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Foreword

The new edition of ASM Handbook, Volume 8, Mechanical Testing and Evaluation is a
substantial update and revision of the previous volume. This latest edition of Volume 8 contains
over 50 new articles, and the scope of coverage has been broadened to include the mechanical
testing of alloys, plastics, ceramics, composites, and common engineering components such as
fasteners, gears, bearings, adhesive joints, and welds. This new scope is also complemented by
substantial updates and additions in the coverage of traditional quasi-static testing, hardness testing,
surface testing, creep deformation, high strain rate testing, fracture toughness, and fatigue testing.

The efforts of many people are to be commended for creating this useful, comprehensive
reference on mechanical testing. The ASM Handbook Committee, the editors, the authors, the
reviewers, and ASM staff have collaborated to produce a book that meets high technical standards
for the benefit of engineering communities everywhere. To all who contributed to the completion of
this task, we extend our sincere thanks.

Ash Khare
President
ASM International

Michael J. DeHaemer
Managing Director
ASM International
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Policy on Units of Measure

By a resolution of its Board of Trustees, ASM International has
adopted the practice of publishing data in both metric and customary U.S.
units of measure. In preparing this Handbook, the editors have attempted
to present data in metric units based primarily on Système International
d’Unités (SI), with secondary mention of the corresponding values in
customary U.S. units. The decision to use SI as the primary system of
units was based on the aforementioned resolution of the Board of Trustees
and the widespread use of metric units throughout the world.

For the most part, numerical engineering data in the text and in tables
are presented in SI-based units with the customary U.S. equivalents in
parentheses (text) or adjoining columns (tables). For example, pressure,
stress, and strength are shown both in SI units, which are pascals (Pa) with
a suitable prefix, and in customary U.S. units, which are pounds per
square inch (psi). To save space, large values of psi have been
converted to kips per square inch (ksi), where 1 ksi = 1000 psi. The
metric tonne (kg × 103) has sometimes been shown in megagrams (Mg).
Some strictly scientific data are presented in SI units only.

To clarify some illustrations, only one set of units is presented on
artwork. References in the accompanying text to data in the illustrations
are presented in both SI-based and customary U.S. units. On graphs and
charts, grids corresponding to SI-based units usually appear along the left
and bottom edges. Where appropriate, corresponding customary U.S.
units appear along the top and right edges.

Data pertaining to a specification published by a specification-writing
group may be given in only the units used in that specification or in dual
units, depending on the nature of the data. For example, the typical yield
strength of steel sheet made to a specification written in customary U.S.

units would be presented in dual units, by the sheet thickness specified in
that specification might be presented only in inches.

Data obtained according to standardized test methods for which the
standard recommends a particular system of units are presented in the
units of that system. Wherever feasible, equivalent units are also
presented. Some statistical data may also be presented in only the original
units used in the analysis.

Conversions and rounding have been done in accordance with ASTM
Standard E 380, with attention given to the number of significant digits in
the original data. For example, an annealing temperature of 1570 °F
contains three significant digits. In this case, the equivalent temperature
would be given as 855 °C; the exact conversion to 854.44 °C would not be
appropriate. For an invariant physical phenomenon that occurs at a precise
temperature (such as the melting of pure silver), it would be appropriate to
report the temperature as 961.93 °C or 1763.5 °F. In some instances
(especially in tables and data compilations), temperature values in °C and
°F are alternatives rather than conversions.

The policy of units of measure in this Handbook contains several
exceptions to strict conformance to ASTM E 380; in each instance, the
exception has been made in an effort to improve the clarity of the
Handbook. The most notable exception is the use of g/cm3 rather than
kg/m3 as the unit of measure for density (mass per unit volume).

SI practice requires that only one virgule (diagonal) appear in units
formed by combination of several basic units. Therefore, all of the units
preceding the virgule are in the numerator and all units following the
virgule are in the denominator of the expression; no parentheses are
required to prevent ambiguity.
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Preface

At least three major trends have occurred since the last edition of
Volume 8 in 1984. First, concurrent engineering is growing in importance
in the industrial world, and mechanical testing plays a major role in
concurrent engineering through the measurement of properties of product
design, as well as for deformation processing. ASM Handbook, Volume
20, Materials Selection and Design (1997) reflects this focus in concurrent
engineering and the broadening spectrum of involvement of materials
engineers. Second, new methods of measurement have evolved such as
strain measurement by vision systems and ultrasonic methods for
measurement of elastic properties. This area will continue to grow as
miniaturized sensors and computer vision technologies mature. Third,
computer modeling capabilities, based on fundamental continuum
principles and numerical methods, have entered the mainstream of
everyday engineering. The validity of these computer models depends
heavily on the availability of accurate material properties from mechanical
testing.

Toward this end, this revision of ASM Handbook, Volume 8 is
intended to provide up-to-date, practical information on mechanical
testing for metals, plastics, ceramics, and composites. The first section,
“Introduction to Mechanical Testing and Evaluation,” covers the basics of
mechanical behavior of engineering materials and general engineering
aspects of mechanical testing including coverage on the accreditation of
testing laboratories, mechanical tests in metalworking operations, and the
general mechanical tests of plastics and ceramics. The next three sections
are organized around the basic modes of loading of materials: tension,
compression bending, shear, and contact loads. The first four modes
(tension, compression, bending, and shear) are the basic simple loading
types for determination of bulk properties of materials under quasi-static
or dynamic conditions.

The third section, “Hardness Testing,” describes the various methods
for indentation testing, which is a relatively inexpensive test of great
importance in manufacturing quality control and materials science. This
section includes new coverage on instrumented (nano-indentation)
hardness testing and the special issues of hardness testing of ceramics.
Following the section on hardness testing, the fourth section, addresses the
mechanical evaluation of surfaces in terms of adhesion and wear
characteristics from point loading and contact loading. These methods,
often in conjunction with hardness tests, are used to determine the
response of surfaces and coatings to mechanical loads.

The next four sections cover mechanical testing under important
dynamic conditions of slow strain rates (i.e., creep deformation and stress
relaxation), high strain rate testing, dynamic fracture, and fatigue. These
four sections cover the nuances of testing materials under the basic
loading types but with the added dimension of time as a factor. Very
long-term, slow rate of loading (or unloading) in creep and stress
relaxation is a key factor in many high-temperature applications and the

testing of viscoelastic materials. On the opposite end of the spectrum, high
strain rate testing characterizes material response during high-speed
deformation processes and dynamic loading of products. Fracture
toughness and fatigue testing are the remaining two sections covering
engineering dynamic properties. These sections include coverage on the
complex effects of temperature and environmental degradation on crack
growth under cyclic or sustained loads.

Finally, the last section focuses on mechanical testing of some
common types of engineering components such as gears, bearings, welds,
adhesive joints, and mechanical fasteners. A detailed article on residual
stress measurements is included, as residual stress from manufacturing
operations can be a key factor in some forms of mechanical performance
such as stress corrosion cracking and fatigue life analysis. Coverage of
fiber-reinforced composites is also included as a special product form with
many special and unique testing and evaluation requirements.

In this extensive revision, the end result is over 50 new articles and an
all-new Volume 8 of the ASM Handbook series. As before, the key
purpose of this Handbook volume is to explain test set-up, common
testing problems and solutions, and data interpretations so that reasonably
knowledgeable, but inexperienced, engineers can understand the factors
that influence proper implementation and interpretation. Easily obtainable
and recognizable standards and research publications are referenced
within each article, but every attempt is made to provide sufficient
clarification so that inexperienced readers can understand the reasons and
proper interpretation of published industrial test standards and research
publications.

In this effort, we greatly appreciate the knowledgeable guidance and
support of all the section editors in developing content requirements and
author recommendations. This new content would not have been possible
without their help: Peter Blau, Oak Ridge National Laboratory; James C.
Earthman, University of California/Irvine; Brian Klotz, General Motors
Corporation; Peter K. Liaw, University of Tennessee; Sia Nemat-Nasser,
University of California, San Diego; Todd M. Osman, U.S. Steel
Research; Gopal Revankar, Deere & Company; Robert Ritchie,
University of California at Berkeley. Finally, we are all especially
indebted to the volunteer spirit and devotion of all the authors, who have
given us their time and effort in putting their expertise and knowledge on
paper for the benefit of others. This work would not have been possible
without them.

Howard Kuhn
Concurrent Technologies Corporation

Dana Medlin
The Timken Company

v

© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

www.asminternational.org



vi

Officers and Trustees of ASM International (1997–1998)

Ash Khare
President and Trustee
National Forge Company

Aziz I. Asphahani
Vice President and Trustee
Carus Chemical Company

Michael J. DeHaemer
Secretary and Managing Director
ASM International

Peter R. Strong
Treasurer
Buehler Krautkrämer

Hans H. Portisch
Immediate Past President
Krupp VDM Austria GmbH

Trustees
E. Daniel Albrecht

Advanced Ceramics Research, Inc.
W. Raymond Cribb

Brush Wellman Inc.
Gordon H. Geiger

University of Arizona–Tuscon Office &
Consultant, T.P. McNulty & Associates

Walter M. Griffith
Wright-Patterson Air Force Base

Jennie S. Hwang
H-Technologies Group, Inc.

C. “Ravi” Ravindran
Ryerson Polytechnic University

Thomas G. Stoebe
University of Washington

Robert C. Tucker, Jr.
Praxair Surface Technologies, Inc.

James C. Williams
The Ohio State University

Members of the ASM Handbook Committee (1999–2000)

Craig V. Darragh
(Chair 1999–; Member 1989–)
The Timken Company

Bruce P. Bardes (1993–)
Materials Technology Solutions Company

Rodney R. Boyer (1982–1985; 1995–)
Boeing Commercial Airplane Group

Toni M. Brugger (1993–)
Carpenter Technology Corporation

Henry E. Fairman (1993–)
MQS Inspection Inc.

Michelle M. Gauthier (1990–)
Raytheon Systems Company

Larry D. Hanke (1994–)
Materials Evaluation and Engineering Inc.

Jeffrey A. Hawk (1997–)
U.S. Department of Energy

Dennis D. Huffman (1982–)
The Timken Company

S. Jim Ibarra, Jr. (1991–)
Amoco Corporation

Dwight Janoff (1995–)
FMC Corporation

Kent L. Johnson (1999–)
Engineering Systems Inc.

Paul J. Kovach (1995–)
Stress Engineering Services Inc.

Peter W. Lee (1990–)
The Timken Company

Donald R. Lesuer (1999–)
Lawrence Livermore National Laboratory

Huimin Liu (1999–)
Citation Corporation

William L. Mankins (1989–)
Metallurgical Services Inc.

Dana J. Medlin (1998–)
The Timken Company

Srikanth Raghunathan (1999–)
Nanomat Inc.

Mahi Sahoo (1993–)
CANMET

Karl P. Staudhammer (1997–)
Los Alamos National Laboratory

Kenneth B. Tator (1991–)
KTA-Tator Inc.

George F. Vander Voort (1997–)
Buehler Ltd.

Dan Zhao (1996–)
Johnson Controls Inc.

Previous Chairs of the ASM Handbook Committee

R.J. Austin
(1992–1994) (Member 1984–)

L.B. Case
(1931–1933) (Member 1927–1933)

T.D. Cooper
(1984–1986) (Member 1981–1986)

E.O. Dixon
(1952–1954) (Member 1947–1955)

R.L. Dowdell
(1938–1939) (Member 1935–1939)

M.M. Gauthier
(1997–1998) (Member 1990–)

J.P. Gill
(1937) (Member 1934–1937)

J.D. Graham
(1966–1968) (Member 1961–1970)

J.F. Harper
(1923–1926) (Member 1923–1926)

C.H. Herty, Jr.
(1934–1936) (Member 1930–1936)

D.D. Huffman
(1986–1990) (Member 1982–)

J.B. Johnson
(1948–1951) (Member 1944–1951)

L.J. Korb
(1983) (Member 1978–1983)

R.W.E. Leiter
(1962–1963) (Member 1955–1958, 1960–1964)

G.V. Luerssen
(1943–1947) (Member 1942–1947)

G.N. Maniar
(1979–1980) (Member 1974–1980)

W.L. Mankins
(1994–1997) (Member 1989–)

J.L. McCall
(1982) (Member 1977–1982)

W.J. Merten
(1927–1930) (Member 1923–1933)

D.L. Olson
(1990–1992) (Member 1982–1988,
1989–1992)

N.E. Promisel
(1955–1961) (Member 1954–1963)

G.J. Shubat
(1973–1975) (Member 1966–1975)

W.A. Stadtler
(1969–1972) (Member 1962–1972)

R. Ward
(1976–1978) (Member 1972–1978)

M.G.H. Wells
(1981) (Member 1976–1981)

D.J. Wright
(1964–1965) (Member 1959–1967)

© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

www.asminternational.org



vii

Authors and Contributors

John Bailey
North Carolina State University

John Barsom
Barsom Consulting Limited

Peter Blau
Oak Ridge National Laboratory

Kenneth Budinski
Eastman Kodak Company

Vispi Bulsara
Cummins Engine Company

Leif  Carlsson
Florida Atlantic University

Norm Carroll
Applied Test Systems

Srinivasan Chandrasekar
Purdue University

P. Dadras
Wright State University

K.L. DeVries
University of Utah

George Dieter
University of Maryland

James  Earthman
University of California/Irvine

Horacio Espinosa
Northwestern University

Henry Fairman
MQS Inspection, Inc.

Thomas Farris
Purdue University

Andrew Fee
Consultant

William Gerberich
University of Minnesota

Jeffery Gibeling
University of California, Irvine

Amos Gilat
Ohio State University

Peter  Gillis
University of Kentucky

William  Glaeser
Battelle Memorial Institute

Blythe Gore
Northwestern University

George (Rusty) Gray III
Los Alamos National Laboratory

Amitava Guha
Brush Wellman Inc.

Gary Halford
NASA Glenn Research Center at Lewis Field

John Harding
Oxford University

Jeffrey Hawk
Albany Research Center

Jennifer Hay
Applied Nano Metrics Inc.

Robert Hayes
Metals Technology Inc.

K.-H. Herter
University of Stuttgart

John (Tim) M. Holt
Alpha Consultants and Engineering

Joel House
Air Force Research Laboratory

Roger Hurst
Institute for Advanced Materials
(The Netherlands)

Ian Hutchings
University of Cambridge

Michael Jenkins
University of Washington

Steve Johnson
Georgia Institute of Technology

Serope Kalpakjian
Illinois Institute of Technology

Y. Katz
University of Minnesota

Kevin M. Kit
University of Tennessee

Brian Klotz
The General Motors Corporation

Howard Kuhn
Concurrent Technologies Corporation

John Landes
University of Tennessee

Bradley Lerch
NASA Glenn Research Center at Lewis Field

Peter  Liaw
University of Tennessee

John Magee
Carpenter Technology Corporation

Frank  Mandigo
Olin Corporation

Michael McGaw
McGaw Technology, Inc.

Lothar Meyer
Technische Universität Chemnitz

James Miller
Oak Ridge National Laboratory

Farghalli A. Mohamed
University of California

William C. Mohr
Edison Welding Institute

Charles A. Moyer
The Timken Company (retired)

Yukitaka Murakami
Kyushu University

Sia Nemat-Nasser
University of California, San Diego

Vitali Nesterenko
University of California, San Diego

Todd M. Osman
U.S. Steel

F. Otremba
University of Stuttgart

T. Ozaki
Olin Brass Japan, Inc.

George M. Pharr
The University of Tennessee

Paul Phillips
The University of Tennessee

Martin Prager
Welding Research Council and
Materials Properties Council

Lisa Pruitt
University of California, Berkeley

George Quinn
National Institute of Standards and
Technology

J.H. Rantala
Institute for Advanced Materials
(The Netherlands)

Suran Rao
Applied Research Laboratories

© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

www.asminternational.org



W. Ren
Air Force Research Laboratory

Gopal Revankar
Deere & Company

Robert Ritchie
University of California, Berkeley

Roxanne Robinson
American Association for
Laboratory Accreditation

E.  Roos
University of Stuttgart

Clayton Ruud
Pennsylvania State University

Jonathan Salem
NASA Glenn Research
Center at Lewis Field

P. Sandberg
Outokupa Copper

Ashok Saxena
Georgia Institute of Technology

Eugene  Shapiro
Olin Corporation

Ralph S. Shoberg
R.S. Technologies Ltd.

M.E. Stevenson
The University of Alabama

Ghatu  Suhash
Michigan Technological University

Ed Tobolski
Wilson Instruments

N. Tymiak
University of Minnesota

George Vander Voort
Buehler Ltd.

Howard Voorhees
Materials Technology Corporation

Robert Walsh
Florida State University

Robert Waterhouse
University of Nottingham

Mark Weaver
University of Alabama

Dale Wilson
The Johns Hopkins University

David Woodford
Materials Performance Analysis, Inc.

Dan Zhao
Johnson Controls, Inc.

viii

© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

www.asminternational.org



Reviewers

Julie Bannantine
Consultant

Raymond Bayer
Tribology Consultant

Peter Blau
Oak Ridge National Laboratory

Toni Brugger
Carpenter Technology Corporation

Prabir Chaudhury
Concurrent Technologies Corporation

Richard Cook
National Casein of California

Dennis Damico
Lord Corporation Chemical Products Division

Craig Darragh
The Timken Company

Mahmoud Demeri
Ford Research Laboratories

Dez Demianczuk
LTV Steel

George Dieter
University of Maryland

James Earthman
University of California/Irvine

Kathy  Faber
Northwestern University

Henry Fairman
MQS Inspection Inc.

Gerard Gary
Polytechnique Institute (France)

Thomas Gibbons
Consultant

William Glaeser
Battelle Memorial Institute

Jennifer Hay
Applied Nano Metrics Inc.

Robert Hayes
Metals Technology Inc.

David Heberling
Southwestern Ohio Steel

Kent Johnson
Engineering Systems Inc.

Brian Klotz
The General Motors Corporation

Howard Kuhn
Concurrent Technologies Corporation

Lonnie Kuntz
Mar-Test, Inc.

David Lambert
Air Force Research Laboratory

John Landes
University of Tennessee

Iain LeMay
Metallurgical Consulting Services

John Lewandowski
Case Western Reserve University

David Lewicki
NASA Glenn Research Center at Lewis Field

Alan Male
University of Kentucky

John Makinson
University of Nebraska, Lincoln

William Mankins
Metallurgical Services Inc.

Frank Marsh
Consultant

Dana Medlin
The Timken Company

Gary Miller
Allegheny Ludlum Corporation

Sia Nemat-Nasser
University of California, San Diego

Robert Neugebauer
Mar-Test, Inc.

Theodore Nicholas
Air Force Research Laboratory
Wright-Patterson Air Force Base

William Nix
Stanford University

Todd  Osman
U.S. Steel

Philip Pearson
The Torrington Company

J. Michael Pereira
NASA Research Center at Lewis Field

Joy Ransom
Fatigue Technology, Inc.

Gopal Revankar
Deere & Company

Clare Rimnac
Case Western Reserve University

Earl Ruth
Tinius Olsen Testing Machine Company Inc.

Ghatu Subhash
Michigan Technological University

Yuki Sugimura
Harvard University

Eric Taleff
The University of Texas at Austin

Ed Tobolski
Wilson Instruments

George Vander Voort
Buehler Ltd.

Kenneth S. Vecchio
University of California, San Diego

ix

© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

www.asminternational.org



Contents

Introduction to Mechanical Testing and Evaluation . . . . . . . . . . . . . 1
Chairperson: Todd M. Osman, U.S. Steel Research

Introduction to the Mechanical Behavior of Metals. . . . . . . . . . . . . . . . . . 3
Structure of Metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Deformation of Metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Strength of Metals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Special Conditions in Flow: Temperature and Strain Rate . . . 10
Special Conditions in Fracture: Notches and Cracks . . . . . . . 10
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Introduction to the Mechanical Behavior of Nonmetallic
Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

General Characteristics of Solid Materials . . . . . . . . . . . . . . . 13
Structures of Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
Deformation/Strengthening Mechanisms . . . . . . . . . . . . . . . . 19
Fatigue and Fracture of Nonmetallic Materials. . . . . . . . . . . . . 24

Mechanical Testing of Polymers and Ceramics. . . . . . . . . . . . . . . . . . . 26
Mechanical Testing of Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . 26

Mechanical Testing of Plastics . . . . . . . . . . . . . . . . . . . . . . . . 27
Elastomers and Fibers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

Mechanical Testing of Ceramics . . . . . . . . . . . . . . . . . . . . . . . . . . 41
Room-Temperature Strength Tests . . . . . . . . . . . . . . . . . . . . . 41
High-Temperature Strength Tests . . . . . . . . . . . . . . . . . . . . . . 45
Proof Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
Fracture Toughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
Hardness Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Overview of Mechanical Properties and Testing for Design . . . . . . . . . 49
Product Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
Tensile Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
Compressive Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
Hardness Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Torsion and Bending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Shear Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
Complex Stresses. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
Fracture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Creep . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
Environmental Effects on Mechanical Properties . . . . . . . . . . 64
Shock Loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Mechanical Testing for Metalworking Processes . . . . . . . . . . . . . . . . . 70
Workability and Formability . . . . . . . . . . . . . . . . . . . . . . . . . . 70
Mechanical Behavior of Metals Influencing Workability. . . . 70
Mechanical Testing Methods and Sample Preparation . . . . . . 72
Quality Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
Factors Influencing Workability in Bulk

Deformation Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
Factors Influencing Formability in Sheet-Metal Forming. . . . 76
Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

Testing Machines and Strain Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Testing Machines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Principles of Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
Measuring Load. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
Strain Measurement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
Gripping Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Force Verification of Universal Testing Machines . . . . . . . . . 89
Tensile Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
Compression Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Bending Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

Accreditation of Mechanical Testing Laboratories . . . . . . . . . . . . . . . . . 93
Accreditation Bodies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
Accreditation versus ISO 9000 Certification . . . . . . . . . . . . . 93
Requirements of ISO/IEC Guide 25 (1990) . . . . . . . . . . . . . . 94
Accreditation Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Tension, Compression, Bend, and Shear Testing . . . . . . . . . . . . . . . 97
Chairperson: Howard Kuhn, Concurrent Technologies Corporation

Mechanical Behavior Under Tensile and Compressive Loads . . . . . . . 99
Engineering Stress-Strain Curve . . . . . . . . . . . . . . . . . . . . . . . 99
True Stress-True Strain Curve. . . . . . . . . . . . . . . . . . . . . . . . 102
Mathematical Expressions for the Flow Curve . . . . . . . . . . . 103
Effect of Strain Rate and Temperature . . . . . . . . . . . . . . . . . 103
Instability in Tension. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
Stress Distribution at the Neck . . . . . . . . . . . . . . . . . . . . . . . 105
Ductility Measurement in Tension Testing . . . . . . . . . . . . . . 105
Notch Tensile Test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
Compression Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

Stress-Strain Behavior in Bending . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Elastic Bending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Noncylindrical Bending. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
Elastic-Plastic Bending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
Pure Plastic Bending . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
Residual Stress and Springback. . . . . . . . . . . . . . . . . . . . . . . 113

Fundamental Aspects of Torsional Loading . . . . . . . . . . . . . . . . . . . . 115
Prismatic Bars of Circular Cross Section . . . . . . . . . . . . . . . 115
Effective Stresses and Strains . . . . . . . . . . . . . . . . . . . . . . . . 117
Constitutive Relationships. . . . . . . . . . . . . . . . . . . . . . . . . . . 118
Anisotropy in Plastic Torsion . . . . . . . . . . . . . . . . . . . . . . . . 120
Testing Equipment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

Uniaxial Tension Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
Definitions and Terminology . . . . . . . . . . . . . . . . . . . . . . . . 125
Stress-Strain Behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
Properties from Test Results . . . . . . . . . . . . . . . . . . . . . . . . . 128
General Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
The Test Piece . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
Test Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
Test Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
Post-Test Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
Variability of Tensile Properties . . . . . . . . . . . . . . . . . . . . . . 140

Uniaxial Compression Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
Deformation Modes in Axial Compression. . . . . . . . . . . . . . 143
Compressive Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
Plasticity Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
Homogenous Compression for Plastic

Deformation Behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
Compression Testing for Ductile Fracture . . . . . . . . . . . . . . 146
Instability in Compression. . . . . . . . . . . . . . . . . . . . . . . . . . . 147
Test Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

Hot Tension and Compression Testing . . . . . . . . . . . . . . . . . . . . . . . . 152

x

© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

www.asminternational.org



Effects of Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
Hot Tension Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
Hot Compression Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

Tension and Compression Testing at Low Temperatures . . . . . . . . . . 164
Mechanical Properties at Low Temperatures . . . . . . . . . . . . 164
Test Selection Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
Tension Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
Compression Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
Temperature Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
Safety. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

Bend Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
Bending Ductility Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

Apparatuses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
Specimen Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
Test Method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

Bending Strength Tests (ASTM E 855) . . . . . . . . . . . . . . . . . . . . 175
Cantilever Beam Bend Test. . . . . . . . . . . . . . . . . . . . . . . . . . 175
Three-Point and Four-Point Bend Tests . . . . . . . . . . . . . . . . 179

Bend Tests per EN 12384 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
Testing Equipment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
Test Specimen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
Modulus of Elasticity in Bending . . . . . . . . . . . . . . . . . . . . . 181
Spring Bending Limit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

Spring Elastic Limit (JIS H3130/1997) . . . . . . . . . . . . . . . . . . . . 182
Repeated Deflection Spring Test. . . . . . . . . . . . . . . . . . . . . . 182
Moment Type Spring Test. . . . . . . . . . . . . . . . . . . . . . . . . . . 183

Computer Aided Bending Tests . . . . . . . . . . . . . . . . . . . . . . . . . . 183
Test Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

Shear, Torsion, and Multiaxial Testing . . . . . . . . . . . . . . . . . . . . . . . . 185
Translational Shear Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
Torsional (Rotational Shear) Tests . . . . . . . . . . . . . . . . . . . . 188
Multiaxial Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

Hardness Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
Chairperson: Gopal Revankar, Deere & Company

Introduction to Hardness Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
Principles of Hardness Testing . . . . . . . . . . . . . . . . . . . . . . . 197
Classification of Hardness Tests . . . . . . . . . . . . . . . . . . . . . . 201

Macroindentation Hardness Testing . . . . . . . . . . . . . . . . . . . . . . . . . . 203
Rockwell Hardness Testing. . . . . . . . . . . . . . . . . . . . . . . . . . 203
Brinell Hardness Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
Vickers Hardness Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

Microindentation Hardness Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
Vickers Hardness Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
Knoop Hardness Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
Expression of Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . 222
Microindentation Hardness-Testing Equipment . . . . . . . . . . 222
Hardness Conversions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
Specimen Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
Important Test Considerations . . . . . . . . . . . . . . . . . . . . . . . 225
Hardness versus Applied Test Force . . . . . . . . . . . . . . . . . . . 226
Repeatability and Reproducibility . . . . . . . . . . . . . . . . . . . . . 227
Applications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

Instrumented Indentation Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232
Testing Equipment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 232
Measurement of

Hardness and Elastic Modulus . . . . . . . . . . . . . . . . . . . . . 233
Time-Dependent Materials and Properties . . . . . . . . . . . . . . 236
Good Experimental Practice . . . . . . . . . . . . . . . . . . . . . . . . . 237
Calibrations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238
Future Trends. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

Indentation Hardness Testing of Ceramics . . . . . . . . . . . . . . . . . . . . . 244
Microindentation Hardness . . . . . . . . . . . . . . . . . . . . . . . . . . 245
Hardness and Microstructure. . . . . . . . . . . . . . . . . . . . . . . . . 248
Ceramic Hardness Reference Materials . . . . . . . . . . . . . . . . 248
Cracking from Vickers Indentations . . . . . . . . . . . . . . . . . . . 249

Instrumented Hardness Testing . . . . . . . . . . . . . . . . . . . . . . . 249
Hardness and Brittleness . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250

Miscellaneous Hardness Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 252
Dynamic (Rebound) Test Methods . . . . . . . . . . . . . . . . . . . . 252
Durometer Hardness Testing. . . . . . . . . . . . . . . . . . . . . . . . . 255
IRHD Rubber Hardness Testing . . . . . . . . . . . . . . . . . . . . . . 257
Scratch Hardness Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
Ultrasonic Microhardness Testing. . . . . . . . . . . . . . . . . . . . . 257

Selection and Industrial Applications of Hardness Tests. . . . . . . . . . . 260
General Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
Accuracy and Frequency of Calibration . . . . . . . . . . . . . . . . 266
Hardness Test Selection for Specific Materials. . . . . . . . . . . 267
Applications of Hardness Testing . . . . . . . . . . . . . . . . . . . . . 273
Hardness and Tensile Properties . . . . . . . . . . . . . . . . . . . . . . 274

Gage Repeatability and Reproducibility in Hardness Testing . . . . . . . . 278
Gage Repeatability and Reproducibility

Evaluation Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 278
Factors in GRR Studies of Hardness Testing Instruments . . 279
Gage Repeatability and Reproducibility Guidelines for

Hardness Tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280
Tester Qualification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281

Hardness Conversions for Steels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282

Friction, Wear, and Surface Testing . . . . . . . . . . . . . . . . . . . . . . . . 289
Chairperson: Peter Blau, Oak Ridge National Laboratory

Introduction to Adhesion, Friction, and Wear Testing . . . . . . . . . . . . 291
Adhesion Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291
Friction Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291
Scratch Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292
Testing for Wear and Surface Damage of Various Kinds . . . 292
Displaying and Analyzing Adhesion, Friction,

and Wear Test Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293
Adhesion, Friction, and Wear Testing Devices. . . . . . . . . . . 293

Adhesion Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295
Fundamental Adhesion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295
Thermodynamic Adhesion . . . . . . . . . . . . . . . . . . . . . . . . . . 297
Practical Adhesion. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298

Adhesion and Interfacial Degradation . . . . . . . . . . . . . . . . . . . . . 298
Fundamental Aspects of Bimaterial Interfacial Adhesion. . . 299
Environment-Interface Interactions. . . . . . . . . . . . . . . . . . . . 299
Polymer/Inorganic Interfaces . . . . . . . . . . . . . . . . . . . . . . . . 299
Interfaces between Inorganic Materials. . . . . . . . . . . . . . . . . 300
Testing Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 301
Surface and Adhesive Energies . . . . . . . . . . . . . . . . . . . . . . . 303

Testing Methods for Solid Friction . . . . . . . . . . . . . . . . . . . . . . . . . . . 306
Definition of the Friction Coefficient . . . . . . . . . . . . . . . . . . 306
Methods for Measuring Friction . . . . . . . . . . . . . . . . . . . . . . 306
Performing a Valid Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . 309
Test Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313
Friction Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314
Overall System Considerations . . . . . . . . . . . . . . . . . . . . . . . 315
Friction Databases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315

Scratch Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 317
Origins of Scratch Testing and the Mohs Scale . . . . . . . . . . 317
Experimental Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318
Test Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 318
Application and Interpretation of Results . . . . . . . . . . . . . . . 319
Sliding Indentation Fracture of Brittle Materials . . . . . . . . . 322
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324

Abrasive Wear Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325
Parameters Influencing Wear . . . . . . . . . . . . . . . . . . . . . . . . 325
Elements of a Wear Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . 326
Standardized Abrasive Wear Tests . . . . . . . . . . . . . . . . . . . . 326
Description of Tests and Equipment . . . . . . . . . . . . . . . . . . . 327
Summary and Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . 336

Solid Particle Erosive Wear Testing . . . . . . . . . . . . . . . . . . . . . . . . . . 338
Important Variables in Erosion . . . . . . . . . . . . . . . . . . . . . . . 338

xi

© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

www.asminternational.org



Erosion Test Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 339
Measurement of Particle Velocity . . . . . . . . . . . . . . . . . . . . . 343
Data Analysis and Interpretation . . . . . . . . . . . . . . . . . . . . . . 344

Sliding Contact Damage Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346
Adhesive Wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 346

Adhesive Wear Terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347
Selecting Standard Adhesive Wear Tests . . . . . . . . . . . . . . . 348
Statistical Analysis of Wear Data . . . . . . . . . . . . . . . . . . . . . 349
Measuring Wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349

Galling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349
Button-on-Block Galling Test . . . . . . . . . . . . . . . . . . . . . . . . 349
Profilometry Evaluation of Galling Damage. . . . . . . . . . . . . 351
Pin-on-Flat Galling Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . 352
Threaded Connection Galling Tests . . . . . . . . . . . . . . . . . . . 353
Prevention of Galling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 354

Fretting Wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
Fretting Mechanism. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
Fretting Rigs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355
Measurement of Fretting Wear . . . . . . . . . . . . . . . . . . . . . . . 356
Specimen Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357
Reducing Fretting Wear . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357

Creep and Stress-Relaxation Testing . . . . . . . . . . . . . . . . . . . . . . . . 359
Chairperson: James C. Earthman, University of California/Irvine

Introduction to Creep and Stress-Relaxation Testing . . . . . . . . . . . . . 361
Creep Deformation of Metals, Polymers, Ceramics,

and Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
Creep Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
Phenomenological Descriptions of Creep . . . . . . . . . . . . . . . 364
Creep Behavior of Crystalline Solids . . . . . . . . . . . . . . . . . . 364
Creep Response of Amorphous Solids . . . . . . . . . . . . . . . . . 368

Creep and Creep-Rupture Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369
Creep Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369

Stress and Temperature Dependence. . . . . . . . . . . . . . . . . . . 370
Extrapolation Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . 372

Methods and Equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 372
General Methods and Test Factors . . . . . . . . . . . . . . . . . . . . 373
Test Stands. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 373
Furnaces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 374
Extensometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 374
Other Testing Considerations . . . . . . . . . . . . . . . . . . . . . . . . 375

Constant-Load Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 376
Specimen Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 376
Specimen Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 376
Temperature Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 376
Notched-Specimen Testing . . . . . . . . . . . . . . . . . . . . . . . . . . 377

Constant-Stress Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377
Computer-Controlled Constant-Stress Testing . . . . . . . . . . . 380
Stress Relaxation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 380

Assessment and Use of Creep-Rupture Properties. . . . . . . . . . . . . . . . 383
Scatter of Creep-Rupture Test Data . . . . . . . . . . . . . . . . . . . 383
Nonclassical Creep Behavior . . . . . . . . . . . . . . . . . . . . . . . . 384
Extrapolation and Interpolation Procedures . . . . . . . . . . . . . 385
Estimation of Required Properties Based on

Insufficient Data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389
Evaluating Remaining Creep-Rupture Life. . . . . . . . . . . . . . 390
Other Evaluation Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . 391

Stress Relaxation Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 398
Testing Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 398
Stress Relaxation in Tension . . . . . . . . . . . . . . . . . . . . . . . . . 399
Other Stress States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 401

Influence of Multiaxial Stresses on Creep and Creep
Rupture of Tubular Components . . . . . . . . . . . . . . . . . . . . . . . . . . . 405

Multiaxiality and Principal Stresses . . . . . . . . . . . . . . . . . . . 405
Effective Stress Equations . . . . . . . . . . . . . . . . . . . . . . . . . . . 405
Effective Strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 406
Elastic Stress Distribution in a Tube . . . . . . . . . . . . . . . . . . . 406
Steady-State Creep Stress Distribution in a Tube . . . . . . . . . 407

Plastic Stresses in a Tube . . . . . . . . . . . . . . . . . . . . . . . . . . . 407
Thermal Stresses in a Tube . . . . . . . . . . . . . . . . . . . . . . . . . . 407
Comparison of Life Predictions By Different Effective

Stress Criterion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 408
Commonly Used Stress Equations for Design . . . . . . . . . . . 409
Multiaxial Creep Ductility. . . . . . . . . . . . . . . . . . . . . . . . . . . 409
Multiaxial Testing Methods . . . . . . . . . . . . . . . . . . . . . . . . . 410

Superplastic Deformation at Elevated Temperatures. . . . . . . . . . . . . . . . 412
Mechanical Behavior. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 412
Deformation Regions and Their Characteristics . . . . . . . . . . 417
Deformation Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . 419
Effect of Impurities on Superplastic Flow. . . . . . . . . . . . . . . 421
Grain Growth during Testing . . . . . . . . . . . . . . . . . . . . . . . . 423

High Strain Rate Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 425
Chairperson: Sia Nemat-Nasser, University of California, San Diego

Introduction to High Strain Rate Testing . . . . . . . . . . . . . . . . . . . . . . . 427
High Strain Rate Tension and Compression Tests. . . . . . . . . . . . . . . . 429

Test Effects at High Strain Rates. . . . . . . . . . . . . . . . . . . . . . 429
Compression Tests at High Strain Rates . . . . . . . . . . . . . . . . 431
High Strain Rate Tension Testing . . . . . . . . . . . . . . . . . . . . . 436
Rotating Wheel . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 439

High Strain Rate Shear Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 447
High Strain Rate Torsion Testing . . . . . . . . . . . . . . . . . . . . . . . . 448

High-Speed Hydraulic Torsional Machines . . . . . . . . . . . . . 448
Torsional Impact Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . 448
Torsional Kolsky (Split-Hopkinson) Bar . . . . . . . . . . . . . . . 449

Double-Notch Shear Testing and Punch Loading . . . . . . . . . . . . 450
Double-Notch Shear Testing . . . . . . . . . . . . . . . . . . . . . . . . . 450
Punch Loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 450

Shear Testing with Hat-Shaped Specimen. . . . . . . . . . . . . . . . . . 451
Test Setup and Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . 451
Analysis of Shear Zones . . . . . . . . . . . . . . . . . . . . . . . . . . . . 452

Drop-Weight Compression Shear Testing . . . . . . . . . . . . . . . . . . 452
Test Setup and Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . 453
Application and Analysis of Results . . . . . . . . . . . . . . . . . . . 453

Thick-Walled Cylinder Testing . . . . . . . . . . . . . . . . . . . . . . . . . . 455
Test Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 455
Test Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 456
Advantages and Limitations . . . . . . . . . . . . . . . . . . . . . . . . . 457

Pressure-Shear Plate Impact Testing . . . . . . . . . . . . . . . . . . . . . . 457
Basic Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 457

Classic Split-Hopkinson Pressure Bar Testing . . . . . . . . . . . . . . . . . . 462
Historical Background of the Hopkinson Bar Technique . . . 462
Principles of the Split Hopkinson Pressure Bar . . . . . . . . . . 463
Theory of the Split Hopkinson Pressure Bar . . . . . . . . . . . . . 465
Practical Aspects of the Split Hopkinson Pressure Bar. . . . . 466
Split Hopkinson Pressure Bar in Tension . . . . . . . . . . . . . . . 469
Data Reduction Measurement and Analysis Automation . . . 470
Wave Dispersion in the Split Hopkinson Pressure Bar . . . . . 470
Sample Design and Preparation. . . . . . . . . . . . . . . . . . . . . . . 471
High-Rate Uniaxial Stress-Loading Effects on Materials . . . 472
Limitations and Problem Areas . . . . . . . . . . . . . . . . . . . . . . 472
New Developments in Split Hopkinson Bar Testing . . . . . . 473

Recovery Hopkinson Bar Techniques . . . . . . . . . . . . . . . . . . . . . . . . . 477
Momentum Trapping for Hopkinson Bars . . . . . . . . . . . . . . 477
Stress-Reversal and Strain Rate Jump

Hopkinson Techniques. . . . . . . . . . . . . . . . . . . . . . . . . . . . 479
Recovery Dynamic Testing of Hard Materials . . . . . . . . . . . 482
Applications of Recovery Hopkinson Techniques . . . . . . . . 484
High-Temperature Dynamic Recovery Tests . . . . . . . . . . . . 485

Split-Hopkinson Pressure Bar Testing of Soft Materials . . . . . . . . . . . 488
Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 488
Split-Hopkinson Bar Testing of Polymers . . . . . . . . . . . . . . 489
Stress-State Equilibrium of Soft Materials . . . . . . . . . . . . . . 491
Sample-Size Effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 492
Split-Hopkinson Bar Testing as a Function of Temperature . . 492
Test Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 493

xii

© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

www.asminternational.org



Finite-Element Modeling (FEM) of the Split-Hopkinson
Bar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 493

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 494
Split-Hopkinson Pressure Bar Testing of Ceramics. . . . . . . . . . . . . . . 497

Review of Traditional Split-Hopkinson Pressure Bar
Operational Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 497

Limitations of Testing Ceramics by Traditional
Split-Hopkinson Pressure Bar Techniques . . . . . . . . . . . . 498

Limiting (Maximum) Strain Rate . . . . . . . . . . . . . . . . . . . . . 500
Pulse Shaping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501
Specimen Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 502
Interpretation of Test Results . . . . . . . . . . . . . . . . . . . . . . . . 502
Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 504

Torsional Kolsky Bar Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 505
Historical Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 505
Comparison with Compression Kolsky Bar . . . . . . . . . . . . . 506
Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 506
Application Areas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 512

Triaxial Hopkinson Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 516
Pneumatic Pressure Vessel . . . . . . . . . . . . . . . . . . . . . . . . . . 516
Dynamic Confinement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517

Dynamic Indentation Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 519
Dynamic Hardness Testing: A Review . . . . . . . . . . . . . . . . . 519
Dynamic Indentation Hardness Testing . . . . . . . . . . . . . . . . 520
Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 522
Dynamic Indentation of Brittle Materials . . . . . . . . . . . . . . . 526

Shock Wave Testing of Ductile Materials . . . . . . . . . . . . . . . . . . . . . . 530
Development of Shock Wave Studies . . . . . . . . . . . . . . . . . . 530
Techniques for Shock-Loading Materials . . . . . . . . . . . . . . . 531
Design of Shock Recovery and Spallation Fixtures . . . . . . . 533
Design Parameters for  Flyer-Plate Experiments . . . . . . . . . 533
Shock Recovery and Spallation Studies of Ductile

Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 534
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 536

Low-Velocity Impact Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 539
Plate Impact Facility . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 539
Specimen Preparation and Alignment . . . . . . . . . . . . . . . . . . 541
Surface Velocity Measurements with Laser

Interferometric Techniques . . . . . . . . . . . . . . . . . . . . . . . . 542
Plate Impact Soft-Recovery Experiments . . . . . . . . . . . . . . . 543
Pressure-Shear Friction Experiments . . . . . . . . . . . . . . . . . . 548
High-Temperature Plate Impact Testing . . . . . . . . . . . . . . . . 550
Impact Techniques with In-Material Stress and

Velocity Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 553
Low-Velocity Penetration Experiments . . . . . . . . . . . . . . . . 554

Impact Toughness Testing and Fracture Mechanics . . . . . . . . . . . 561
Chairperson: Peter K. Liaw, University of Tennessee

Fracture Toughness and Fracture Mechanics. . . . . . . . . . . . . . . . . . . . 563
Fracture Toughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 563
Fracture Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 566

Fracture Toughness Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 576
Linear-Elastic Fracture Toughness Testing. . . . . . . . . . . . . . 577
Nonlinear Fracture Toughness Testing . . . . . . . . . . . . . . . . . 580
New Standards for Metallic Materials. . . . . . . . . . . . . . . . . . 583
Fracture Toughness Test for Nonmetals . . . . . . . . . . . . . . . . 584

Creep Crack Growth Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 586
Creep and Creep Fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . . . 586
Material Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . . 586
Time-Dependent Fracture Mechanics . . . . . . . . . . . . . . . . . . 587
Creep-Fatigue Crack Growth Testing . . . . . . . . . . . . . . . . . . 590
Test Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 592
Life-Prediction Methodology . . . . . . . . . . . . . . . . . . . . . . . . 593

Impact Toughness Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 596
History of Impact Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . 596
Types of Notch-Toughness Tests . . . . . . . . . . . . . . . . . . . . . 597
Charpy Impact Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 598
Instrumented Charpy Impact Test . . . . . . . . . . . . . . . . . . . . . 603

Precracked Charpy Test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 605
Drop Weight Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 607
Other Impact Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 608

Evaluation of Environmentally Assisted Crack Growth . . . . . . . . . . . 612
Evaluation of Hydrogen Embrittlement . . . . . . . . . . . . . . . . . . . . 612

Types of Hydrogen Embrittlement . . . . . . . . . . . . . . . . . . . . 613
Mechanisms and Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 613
Hydrogen Embrittlement Tests . . . . . . . . . . . . . . . . . . . . . . . 614

Evaluation of Stress-Corrosion Cracking. . . . . . . . . . . . . . . . . . . 619
SCC Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 621
Smooth Specimen SCC Testing . . . . . . . . . . . . . . . . . . . . . . 621
Precracked Specimen Testing . . . . . . . . . . . . . . . . . . . . . . . . 624

Corrosion Fatigue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 625
Key Test Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 625
Corrosion Fatigue Crack Growth Test Methods . . . . . . . . . . 628
Vacuum and Gases at Room Temperature . . . . . . . . . . . . . . 630
High-Temperature Vacuum and Oxidizing Gases . . . . . . . . 630
Aqueous Solutions at Ambient Temperature . . . . . . . . . . . . 631
Acidified Chloride . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 631
Liquid Metal Environments. . . . . . . . . . . . . . . . . . . . . . . . . . 632
Steam or Boiling Water with Contaminants . . . . . . . . . . . . . 632

Environmentally Assisted Cracking of
Nonmetallic Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 633

Environmentally Assisted Cracking in Ceramics . . . . . . . . . 633
Environmental Stress Cracking and Crazing in Polymers. . . . 636

Nanomechanical Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 637
Evaluation of Nanoscale Environmental Effects. . . . . . . . . . 638
Methods for Small-Volume Testing . . . . . . . . . . . . . . . . . . . 639
Scanning Probe Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . 642

Fracture Resistance Testing of Plastics . . . . . . . . . . . . . . . . . . . . . . . . 649
Historical Development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 649
Fracture Test Methods for Polymers . . . . . . . . . . . . . . . . . . . 650

Fracture Toughness of Ceramics and Ceramic Matrix Composites. . . 654
An Overview of Fracture Mechanics . . . . . . . . . . . . . . . . . . 654
Fracture Mechanics of Ceramics and CMCs. . . . . . . . . . . . . 657
Fracture Toughness Evaluation . . . . . . . . . . . . . . . . . . . . . . . 657
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 661

Fracture Resistance Testing of Brittle Solids. . . . . . . . . . . . . . . . . . . . 665
Concepts of Fracture Mechanics as Applied to

Brittle Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 665
Fracture Toughness and R-Curve Testing at

Ambient Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . 667
Fracture Toughness and R-Curve Testing at

Elevated Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . 675
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 677

Fatigue Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 679
Chairperson: Robert Ritchie, University of California at Berkley

Fatigue and Fracture Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 681
Infinite-Life Criterion (S-N Curves) . . . . . . . . . . . . . . . . . . . 681
Finite-Life Criterion (ε-N Curves) . . . . . . . . . . . . . . . . . . . . 682
Fracture Mechanics Approach . . . . . . . . . . . . . . . . . . . . . . . 683

Fatigue, Creep Fatigue, and Thermomechanical
Fatigue Life Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 686

Process of Fatigue Crack Initiation and Early Growth . . . . . 686
Fatigue Testing Machines . . . . . . . . . . . . . . . . . . . . . . . . . . . 688
Ancillary Equipment and Specimens . . . . . . . . . . . . . . . . . . 690
Electronic Test Controls . . . . . . . . . . . . . . . . . . . . . . . . . . . . 698
Baseline Isothermal Fatigue Testing . . . . . . . . . . . . . . . . . . . 700
Testing for Effects of Variables on Fatigue Resistance . . . . 704
Creep-Fatigue Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . 708
Thermomechanical Fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . 710
Helpful Guidelines for Fatigue Testing. . . . . . . . . . . . . . . . . 713

Ultrasonic Fatigue Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717
Historical Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717
Strain Rates, Frequency, and Time Compression . . . . . . . . . 717
Testing Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 718
Testing Equipment and Methods. . . . . . . . . . . . . . . . . . . . . . 719

xiii

© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

www.asminternational.org



Test Specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 725
Applications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 728

Fretting Fatigue Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 730
Fretting and Fretting Fatigue Mechanisms . . . . . . . . . . . . . . 731
Typical Systems and Specific Remedies . . . . . . . . . . . . . . . . 732
Testing, Modeling, and Analysis. . . . . . . . . . . . . . . . . . . . . . 734
Variables Investigated during Fretting Fatigue Tests . . . . . . 735
Prevention or Improvement . . . . . . . . . . . . . . . . . . . . . . . . . . 737

Fatigue Crack Growth Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 740
Fracture Mechanics in Fatigue . . . . . . . . . . . . . . . . . . . . . . . 740
Test Methods and Procedures . . . . . . . . . . . . . . . . . . . . . . . . 742
Specimen Selection and Preparation . . . . . . . . . . . . . . . . . . . 743
Crack-Length Measurement . . . . . . . . . . . . . . . . . . . . . . . . . 746
Loading Methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 750
Analysis of Crack Growth Data . . . . . . . . . . . . . . . . . . . . . . 751

Appendix: High-Temperature Fatigue Crack Growth Testing. . . . . 753
Fatigue Testing and Behavior of Plastics. . . . . . . . . . . . . . . . . . . . . . . 758

Fatigue Crack Initiation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 758
Fatigue Crack Propagation . . . . . . . . . . . . . . . . . . . . . . . . . . 761
Factors Affecting Fatigue Performance of Polymers . . . . . . 763
Fractography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 766

Fatigue Testing of Brittle Solids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 768
Fatigue Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 768
Fatigue Behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 769
Strength-Based Test Methods . . . . . . . . . . . . . . . . . . . . . . . . 769
Fracture Mechanics Methods . . . . . . . . . . . . . . . . . . . . . . . . 773
Comparison of Indirect and Direct Methods . . . . . . . . . . . . . 775
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 775

Multiaxial Fatigue Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 779
Stress States . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 779
Testing of Cylindrical Specimens . . . . . . . . . . . . . . . . . . . . . 780
Testing of Specimens Containing Notches or Cracks . . . . . . 780
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 783

Component Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 787
Chairperson: Brian Klotz, General Motors Corporation

Introduction to Mechanical Testing of Components . . . . . . . . . . . . . . 789
Overview of Component Testing . . . . . . . . . . . . . . . . . . . . . . . . . 789
Overview of Mechanical Properties for Component Design . . . . . . 789

General Mechanical Behavior . . . . . . . . . . . . . . . . . . . . . . . . 790
Properties and Design for Static Loads . . . . . . . . . . . . . . . . . 790
Properties and Design for Dynamic Loads . . . . . . . . . . . . . . 793
Properties and Design for Cyclic Loads . . . . . . . . . . . . . . . . 793
Applications Factors in Mechanical Performance. . . . . . . . . 794

Testing for Deformtion Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 798
Testing for Bulk Forming . . . . . . . . . . . . . . . . . . . . . . . . . . . 798
Testing for Sheet-Metal Forming . . . . . . . . . . . . . . . . . . . . . 804
Testing for Semisolid Forming and Polymer Extrusion . . . . 807

Mechanical Testing of Threaded Fasteners and Bolted Joints. . . . . . . 811
Torque, Angle, Tension, and Friction . . . . . . . . . . . . . . . . . . 811
Standard Test Methods for Determining Materials

Properties of Fasteners . . . . . . . . . . . . . . . . . . . . . . . . . . . 813
Friction Coefficient Testing . . . . . . . . . . . . . . . . . . . . . . . . . 818
Torque Tension Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 819
Locknut Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 821
Angular Ductility and Rotational Capacity Tests . . . . . . . . . 823
Torque-Angle Signature Analysis . . . . . . . . . . . . . . . . . . . . . 824
Measurement Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 831

Testing of Adhesive Joints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 836
Purpose of Testing Adhesive Joints . . . . . . . . . . . . . . . . . . . 836
Factors Influencing Mechanical Strength of

Adhesive Joints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 837
Qualitative Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 837
Peel Tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 838
Lap Shear Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 839
Tensile Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 840
Adhesive Fracture Mechanics Tests . . . . . . . . . . . . . . . . . . . 841

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 843
Mechanical Testing of Welded Joints . . . . . . . . . . . . . . . . . . . . . . . . . 845

Reasons to Measure Properties of Welds . . . . . . . . . . . . . . . 845
Mechanical Testing for Weldment Properties . . . . . . . . . . . . 846
Residual Stress Measurement . . . . . . . . . . . . . . . . . . . . . . . . 850
Weldability Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 851

Testing of Bearings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 853
Rolling Element Bearings . . . . . . . . . . . . . . . . . . . . . . . . . . . 853
Sliding Bearings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 853
Role of Lubrication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 854
Testing of Rolling Bearings. . . . . . . . . . . . . . . . . . . . . . . . . . 854
Testing of Sliding Bearings . . . . . . . . . . . . . . . . . . . . . . . . . . 857

Mechanical Testing of Gears . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 861
Common Modes of Gear Failure . . . . . . . . . . . . . . . . . . . . . . 861
Stress Calculations for Test Parameters . . . . . . . . . . . . . . . . 863
Specimen Characterization . . . . . . . . . . . . . . . . . . . . . . . . . . 865
Tests Simulating Gear Action . . . . . . . . . . . . . . . . . . . . . . . . 865
Gear Power-Circulating (PC), or Four-Square, Tests . . . . . . 869

Testing of Pressure Vessels, Piping, and Tubing. . . . . . . . . . . . . . . . . 873
Safety Aspects and Integrity Concepts . . . . . . . . . . . . . . . . . 873
Fracture Mechanics Analysis . . . . . . . . . . . . . . . . . . . . . . . . 874
Transferability of Mechanical Properties . . . . . . . . . . . . . . . 876
Full-Scale Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 877
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 882

Residual Stress Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 886
Need for Residual Stress Measurements . . . . . . . . . . . . . . . . 887
Nature of Residual Stresses . . . . . . . . . . . . . . . . . . . . . . . . . . 888
Stress Measurement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 888
Destructive Measurement Procedures

(Stress-Relaxation Techniques). . . . . . . . . . . . . . . . . . . . . 888
Semidestructive Procedures. . . . . . . . . . . . . . . . . . . . . . . . . . 897
Nondestructive Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . 898
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 901

Mechanical Testing of Fiber-Reinforced Composites . . . . . . . . . . . . . 905
General Concepts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 905
Characterization of Mechanical Properties . . . . . . . . . . . . . . 908
Structural Laminate Properties . . . . . . . . . . . . . . . . . . . . . . . 916
Interlaminar Fracture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 919

Interlaminar Shear Properties of Fiber-Reinforced
Composites at High Strain Rates . . . . . . . . . . . . . . . . . . . . . . . 923

Types of Interlaminar Shear Test . . . . . . . . . . . . . . . . . . . . . 923
Split-Hopkinson Pressure Bar Test . . . . . . . . . . . . . . . . . . . . 923
Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 925

Fatigue Testing and Behavior of Fiber-Reinforced Composites . . . 925
Fatigue Damage Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . 925
Fatigue Testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 928
Damage Assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 929

Reference Information. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 933

Property Comparison Tables: Hardness and
Tensile Properties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 935

Hardness of plastics (Rockwell R scale) . . . . . . . . . . . . . . . . 935
Hardness of rubber and elastomers (Shore A scale) . . . . . . . 935
Hardness of ceramics (Mohs scale) . . . . . . . . . . . . . . . . . . . . 935
Hardness of metals (Brinell scale). . . . . . . . . . . . . . . . . . . . . 936
General comparison of hardness scales (graph) . . . . . . . . . . 936
Comparison of various engineering materials on the

basis of tensile strength (graph). . . . . . . . . . . . . . . . . . . . . 936
Tensile yield strength of metals and plastics at room

temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 937
Tensile modulus of elasticity in tension at

room temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 938
Glossary of Terms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 939
Metric Conversion Guide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 953
Abbreviation and Symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 955

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 959

xiv

© 2000 ASM International. All Rights Reserved.
ASM Handbook, Volume 8, Mechanical Testing and Evaluation (#06772G)

www.asminternational.org



 

ASM International is the society for materials 
engineers and scientists, a worldwide network 
dedicated to advancing industry, technology, and 
applications of metals and materials. 
 
ASM International, Materials Park, Ohio, USA 
www.asminternational.org 

 
This publication is copyright © ASM International®. All rights reserved. 
 

Publication title Product code 
ASM Handbook, Volume 8, Mechanical Testing and 
Evaluation 

#06772G 

 
To order products from ASM International: 

Online Visit www.asminternational.org/bookstore 

Telephone 1-800-336-5152 (US) or 1-440-338-5151 (Outside US) 
Fax 1-440-338-4634 

Mail Customer Service, ASM International 
9639 Kinsman Rd, Materials Park, Ohio 44073-0002, USA 

Email CustomerService@asminternational.org 

In Europe 

American Technical Publishers Ltd. 
27-29 Knowl Piece, Wilbury Way, Hitchin Hertfordshire SG4 0SX, 
United Kingdom 
Telephone: 01462 437933 (account holders), 01462 431525 (credit card) 
www.ameritech.co.uk 

In Japan 
Neutrino Inc. 
Takahashi Bldg., 44-3 Fuda 1-chome, Chofu-Shi, Tokyo 182 Japan 
Telephone: 81 (0) 424 84 5550 

 
Terms of Use. This publication is being made available in PDF format as a benefit to members and 
customers of ASM International. You may download and print a copy of this publication for your 
personal use only. Other use and distribution is prohibited without the express written permission of 
ASM International. 
 
No warranties, express or implied, including, without limitation, warranties of merchantability or 
fitness for a particular purpose, are given in connection with this publication. Although this 
information is believed to be accurate by ASM, ASM cannot guarantee that favorable results will be 
obtained from the use of this publication alone. This publication is intended for use by persons having 
technical skill, at their sole discretion and risk. Since the conditions of product or material use are 
outside of ASM's control, ASM assumes no liability or obligation in connection with any use of this 
information. As with any material, evaluation of the material under end-use conditions prior to 
specification is essential. Therefore, specific testing under actual conditions is recommended. 
 
Nothing contained in this publication shall be construed as a grant of any right of manufacture, sale, 
use, or reproduction, in connection with any method, process, apparatus, product, composition, or 
system, whether or not covered by letters patent, copyright, or trademark, and nothing contained in this 
publication shall be construed as a defense against any alleged infringement of letters patent, 
copyright, or trademark, or as a defense against liability for such infringement. 




