

The first status report issued on May 1, 197S.

The first special report on "Out-of-Plane Distortion of
Welded Panel Structures" issued on July 3, 1975.

The first end-of-the-year report prepared in December, 1975.
A progress report issued on June 7, 1976.

The technical report entitled "Integration of M.I.T. Studies
on Prediction and Control of Distortion in Welded Aluminum
Structures" issued on September 20, 1976.

The second end-of-the-year report prepared in December, 1976.

The final report.

Copies of the technical report issued in September, 1976 were sent

to all the people on the official distribution list as the first official

technical report of this research contract.

In addition to these reports, drafts of Sections II and IV of the

monograph were sent to the Navy reviewers.

0.3.2 Theses

The following theses were wholly or partially supported by this

contract:

1.

Frank M. Pattee, "Buckling Distortion of Thin Aluminum Plates
During Welding," M.S. Thesis, Auvgust, 1975.
Michael D. Serotta, "Reduction of Distortion in Weldments,"

Ocean Engineer Thesis, August, 1975.
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3. Michio Nishida, "Analytical Prediction of Distortion in Welded
o Structures," M.S. Thesis, March, 1976.
4. Victor M. B. Brito, "Reduction of Distortion in Welded Aluminum
Frame Structures," Ocean Engineer Thesis, May, 1976.
5. David G. Beauchamp, "Distortion in Simpe, Welded Aluminum
Structures," M.S. Thesis, May, 1976.

6. Chao Hsiung Lin, "Reduction of Distortion in Welded Aluminum

Structures by Differential Heating," M.S. Thesis, February, 1977. |
7. Guillermo E. Briceno, "The Distortion of Welded Thin Aluminum
Stiffened Panels," Ocean Engineer Thesis, May, 1977.
8. Vassilios J. Papazoglou, "Analysis and Control of Distortion
in Welded Aluminum Structures with Emphasis on Buckling

Distortion," M.S. Thesis, to be submitted in January, 1978.
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1.1 PROGRESS OF TASK 1
The objective of Task 1 is to develop a monograph, which is now
entitled "Analysis of Design and Fabrication of Welded Structures." 1In
the early stages of the program it was thought that the monograph would
consist of the following sections:
Section I: For practical users
Section 1I: Text |

Section III: Additional tables and figures

Section 1IV: Computer programs
Section V: Material properties
Section VI: Annotated bibliography

Section II: Text isthe main part of the monograph and prcvides

detailed information for engineers who are interested in design and

fabrication of welded structures. Section IV contains manuals of computer
programs “~r analyzing heat flow, transient thermal stresses, residual
stresses and distortion in weldments. Other sections provide supplementary
information. Since Sections II and IV have become very extensive, it
was decided toward the end of the program to reduce other sections to

a minimum. The final composition of the monograph is as follows:

Section I: Summary of text
Section II: Text "Analysis of Design and Fabrication of Welded
Structures"

Section III: Additional Tables and Figures, and Material
Properties

Section 1IV: Computer Programs

This final report contains Section I: Summary of Text so that
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people who read the final report will have some idea about the text which
will be printed separately as a hook. Another reason for not writing
a section entitled "For Practical Users" is that Chapter I "Introduction"
and Chapter 16 "Further Discussion on Some Selected Subjects" contains
enough information which should help practical users of the monograph.
Section II will be published as a book. Arrangements for publication
are being made with the Pergamon Press. The book will contain Section
III, although its size will be kept to a minimum.
The distribution of Section IV: Computer programs has been limited
to reviewers designated by the Office of Naval Research, primarily due
to its volumenous size.
Section VI: Annotated bibliograph has been eliminated, because

each chapter of Section II: Text contains an extensive list of references.
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1.2 SUMMARY OF TEXT ENTITLED "ANALYSIS OF DESIGN
AND FABRICATION OF WELDED STRUCTURES"

Table 1.1 shows the contents of the text. It is composed of 16
chapters and is about 1,300 pages long. The text is authored by Professor
K. Masubuchi.

1.2.1 Major Objective of This Textbook

Figure 1-1 shows the importance of residual stresses and distortion
in the design and fabrication of welded structures.

When a practicing engineer is concerned with residual stresses and
distortion, he is also likely to be concerned with their adverse effects
on the service performance of the structure which he is designing or
fabricating. High tensile residual stresses in regions near the weld
may promote brittle fracture, fatigue, or stress corrosion cracking.
Compressive residual stresses and initial distortion may reduce buckling
strength. What complicates the matter is that the extent of the effects
of residual stresses is not only governed by residual stresses but also
brittleness of the material. When the material is brittle, residual
stresses may reduce the fracture strength of the weldment significantly.
When the material is ductile, on the other hand, the effects of residual
stresses are practically zero.

In fact what the practicing engineer wishes to do is to change
design and fabrication parameters, such as plate thickness, joint design,
welding conditions, welding sequence, etc., so thét the adverse effects
of residual stresses and distoriton can be reduced to acceptable levels.
It is much better to achieve this goal during an early stage of design

and fabrication rather than confronting the problem at later stages of

fabrication.




STEP 0 [Input] DESIGN AND FABRICATION PARAMETERS

Analysis 1

ANALYSIS OF TRANSIENT THERMAL
STRESS, RESIDUAL STRESSES AND
DISTORTION

Analysis 2

ANALYSIS OF CONSEQUENCES OF
TRANSIENT THERMAL STRESSES,
RESIDUAL STRESS AND DISTORTION

Brittle fracture

Fatigue

Stress corrosion
cracking

Buckling

Weld cracking

Other
considerations:

METALLURGY
J' | DEFECT POTENTIAL

INSPECTION
COST ANALYSIS

L
STEP 3 [Output] RELIABLE WELDED STRUCTURES

Figure 1-1 Importance of Residual Stresses and Distortion
in the Design and Fabrication of Welded Structures
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Table 1.1 Contents of the Text

“"Analysis of Design and Fabrication of Welded Structures"

Chapter 1:

Chapter 2:
2.1
2.2
2.3

2.4

Chapter 3:

www
.
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Chapter 4:

Introduction (98 pages)

Advantages and Disadvantages of Welded Structures and
Major Objective of This Textbook

Historical Overview and Future Trends

Requirements for the Selection of Materials
Structural Steels

Aluminum Alloys

Titanium Alloys

Welding Processes

Heat Flow in Weldments (45 pages)

Generation and Dissipation of Welding Heat
Mathematical Analysis of Heat Flow in Weldments-Basic
Considerations and Present State-of-the-Art

Some Simple Solutions Useful for Analyzing Heat Flow in
Weldments

Thermal History of the Heat-Affected Zone

Fundamental Information on Residual Stresses (49 pages)

Stresses, Strains, and Mechanical Properties of Metals
Residual Stresses

Analysis of Residual Stress and Distortion in Weldments and
Their Effects on Service Performance

Measurement of Residual Stresses in Weldments (98 pages)

Classification of Techniques for Measuring Residual Stresses
Measurement of Residual Stresses by Strain~Relaxation
Techniques

Measurement of Residual Stresses by X-Ray Diffraction
Techniques

Determination of Residual Stresses by Measuring Stress-
Sensitive Properties

Determination of Residual Stresses by Hydrogen-Induced and
Stress-Corrosion Cracking Techniques.

Selection and Use of Appropriate Measurement Techniques and
Evaluation of Results

Measurement of Strain in Weldments

Use of Mathematical Analysis in the Experimental Study of
Residual Stress and Distortion in Weldments
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Chapter 5:

5.9
5.10

Chapter 6:
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7.10
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Transient Thermal Stresses and Metal Movement During
Welding (104 pages)

Thermal Stresses During Welding - How They are Produced
Histarical Development of Studies of Thermal Stresses and
Metal Movement During Welding

One-Dimensional Analyses

Two-Dimensional Analyses

Analyses of Stresses in Three-Dimensional Cases
Experimental Studies on Thermal Stresses and Metal Movement
Experiments on Thermal Stresses in Weldments in High-
Strength Steels

Experiments on Thermal Stresses and Metal Movement

During Welding Along the Longitudinal Edge of a Strip
Computer Simulation

Assessment of the Current Status and Future Prospects

The Magnitude and Distribution of Residual Stresses in
Weldments (95 pages)

Development of Techniques for Analyzing Residual Stresses
in Weldments

Residual Welding Stresses and Reaction Stresses

Analysis of Residual Stresses in Restrained Butt Welds

The Distribution of Residual Stresses: Some Typical Cases
Residual Stresses in Weldments in Various Materials

Effect of Specimen Size on Residual Stresses

Residual Stresses in Heavy Weldments

Effects of Welding Sequence

Distortion in Weldments (204 pages)

Fundamental Types of Distortion

General Introduction to Weld Distortion

Existing Allowable-Distortion Standards

Transverse Shrinkage of Butt Welds

Transverse Shrinkage of Fillet Welds

Angular Changes of Butt Welds

Angular Changes of Fillet Welds and the Resulting
Out-of-Plane Distortion

How Various Parameters Affect the Angular Distortion of
Fillet Welds; Methods of Reducing Distortion
Longitudinal Shrinkage of Butt Welds
Longitudinal Shrinkage of Fillet Welds
Longitudinal Bending Distortion

Buckling Distortion

The Distortion-Analysis of Complex Welded Structures
Methods of Distortion-Reduction in Weldments

Methods of Removing Distortion
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Chapter 10:

10.4
10.5
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Chapter 12:

, 12.1
; 12.2
g 12.3
12.4

Strength of "Idealistic" and "Realistic" Structures

Changes in Residual Stress in Weldments Subjected to Tensile
Loading

Local Stress Concentration Caused by Out-of-Plane Distortion
Instability of Column Under Compressive Loading

Elementary Concepts of Fracture

Brittle Fracture of Welded Structures

Evaluation of Notch Toughness

Various Tests for Evaluating Notch Toughness

Low Applied-Stress Fracture of Welded Structures

Effects of Chemical Composition and Manufacturing Processes
Notch Toughness Requirements and Fracture Control

Notch Toughness of Weld Metals
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The Strength of Welded Structures: Fundamentals (20 pages)

Fracture Toughness (142 pages)

Theoretical and Experimental Studies of the Brittle
Fracture of Welded Structures (130 pages)

Theories of Brittle Fracture
Fracture Mechanics Theory i
Values of Fracture Toughness and Critical Crack Length of
Various Materials

Application of Fracture Mechanics Approach to Fracture
Control in Structural Steel

Catastrophic Failures of Welded Structures from Subcritical
Cracks

Analytical Studies of Brittle Fracture of Weldments

The Fatigue Fracture of Weldments as it Relates to Residual
Stress (56 pages)

Introduction to Fatigue Fracture

High-Cycle Fatigue

Low-Cycle Fatigue

Fatigue Failure of Structures

Some Methods of Improving the Fatigue Strength of Weldments

The Role of Residual Stress in Stress Corrosion Cracking
and Hydrogen Embrittlement (29 pages)

Corrosion Control Problems in Marine Structures

Stress Corrosion Cracking

Hydrogen Embrittlement

Role of Residual Stresses in the Stress Corrosion Cracking
and the Hydrogen-Induced Cracking Weldment
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Effects of Distortion and Residual Stresses on Buckling
Strength of Welded Structures (52 pages)

Columns Under Compressive Loading

Plates and Plate Structures Under Compressive Loading
Corrugation Damage of Welded Ships and Allowable Distortion
of Ship Bottom Plating

Spherical and Cylindrical Shells Subjected to External
Pressure

Weld Cracking and Joint Restraint (114 pages)

Classification of Weld Cracks

Hot Cracking

Cold Cracking

Weld Cracking Tests

Analytical and Experimental Determination of the Degree

of Restraint of Weld Cracking Specimens and Joints in Actual
Structures

Further Advancement of Mechanical Analysis of Cracking
Especially by Use of Fracture Mechanics Theories

Weld Defects and How They Affect Service Behavior (67 pages)

Weld Defects

Stress Concentrations Caused by Weld Defects
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In order to accomplish this task, the engineer needs at least two
kinds of analyses:

1. An analysis of transient thermal stresses, residual stresses

and distortion (Analysis 1 between Steps 0 and 1 in Figure 1-1).
An analysis of the effects of thermal stresses, residual
stresses and distortion on the service behavior of welded
structures (Analysis 2 between Steps 1 and 2).

The major objective of this textbook is to cover the present
knowledge of these two analyses. Chapters 2 through 7 cover Analysis 1,
while Chapters 8 through 14 cover Analysis 2.

The engineer also must consider many subjects other than residual
stresses and distortion, and their consequences. These subjects
include metallurgy, weld defect potential, inspection, fabrication cost,
etc. The welding conditions that would give the minimum amount of
distortion may not be useable because of the poor metallurgical
properties or excessively high fabrication cost, for example. Therefore,
what the enigneer really needs is an integrated system which can analyze

all the relevant subjects required. However, such an integrated system,

yet to be developed, would be too extensive to be covered in a single

textbook.

This textbook primarily covers subjects related to residual
stresses and distortion, and their consequences. Attempts have been made
to minimize duplications with other existing textbooks. For example,

a number of books have been written on brittle fracture, fatigue, stress

corrosion cracking, buckling, etc. Discussions in this textbook
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emphasize these subjects characteristic of welded structures, especially

i“ those related to residual stresses and distortion.

|
y
|
|

In preparing this textbook, discussions on welding processes,
materials, and welding mefallurgy have been kept to a minimum. The
author plans to cover these subjects in subsequent textbooks with the
desire that the entire system will one day be fully integrated.*

1.2.2 Chapter 1: Introduction

This chapter provides the necessary background information on
structural materials and welding processes to enable those readers whose
knowledge in these areas is limited to understand the remainder of this
textbook.

Since this textbook discusses at length the problems associated
with the design and fabrication of welded structures, it risks creating
the impressioﬁ that welded structures are impractical due to their many
special problems and their tendency to fracture. On the contrary, welded
structures are superior in many respects to riveted structures, castings
and forgings. The first portion of Chapter 1 discusses briefly advantages
and disadvantages of welded structures and the major objective of this
textbook.

Chapter 1.2 presents a historical overview of materials and joining
technologies used for building large structures including ships, bridges,
pressure vessels, etc. It also discusses future trends.

Chapter 1.3 discusses requirements for selection of materials.

The subjects covered include (1) fracture toughness, (2) fatigue strength,

*The following three textbooks are under preparation: (1) Welding
Engineering, (2) Fracture of Welded Structures, (3) Materials for Ocean
Engineering (revision of the first edition published in 1970).
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(3) resistance against corrosion and stress corrosion cracking, and
(4) other properties.

Chapter 1.4 provides information on structural steels, including
carbon steels, low-ailoy high-strength steels, quenched-and-tempered
steels, and maraging steels.

Chapter 1.5 discusses aluminum alloys, while Chapter 1.6 discusses
titanium alloys.

Chapter 1.7 provides information on various welding processes,
including shielded metal-arc, submerged arc, gas tungsten-arc, gas
metal-arc, electroslag, and electrogas processes.

1.2.3 Chapter 2: Heat Flow in Weldments

The heat supplied by a welding arc produces complex thermal cycles
in the weldment and these in turn cause changes to take place in the
microstructure of the heat-affected zone, cause transient thermal stress
and metal movement, and result in the creation of residual stress and
distortion in the finished product. In order to analyze these problems,
we must first analyze heat flow during welding.

Chapter 2.1 discusses generation and dissipation of welding heat.

Chapter 2.2 discusses mathematical analysis of heat flow in weldments.
First a brief discussion is given on basic considerations on heat flow
f during welding. Then a discussion is made of the present state-of-art.
Chapter 2.3 presents some simple solutions useful for analyzing heat
flow in weldments. Discussions cover temperature distributions in the

quasi-stationary state as well as the non-stationary state.

Chapter 2.4 discusses the thermal history of the heat affected zone,

while Chapter 2.5 discusses heat flow problems of the electrode and the
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weld metal.

1.2.4. Chapter 3: Fundamental Information on Residual Stresses

This chapter presents introductory information on residual stresses.

First, a brief discussion is given on stresses, strains, and mechanical
properties of metals.

Chapter 3.2 discusses fundamentals of residual stresses. A discussion
is given on similarities among ithe analysis of residual stresses, the vortex
theory in hydrodynamics and the fracture mechanics theory. Then a discus-
sion is given on the development of methodologies for analyzing residual
stresses and distortion in weldments and for determining their effect on
service performance.

1.2.5 Chapter 4: Measurement of Residual Stresses in Weldments

First, a brief discussion is made of classification of techniques for
measuring residual stresses. Chapter 4.2 discusses measurement of residual
stresses by stress-relaxation techniques. It provides a review of different
techniques, including the sectioning technique using electrical-resistance
strain gages, the Gunnert technique, the Mathar-Soete drilling technique,
the Stablein successive milling technique, the Rosenthal-Norton sectioning
technique, etc. Chapter 4.3 covers measurement of residual stresses by
X-ray diffraction.

Chapter 4.4 discusses determination of residual stresses by measuring
stress-sensitive properties. Techniques discussed include ultrasonic
techniques and hardness measuring techniques. Chapter 4.5 discusses deter-
mination of residual stresses by hydrogen-induced and stress-corrosion
cracking techniques.

Chapter 4.6 discusses selection and use of appropriate measurement

techniques and evaluation of results. Chapter 4.7 discusses strain
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measurement of transient strains during welding, and chapter 4.8
discusses use of mathematical analysis in the experimental study of
residual stresses and distortion.

1.2.6 Chapter 5: Transient Thermal Stresses and Metal Movement
During Welding

Because a weldment is heated locally by the welding heat source,
the temperature distribution in the weldment is not uniform and changes
as the welding progresses. During the welding cycle, complex strains
occur in the weld metal and the base metal regions near the weld.

With the advancement of computer technology and new analytical
techniques such as the finite-element method, it has become possible to
analyze transient thermal stresses and metal movement without spending a
prohibitive amount of time and money. These transient stresses can even
be computer-simulated.

Chapter 5.1 discusses briefly how thermal stresses are produced
during welding. Chapter 5.2 discusses historical developmentof studies
of thermal stresses and metal movement during welding.

Chapter 5.3 discusses one-dimensional analyses which consider only
the stress component parallel to the welding direction. Chapter 5.4
discusses two-dimensional analyses using finite-element methods. Chapter
5.5 discusses analyses of stresses in some three-dimensional cases
including cylindrical shells and heavy weldments.

Chapter 5.6 discusses experimental studies on thermal stresses and
metal movement. In a series of experiments conducted at M.I.T. on weld-
ments made in various materials and thicknesses, thermocouples were used
to measure temperature changes and electrical resistance strain gages

were used to measure strain changes. The experiments were conducted
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under different conditions as follows:

1. Materials: Low-carbon steel, high-strength steels, stainless

steel, aluminum alloys, titanium alloys, columbium and
tantalum.

2. Plate Thickness: 0.3 to 25 mm

3. Joint Types and Processes: Bead-on-Plate and butt welds in

single and multipasses (up to 20 passes); gas metal-arc and

gas tungsten-arc as well as flame heating of plates.
Chapter 5.6 presents some of the experimental results compared with
analytical predictions.

Chapter 5.7 discusses experimental results on thermal stresses in
weldments in high-strength steels. Chapter 5.8 discusses experimental
results on thermal stresses and metal movement during welding along the
longitudinal edge of a strip.

Chapter 5.9 discusses computer simulation. Once it is proved that
the analytical models are reasonably accurate it is possible to simulate
thermal stresses and metal movement by computer. Since the one-dimensional
program is relatively inexpensive, it can be used in various ways. Chapter
5.9 discusses two sets of analyses as follows:

1. The effects of welding parameters on thermal stresses and the

resulting residual stresses in aluminum welds.

2. The effects of welding parameters on the longitudinal distortion

that takes place due to the edge welding of a strip.

1.2.7 Chapter 6: The Magnitude and Distribution of Residual Stresses
in Weldments

Chapter 6 presents some fundamental information on residual

stresses: How to understand their mechanisms and how to analyze the
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effects of various factors on their magnitude and distribution.

Chapter 6.1 discusses development of techniques for analyzing
residual stresses in weldments. Chapter 6.2 discusses residual welding
stresses and reactioﬁ stresses. Chapter 6.3 discusses analysis of residual
stresses in restrained butt welds.

Chapter 6.4 discusses the distribution of residual stresses in some
typical joints, including plug weld, circular patch weld, welded shapes
and columns, and welded pipes.

Chapter 6.5 discusses residual stresses in weldments in various
materials, including low-carbon steel, low-alloy high-strength steels,
stainless steel, aluminum, and titanium alloys.

Chapter 6.6 discusses the effect of specimen size on residual
stresses. Chapter 6.7 discusses residual stresses in heavy weldments.
Chapter 6.8 discusses effects of welding sequence on residual stresses.

1.2.8 Chapter 7: Distortion in Weldments

Residual stresses, discussed in Chapter 6, and distortion, discussed
in this chapter, are closely related phenomena. During heating and
cooling in the welding cycle, thermal strains occur in the weld metal
and base-metal regions near the weld. The strains produced during heating
are accompanied by plastic upsetting. The stresses resulting from these
strains combine and react to produce internal forces that cause bending,
buckling, and rotation. It is these displacements that are called
distortion.

Chapter 7 presents the present state of knowledge of weld distortion

analysis. Chapter 7.1 discusses fundaﬁental types of distortion as




follows:*

l. Transverse shrinkage perpendicular to the weld line.

2. longitudinal shrinkage parallel to the weld line.

3. Angular distoréion (rotation around the weld line).

Chapter 7.2 presents general introduction to weld distortion. It
first discusses different approaches to solving distortion problems. It
then discusses books and reviews already available. A discussion is made
on methodologies for analyzing weldment distortion.

Chapter 7.3 discusses existing allowable-distortion standards.

Chapter 7.4 discusses transverse shrinkage of butt welds. It
presents formulas for estimating transverse shrinkage and then presents
analytical and experimental results on transverse shrinkage.

Chapter 7.5 discusses transverse shrinkage in fillet welds, while

chapter 7.6 discusses angular changes of butt welds.

Chapter 7.7 discusses angular changes of fillet welds and the
resulting out-of-plane distortion. It presents experimental data and
analytical predictions.

Chapter 7.8 discusses how various design and welding parameters
affect the angular distortion of fillet welds. It also discusses various
methods of reducing distortion.

Chapter 7.9 discusses longitudinal shrinkage of butt welds, while
Chapter 7.10 discusses longitudinal shrinkage of fillet welds.

Chapter 7.11 discusses longitudinal bending distortion. When the

weld line does not coincide with the neutral axis of a weld structure,

*For further definitions of various types of distortion see Figure
2-2 in Part II of this final report.

st e
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the longitudinal shrinkage of the weld metal induces bending moments,
;. resulting in longitudinal distortion of the structure. This type of
‘ distortion is of special importance when fabricating T-bars and I-beams. ]
Chapter 7.12 discusses buckling distortion. When thin plates are welded,
residual compressive stresses occur in areas away from the weld and cause
buckling. Buckling distortion occurs when the specimen length exceeds
the critical length for a given thickness in a given size specimen. This
chapter presents analytical predictions and experimental data.
Chapter 7.13 discusses the distortion-analysis of complex welded
structures.
Chapter 7.14 discusses methods of reducing distortion in weldments.
The following subjects are discussed:
1. A review of commonly~used distortion-reduction methods.
2. How external restraints affect residual stress and distortion.
3. Distortion-reduction through thermal-pattern control.
4. The reduction of out~of-plane distortion through stretching
and heating.
5. The reduction of the longitudinal distortion of built-up beams

through differential heating.

1.2.9 Chapter 8: The Strength of Welded Structures: Fundamentals

This short chapter is an introduction to the later chapters of this
monograph which discuss various subjects related to the strength of welded
structures. Chapter 8 covers the following subjects:

1. Strength of "idealistic" and "realistic" structures.

2. Changes in residual stresses in weldments subjected to tensile

loading.
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3. Local stress concentration caused by out-of-plane distortion.
4. Instability of columns under compressive loading.

1.2.10 Chapter 9: Fracture Toughness

Chapter 9.1 discusses elementary concepts of fracture. Chapter 9.2
discusses brittle fractures of welded structures.

To avoid brittle fractures in a welded structure, the material used
must have adequate notch toughness. Chapter 9.3 discusses how to evaluate
notch toughness. Chapter 9.4 discusses various tests for evaluating
notch toughness.

Chapter 9.5 discusses low applied-stress fracture of welded struc-
tures. It has been found that:

1. Brittle fractures in welded structures often

originate from small defects; the overall stress is often very
low (only 70 MN/m? or so which is only about 1/3 the

yield strength of the material used).

Based upon the fracture mechanics theory, which will be discussed
in Chapter 10, unstable fractures occur when stresses are

applied to a structure containing a crack longer than a given
value. However, the critical crack of low-carbon steel at the
yield stress is several inches long.

Then why does a welded structure fail at a stress level of only 1/3
the yield strength and from a very small crack? This subject is discussed
in Chapter 9.5.

Chapter 9.6 discusses effects of chemical composition and manufactur-

ing processes on notch toughness.

Chapter 9.7 discusses notch toughness requirements and fracture
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control. Chapter 9.8 discusses notch toughness of weld metals.

1.2.11 Chapter 10: Theoretical and Experimental Studies of the Brittle
Fracture of Welded Structures

Chapter 10.1 discusses theories of brittle fracture. Chapter 10.2
presents the fracture mechanics theory.

Chapter 10.3 discusses values of fracture toughness and critical

crack length of various materials. The length of the critical crack

generally decreases as the strength level of a material increases.

Chapter 10.4 discusses applications of fracture mechanics approach
to fracture control in structural steel.

Chapter 10.5 discusses catastrophic failures of welded structures
from subcritical cracks. There is evidence that fractures have occurred
in actual structures from flaws smaller than critical size. Chapter 10.6
discusses how catastrophic failures can occur from cracks smaller than
the critical size. Both experimental results and analytical predictions
are presented.

1.2.12 Chapter 1ll: The Fatigue Fracture of Weldments as it Relates to
Residual Stresses

This chapter discusses the fatigue fracture of weldments as it

relates to residual stress. Although the question of how residual stresses

affect the fatigue strength of a welded structure is even now, after many
years of research, not fully understood, and although the experts on this
subjects still disagree, conclusions can nevertheless be.drawn.

Some experts blame residual stresses whenever the cause of a
failure in a welded structure cannot be explained in some other way.
Others believe residual stress effects are wiped out after the structure

is subjected to repeated loading and therefore do not affect the fatigue
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strength. It is the author's opinion that under certain conditions the
residual stresses do affect the fatigue strength of a welded structure,
though in many other cases the residual stresses present have only
negligible effects on thé fatigue strength.

In this chapterattempt was made to emphasize the practical rather
than the theoretical approach, and such topics as how residual stresses
may actually be used to increase the fatigue strength of a structure
were examined.

Discussions in this chapter are presented in the following way:

1. Introduction to fatigue fracture

2. High-cycle fatigue

3. Low-cycle fatigue

4. Fatigue failures of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>