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Foreword

The Current Japanese Materials Research (CJIMR) series is a new
publication edited by the Society of Materials Science, Japan, and
published by Elsevier Science Publishers, UK, aiming at the overseas
circulation of current Japanese achievement in the field of materials
science and technology. This sixth volume of the series deals with
Fractography. All the papers have been selected to present the most
important and substantial results obtained by the authors, in order to
help readers to understand the current status and recent developments
of fractography and its related fields.

Although many international meetings are held every year in
various specialized fields, it cannot be denied that most research
results in Japan are published only in Japanese and tend, therefore, to
be confined to the domestic audience. The publication of the CJMR
series is an attempt to offer these results to colleagues abroad and
thereby encourage the exchange of knowledge between us. I hope that
our efforts will interest engineers and scientists in different countries
and may contribute to the progress of materials science and technology
throughout the world.

HirosH1 JINNO
President, Society of Materials Science, Japan



Preface

Much work on fractography has been carried out in Japan in
conjunction with fracture mechanisms, fracture mechanics and failure
analysis during the last two decades, and a large amount of frac-
tographic data has been accumulated for effective utilization in both
basic research and practical applications.

The Committee on Fractography of the JSMS (Society of Materials
Science, Japan) has been working for some years to promote
fractographic research and applications in this country. Its origin dates
back to 1969, when the Subcommittee on Fractography started as a
section of the JSME (Japan Society of Mechanical Engineers), whose
members cover researchers and engineers actively working on frac-
tography in Japan. It aimed primarily at an exchange of information
on fractography and compilation of fractographic data, but a co-
operative investigation was also conducted on quantitative analysis of
fatigue fracture surfaces, focusing attention mainly on the striation
analysis of aluminum alloys as well as that of ferrous alloys, whose
striation analysis was not common at that time. The results of the
co-operative investigation were reported at the international con-
ference organized by the Electron Microscopy Society of America in
Los Angeles in 1972 as well as at meetings and in the Journal of
JSME.

The subcommittee was then expanded and transferred to the JSMS
as the Committee on Fractography in 1975. This committee has had
four regular meetings a year and has continued the exchange of
information and the compilation of fractographic data. The committee
has also presented symposia on fractography about once every 2 years,
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viii PREFACE

and most of the reports read at these symposia have been published in
the special issues on fractography of the Journal of JSMS. Some of the
work by the committee members was also presented at the ASTM
Symposium on Fractography in Failure Analysis (Toronto, 1977,
STP-645). Besides this committee work, several subcommittees also
have been working on the initial stage of fatigue crack propagation,
fracture at high temperature, fracture of high-strength materials, the
relationship between fracture and microstructure, failure analysis,
environmental fracture, and the fracture of nonmetallic materials
(such as ceramics). The first three of these have finished their work
and the others are now working actively.

This volume includes the recent work of some of these subcommit-
tees on survey and analysis. The remaining part of this volume is
devoted to recent work:carried out by individual members of the
committee. This covers various aspects of fractography from basic
research to practical applications, including analyses of fatigue frac-
ture, creep and high-temperature fracture, unstable fracture, environ-
mentally assisted cracking, as well as material characterization and
failure analysis, and will give a broad picture of the present state of
fractographic research and applications in Japan.

R. KOTERAZAWA
Chairman, Committee on Fractography



List of Contributors

M. ARAKI
Government Industrial Research Institute of Chugoku, 2-2-2 Hiro-

Suehiro, Kure, Hiroshima 737-01, Japan

K. Asami
Department of Mechanical Engineering, Musashi Institute of

Technology, Tamazutsumi, Setagaya-ku, Tokyo 158, Japan

R. EBARA
Hiroshima Research and Development Center, Mitsubishi Heavy

Industries Ltd, 4-6-22 Kan-on-shin-machi Nishi-ku, Hiroshima
733, Japan

T. Enjo
Welding Research Institute of Osaka University, 11-1 Mihogaoka,

Ibaraki, Osaka 567, Japan

K. Fuirta
Department of Mechanical Engineering, Ube Technical College,

Tokiwadai, Ube, Yamaguchi 755, Japan

S. Fukuyama
Government Industrial Research Institute of Chugoku, 2-2-2 Hiro-

Suehiro, Kure, Hiroshima 737-01, Japan

xiii



Xiv LIST OF CONTRIBUTORS

S. Ito
Department of Mechanical Engineering, Musashi Institute of

Technology, Tamazutsumi, Setagaya-ku, Tokyo 158, Japan

M. KAGE
Oita National College of Technology, 1666 Maki, Oaza, Oita City,

Oita Prefecture 870-01, Japan

Y. KITSUNAI
National Research Institute of Industrial Safety, 1-4-6 Umezono,

Kiyose 204, Japan

H. KoBAYASHI
Department of Mechanical Engineering Science, Tokyo Institute of
Technology, 2-12-1 Ohokayama, Meguro-ku, Tokyo 152, Japan

K. Komarl
Department of Mechanical Engineering, Kyoto University,
Yoshidahonmachi, Sakyo-ku, Kyoto 606, Japan

K. KOoTERAZAWA
Department of Chemical Engineering, Himeji Institute of
Technology, 2167 Shosha, Himeji-shi, Hyogo 671-22, Japan

R. KOTERAZAWA
Institute of Engineering Mechanics, University of Tsukuba,
Tsukuba, Ibaraki, Japan

S. KuBo
Department of Mechanical Engineering, Osaka University, 2-1
Yamadaoka, Suita, Osaka 565, Japan

K. Kusota
Tokyo Motor Vehicle Works, Mitsubishi Motor Corporation,
Kawasaki, Japan



LIST OF CONTRIBUTORS XV

T. Kurobpa
Welding Research Institute of Osaka University, 11-1 Mihogaoka,

Ibaraki, Osaka 567, Japan

Y. Mukal
Department of Welding and Production Engineering, Osaka
University, 2-1 Yamada-oka, Suita, Osaka 565, Japan

M. MURATA
Department of Welding and Production Engineering, Osaka
University, 2-1 Yamada-oka, Suita, Osaka 565, Japan

H. NAKAMURA
Department of Mechanical Engineering Science, Tokyo Institute of
Technology, 2-12-1 Ohokayama, Meguro-ku, Tokyo 152, Japan

S.-I. NisHIDA
Yawata Research and Development Laboratory, Central Research
and Development Bureau, Nippon Steel Corporation, Edamitsu
1-1-1, Yahata-higashi-ku, Kitakyushu 805, Japan

H. NisiTANI
Faculty of Engineering, Kyushu University, 6-10-1 Hakozaki,
Higashi-ku, Fukuoka City, Fukuoka Prefecture 812, Japan

M. NoOGUCHI
Mitsubishi Metal Corp., Kitahukuromachi 1-297, Omiya 330,
Japan

K. Onn
Department of Mechanical Engineering, Osaka University, 2-1
Yamadaoka, Suita, Osaka 565, Japan

Y. SuGivama
Department of Mechanical Engineering, Musashi Institute of
Technology, Tamazutsumi, Setagaya-ku, Tokyo 158, Japan



Xvi LIST OF CONTRIBUTORS

Y. TomitAa
Department of Metallurgical Engineering, College of Engineering,
University of Osaka Prefecture, 4-804 Mozu-Umemachi, Sakali,

Osaka 591, Japan

H. UcHipA .
Department of Chemical Engineering, Himeji Institute of

Technology, 2167 Shosha, Himeji-shi, Hyogo 671-22, Japan

C. UrASHIMA
Yawata Research and Development Laboratory, Central Research
and Development Bureau, Nippon Steel Corporation, Edamitsu
1-1-1, Yahata-higashi-ku, Kitakyushu 805, Japan

T. YamMADA
Hiroshima Research and Development Center, Mitsubishi Heavy
Industries Ltd, 4-6-22 Kan-on-shin-machi Nishi-ku, Hiroshima
733, Japan

Y. YaMADA
Hiroshima Research and Development Center, Mitsubishi Heavy
Industries Ltd, 4-6-22 Kan-on-shin-machi Nishi-ku, Hiroshima
733, Japan

K. YokoGgawa
Government Industrial Research Institute of Chugoku, 2-2-2 Hiro-
Suehiro, Kure, Hiroshima 737-01, Japan

T. YONEKURA
Production and Technology Control Department, Yawata Works,
Nippon Steel Corporation, Edamitsu 1-1-1, Yahata-higashi-ku,
Kitakyushu 805, Japan



Contents

Foreword .
Preface

List of Contributors
Survey and Analysis

Report from the Subcommittee on Microstructure and Fracture,
No. 1: Stage 2 Fatigue Crack Propagation and Fractography
K. Asami

Report from the Subcommittee on Microstructure and Fracture,
No. 2: Role of the Microstructure in Fracture Morphology
T. Enio and T. Kuropa

Report of the Subcommittee on Environmental Fracture:
Method for Removing Rust from a Fractured Metallic Surface
M. Murata and Y. Mukal

Fatigue

Propagation of Microscopic Fatigue Cracks under Periodic
Overstressing . . . . .
K. Fuiita and R. KOTERAZAWA

Effect of Inclusions and Laminated Structures on the Anisotropy
of the Fatigue Process in Rolled Steels
M. KAGE and H. NisiTanI

vii

Xiii

13

33

53



X CONTENTS

Fatigue Crack Propagation Characteristics of Spheroidal

Graphite Cast Iron :
K. Asami, Y. SUGIYAMA and S. ITo

Creep and High-Temperature Fracture

Crack Growth Behavior and Fractographs under Creep-Fatigue
Conditions Including the Near-Threshold Regime . .
K. Omut and S. KuBo

Fractography of the High-Temperature Fracture Surface of

Hot-Forging Die Steel .
R. EBARA, Y. YAMADA, T. YAMADA and K KUBOTA

Unstable Fracture

Evaluation of the Stretched Zone Width and Striation Spacing
H. KoBayashi and H. NAKAMURA

Environmentally Assisted Cracking

Fracture Surface Reconstruction Technique and Crack Closure
K. Komar and M. NoGuUcCHI

Mechanism for Stress Corrosion Cracking in Duplex Stainless
Steel and its Welds .
M. MuraTa and Y. Mukal

Effect of Tensile Orientation on the Stress Corrosion Cracking of

Type 304 Steel Single Crystals
H. UcHipA and K. KOTERAZAWA

Hydride Precipitation Behavior and Fracture Morphology of
Hydrogenated Ti—6Al-4V Alloy 5 3 3
T. ENnjo and T. Kuroba

Fracture Toughness and Fatigue Crack Growth of Type 304
Stainless Steel in High-Pressure Hydrogen Gas at Room
Temperature .

S. Fukuyama, K. YOKOGAWA and M. ARAKI

87

105

125

141

161

187

203

217

231



CONTENTS
Material Characterization

Fractographic Study of Flake Graphite Cast Iron
S.-I. NisHIDA, C. UrAsHIMA and T. YONEKURA

Fracture Mechanism and Fractography of Quenched and Low-
Tempered Alloy Steel Contammg Undissolved Spheroidal
Carbides . . .

Y. TomiTA

Failure Analysis

Quantitative Fatigue Failure Analysis of Machine Parts by Means

of Fractography
Y. KiTsunal

Index

xi

249

269

289

313



Report from the Subcommittee on
Microstructure and Fracture, No. 1: Stage 2
Fatigue Crack Propagation and
Fractography

KATSUTOSHI ASAMI

Department of Mechanical Engineering, Musashi Institute of
Technology, Tamazutsumi, Setagaya-ku, Tokyo 158, Japan

ABSTRACT

This report reviews studies on the stage 2 fatigue crack propagation characteristics
that have been done in Japan over the last decade, consisting mainly of those on iron
and steel materials. Many of the studies carried out from 1976 to 1980 concentrated on
the relationship between the crack propagation characteristics and fracture mechanism,
while many of those done thereafter have focused on the role of oxide-induced crack
closure on the fatigue crack propagation characteristics. The findings from these studies
are contributing to fracture analysis in service and to the establishment of design criteria
for fatigue crack propagation curves.

This report reviews the results of studies on fatigue crack propaga-
tion characteristics at the stage 2 level by means of fractography,
which have been carried out over the last decade mainly by members
of the Subcommittee on Microstructure and Fracture that was estab-
lished by the Committee on Fractography of the Society of Materials
Science, Japan.

Since most of such studies in Japan are related to iron and steel
materials, this review also focuses on the results from iron and steel
materials, which will be described in chronological order.

STUDIES CARRIED OUT FROM 1976 TO 1980

Murakami et al. [1-3] and Kitsunai [4, 5] did detailed studies on the
relationship between fatigue crack propagation characteristics and the

1



2 KATSUTOSHI ASAMI

Kc

da/dN = C(AK)™
Z
B —Stage 2a ~——Stage 2¢ —
S | Discontinuous growth Pseudo-monotonic
o | (intergranular fracture
o fracture et al.) (dimple , cleavage,
- infergranular et al)

=—— Stage 2b —
Continuous growth
(striation)
1 AKth
log AK, Kmax

Fic. 1. Classification of stage 2 fatigue crack propagation processes based on
the fracture mechanism.

fracture mechanism at the stage 2 level, with extensive work on the
threshold, AK,, and the fracture toughness, K. by means of
fractography, using carbon steels with a wide variation in carbon
content. As a result, it was found that the fatigue crack propagation
could be classified into that at stages 2a, 2b and 2c, according to
changes in the fracture mechanism dependent on AK (stages 2a and
2b) and K., (stage 2c). Figure 1 shows that fractures with discon-
tinuous propagation, represented by intergranular fracture acting as
the unit of a micro-structure, are dominant at stage 2a, which includes
AKy,, while fractures with continuous propagation caused by striations
that are hardly dependent on the microstructure are dominant at stage
2b. Figure 1 also shows that monotonic fractures such as dimples,
cleavages and intergranular fractures, which reflect differences in the
microstructure, are dominant at stage 2c culminating at K. It has also
been determined that the law of Paris expressed below is valid at stage
2b.

da/dN = C(AK)™ 1)



