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Review

An extension of fracture mechanics/technology to

larger and smaller cracks/defects

By Hiroyuki AB�E�1,†

(Communicated by Takeo YOKOBORI, M.J.A.)

Abstract: Fracture mechanics/technology is a key science and technology for the design

and integrity assessment of the engineering structures. However, the conventional fracture me-

chanics has mostly targeted a limited size of cracks/defects, say of from several hundred microns
to several tens of centimeters. The author and his group has tried to extend that limited size and

establish a new version of fracture technology for very large cracks used in geothermal energy ex-

traction and for very small cracks/defects or damage often appearing in the combination of
mechanical and electronic components of engineering structures. Those new versions are reviewed

in this paper.

Keywords: Fracture mechanics/technology, larger cracks, smaller cracks/defects, geother-
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1. Introduction

Fracture mechanics is a subject of science-based

engineering, and it is being used to assess the safety

of engineering structures containing crack-like defects.
Fracture mechanics is generally applied by equating

combinations of stress and crack size to the measure-

ment of resistance, which is geometrically indepen-
dent, for crack extension.

The original work of the widely used fracture

mechanics is the Grif�th theory1) which is extended
and applied to metals.2),3) An understanding of the

strength and the fracture of materials, however,

needs more interdisciplinary studies with their syn-
thetical views. An outstanding and historical work

was done by Professor Takeo Yokobori and his �rst

book was published more than half a century ago.4)

The author acknowledges that fracture mechanics is

a subset of the Yokobori concept.

This paper is con�ned to fracture starting from
cracks and/or defects. A great many papers on frac-

ture mechanics have been published in the past sev-

eral decades. Fracture mechanics has widely been ap-

plied to the design of engineering structures and also

for integrity assessments. The sizes of cracks in engi-
neering structures appearing in those papers are

mostly shown in the bold line in Fig. 1, say of from

several hundred microns to at most several tens of
centimeters. Two of our major studies are shown in

Fig. 1. However these studies will not be reviewed

since our major interest of this review is outside the
bold line in Fig. 1.

A typical example for a large crack problem is

the geothermal energy extraction from hot, dry rock
mass. The cracks are arti�cially induced for use as

heat exchange surfaces, through which water is circu-

lated from the ground surface to the underground
rock (Fig. 1). The sizes of cracks considered are as

long as several kilometers. This discipline is referred

to as Crustal Rock Fracture Mechanics.
The fracture phenomenon of a minute part of

engineering structures is generally dif�cult to evalu-

ate using the bulk material. The �rst example is a
lifetime prediction of an optical glass �ber. The

treated optical glass �ber has a diameter of 125 mm.

A stable crack may extend perpendicular to the �ber
axis when it is suf�ciently small and extend in an un-

stable manner when it grows to its critical size. The

crack usually is microns to several tens microns in
size.

Engineering structures of today generally include
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the combination of a mechanical and electronic and/

or microelectronic components. The fracture phenom-
enon in such components is much di�erent from

those for cracks shown in the bold line. As a typical

example, a series of studies, which are part of the
frontiers of fracture technology, on the electromigra-

tion failure of metal lines, will be cited.

2. Crustal rock fracture mechanics

It has been recognized that geothermal energy

has the potential to be an alternative energy to fossil-

fuel. It is renewable and is almost free from global en-
vironmental problems such as global warming. In ad-

dition to these advantages, the estimated amount of

geothermal energy in the earth’s crust is abundant.
Thus the establishment of highly reliable technology

for recovering the abundant geothermal energy is

critical for solving the global energy problems.
Obviously, the primary factors governing pro-

ductivity of geothermal heat extraction are high

temperature, existence of suf�cient geothermal �uid
and path of �uid-�ow. However, �elds with condi-

tions satisfying all these three factors are rare. In

this sense, in addition to the conventional type of
geothermal heat extraction, advanced types of geo-

thermal energy extraction, which are less dependent
on natural subsurface conditions, are desirable for

geothermal energy to be more promising. Hot Dry

Rock (HDR) seems to be a candidate with the most
potential among other advanced types. An HDR geo-

thermal heat extraction subsurface system consists

basically of a large arti�cial fracture (crack) with inlet
and outlet wells through which water is heated and

circulated back to the ground level (Fig. 1). Thus,

HDR does not require natural geothermal �uid. An
abundant and almost pollution-free energy will be

made available by establishing a reliable methodol-

ogy for creating the subsurface system as sketched
in Fig. 1.

The concept of extracting heat from HDR was

�rst proposed by a group at the Los Alamos Scien-
ti�c Laboratory. The demonstration HDR project

was made as a proof of concept in the 1970’s.

The �rst step of the design of HDR geothermal
systems was to form an arti�cial crack by hydraulic

fracturing. The possibility of the formation of an ar-

ti�cial crack, after assuming that it is penny-shaped,
was established analytically by means of a combina-

tion of fracture and �uid mechanics.5) It was also

found that the extension of crack was essentially
stable.

For the scienti�c promotion of the HDR geother-

mal extraction, a project named the G project was
set up in the Tohoku University.6) The project was

Fig. 1. Crack/defect size with wider range and Fracture Technology.
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awarded a Toray Science and Technology Grant in

1981, and was then adopted as a Specially Promoted
Distinguished Research Program which was sup-

ported from 1983 to 1988 by the Ministry of Edu-

cation, Science, Sports and Culture (MESSC, now
MEXT). Some major results are shown in the fol-

lowing.

In the actual hydraulic fracturing, crack growth
is dif�cult to observe directly. Therefore the hydrau-

lic fracturing experiment using a large rock specimen

(10.4 m� 9.3 m� 8.8 m, Iidate granite) was per-
formed at a quarry in Fukushima prefecture.7) It

was called Phase I of the G project. The experiment

using such a large sized specimen may help bridge
the signi�cant gap between the behaviors of small

scale laboratory specimens and those of the actual
subsurface rock mass.

After the fracturing, the huge rock specimen was

cut along the crack plane. The specimen was the
largest in the world in which the induced crack was

observed directly. The crack propagation resistance

was also obtained and was found to be larger than
the resistance obtained from small specimens in the

laboratory.

The next phase, Phase II, was the design of a
subsurface system. In order to apply the results of

Phase I, the subsurface cracks had to be provided in

the rock mass at a reasonably shallow depth. A
model �eld was selected at Higashi Hachimantai in

Japan. In the �eld, a single fracture around 60 m in

diameter was created at a depth of 380 m in joint-
free, highly welded tu� based on rock fracture

mechanics. The extension of the crack was largely

in�uenced by the tectonic stress state. A method
for measuring 3-D in-situ stress was newly developed

by using massive fracturing techniques.8) Thus the

subsurface circulation system (inlet well { arti�cial
crack { outlet well) was successfully constructed, as

sketched in Fig. 1, and the design concept was vali-

dated. It was televised by NHK as a news �ash (Octo-
ber 7, 1986).

Although the projects for Phase I and Phase II

are sure to open up frontiers of rock fracture mechan-
ics, the actual rock mass for geothermal energy ex-

traction is still di�erent, since the rock has numerous

micro-fractures under high temperature and/or high

con�ning pressure. So in Phase III, rock properties
were investigated under simulated geothermal condi-

tions.9)

The main research concerns were:
(a) fracture growth behavior

(b) stress-corrosion cracking

(c) chemical water/rock interaction (dissolution and
decomposition)

Figure 2 shows a part of the simulation.

One of the results is given in Fig. 3, where �a is
the crack extension and K(J) is the stress intensity

factor calculated from the J-integral. It was the �rst

investigation for rocks under the hydrothermal envi-
ronment which showed a signi�cant decrease in the

crack propagation resistance.
Although the G project may have given some re-

markable scienti�c achievements, an actual reservoir

is much deeper and more complicated in the geologi-
cal structure even if an appropriate rock mass is

selected. In order to apply the scienti�c results, in-

cluding those of the G project, we presented engi-
neering systems fundamentals for the design concept

and the design methodology for arti�cial geothermal

reservoir systems.10)

There have been many HDR demonstration

projects all over the world. This paper will not re-

view a comparison of those demonstration projects
but will brie�y review the Hijiori project, which was

sponsored by the New Energy and Industrial Tech-

nology Development Organization (NEDO), in Ya-
magata prefecture. The depth of the test �eld was

about 2,300 m where the temperature was more

than 270 �C. The type of the geothermal energy is
somewhat di�erent from the so-called HDR and is

classi�ed as HWR or HDR/HWR type.�) The Hijiori

project put forth a geothermal energy extraction as
an engineered system. The project was completed,

and its outcome and technological issues for the fu-

ture were summarized.12)

The �rst major academic meetings on HDR/

HWR were held in Japan.13) The seminar was mainly

sponsored by the National Science Foundation (NSF)
in the United States and the Japan Society for the

Promotion of Science (JSPS) in Japan. It was fol-

lowed by a post-seminar symposium which provided
an excellent forum for scienti�c exchange between

the two countries, the United States and Japan,

together with France, Germany and Australia. The
author was a chairperson of the meetings.

�) HDR is de�ned as the extraction of heat from low perme-
ability rocks possessing no signi�cant natural fracture while HWR
is the exploitation of geothermal heat by modi�cation of the exist-
ing, but low permeability, natural fracture system.11)
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In view of the many demonstration projects and

taking stock of the progress that has been made
world-wide after 13 years since the �rst meetings, a

new international conference, in the form of a struc-

tured scienti�c/academic review, was held in Sen-
dai.11) It was sponsored by MESSC (now MEXT)

and chaired by the author. The world’s leading scien-

tists and/or engineers from seven countries parti-
cipated in this meeting. During the conference, a

science and technology map was proposed for identi-

fying the technologies and design paradigms which
had been suf�ciently developed for application to

Fig. 2. Flow diagram of fracture toughness test under simu-
lated geothermal conditions at temperatures up to 400 �C
and pressures up to 600 kg/cm2. 9)

Fig. 3. Crack propagation resistance curves for Iidate granite
under hydrothermal environments.9)

Fig. 4. Monograph of (A) the fractured surface of a silica optical �ber specimen (25 �C, 90% rh), and (B) a closeup of the rect-
angular region in (A).15)

366 H. AB�E [Vol. 85,



commercial scale HDR/HWR operations, and those

which require further development and fundamental
research.

3. Delayed failure in silica glass �bers

As an example of fracture technology for cracks
smaller than the bold line in Fig. 1, the lifetime pre-

diction of optical glass �bers is �rst reviewed. A new

method is developed for the direct measurement of
subcritical small-crack growth in a silica optical �ber

in our laboratory.14),15) A monograph of a typical

fractured surface is shown in Fig. 4. The repeatabil-
ity of the method is found to be so excellent that the

data obtained are considered to be very accurate

compared with the other techniques proposed so far.
The crack sizes measured are from 20 to 46 mm. Some

of the results are summarized as follows:

(1) The data of the crack velocity da/dt can be
�tted by a power function of the stress intensity

factor KI for a limited range of the crack veloc-

ity. The power n is known as the stress-corro-
sion susceptibility constant.

(2) The crack velocity at a constant of KI varies
with relative humidity to a power of 2.5. The

humidity dependence of the crack velocity is
signi�cant as shown in Fig. 5.15)

(3) Figure 6 shows the di�erence from the results

for bulk silica specimens for a wide range of crack
velocities.16) The data agreed with the exponen-

tial law rather than the power law for a wide

range of da/dt. The e�ect of annealing is also
shown.

As mentioned, most of engineering structures

have been using the combination of mechanical and
electronic components. The First Joint ASME/JSME

Conference on Electronic Packaging was held in
Milpitas, USA in 1992, where ASME stands for

the American Society of Mechanical Engineers and

JSME the Japan Society of Mechanical Engineers.
The author, as Chair from JSME, received an

ASME award at the Conference for his valued ser-

vices which was complimented as a milestone for the
electronic packaging industry. He also received an

Fig. 5. E�ect of humidity on the relation between the crack
velocity da/dt and the stress intensity factor KI for the opti-
cal �ber specimens.15)

Fig. 6. Comparison of crack growth data for silica optical
�bers and bulk silica specimen. The present data are plotted
for annealed �ber specimens (b). Solid curve and chained
lines represent least squares �ts of the exponential law and
the power law, respectively. Broken lines represent results
for bulk silica specimens having large cracks.16)
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Fig. 7. Metal line structures treated. (a) Multi-level interconnections, (b) Passivated line, (c) Line connected with pads, (d)
Via-connected line, (e) Polycrystalline lines, (f) Bamboo line.21)

Table 1. Comparison between conventional methods and the AFD-based method21)

Conventional methods Present method using AFD

Lifetime prediction

Empirical equation23)

Simple

Not universal (Many and long term experiments are

necessary for the respective line shapes even if the lines are

made of the same metallic �lms)

Inaccurate (It is dif�cult to predict a phenomenon in

operating condition from that in accelerated condition)29)

AFD-based simulation of failure process30)–33)

Universal (Once the �lm characteristic constants are

obtained, the failure prediction of any shaped line is

possible under arbitrary operating conditions)

Accurate prediction for not only lifetime but also

failure site

Failure location

Numerical simulation26)

Main purpose is to clarify the damage mechanisms

Method for determining the �lm characteristic constants

of the line to be predicted is not developed

! Not necessarily suitable for quantitative failure

prediction

AFD-based simulation of electromigration

behavior22),34),35)

AFD corresponds with actual amount of damage

Film characteristic constants can be derived by simple

experiments to measure the amount of damage

Evaluation of threshold current density�, jth

Assumption of product of threshold and line-length being

constant27)

Simple and easy

E�ect of line shape on jth is not considered (Application

is limited to only straight line)

The constant depends on temperature

AFD-based simulation for building-up process of atomic

density distribution (incubation period)36)

Universal and accurate (Once the �lm characteristic

constants are obtained, the evaluation of the threshold in

any shaped line is possible under arbitrary temperature)

�jth does not exist in case of metal lines with pads.
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ASME Electrical and Electronic Packaging Division

award in 1994 and an ASME Materials Division
award for his assistance in organizing the Symposia

on Materials and Mechanics of Electronic Packaging.

Since the 1992 Conference, in particular, many
scientists and engineers have worked on the mechan-

ical and electronic problems of minute components

and excellent studies on reliability and prognostics
have been published.

4. Electromigration failure of metal lines

Many engineering components integrate micro-

Fig. 8. Schematic diagram of the failure process.21)

Fig. 9. Summary of AFD-based method, where N� is the atomic density in terms of the orientation of the microstructure and
N�min is the critical atomic density for void initiation.21)
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circuits with �ner and �ner interconnecting metal

lines. With the scaling down process, the density of
electric current in the metal line increases, and the

temperature of the microcircuit itself rises. Due to

the trends of the operating conditions, such as high
current density and high temperature, it is antici-

pated that metal line failure due to electromigration

will become more serious now and in the future. Elec-
tromigration is a phenomenon where metallic atoms

composing the line are transported by electron wind.

The damage induced by electromigration appears as
the formation of voids and hillocks. The growth of

voids in the metal line ultimately results in electrical

discontinuity as well as its �nal fracture. Therefore
from the viewpoint of ensuring the reliability of inte-

grated circuits (ICs), the lifetime of metal line must

be predicted accurately. The damage is considered
to be generated not by the so-called cracks but by

defects induced by voids.

Multi-level interconnections in IC are illustrated
in Fig. 7 (a). The metal lines used in the IC products

are covered with a passivation layer as shown in Fig.

7(b), and the ends of the line are connected with
large pads or vias for current input and output as

shown in Figs. 7(c) and (d), respectively. Also, the

microstructure of metal line distinguishes the so-
called bamboo structured line from polycrystalline

line depending on the size of metallic grains relative

to the line width, see Figs. 7(e) and (f) for treated
Al line.

The governing parameter is formulated based on

the divergence of the atomic �ux by electromigra-
tion, and is denoted by AFD, �rst introduced in

1998.22) In other words, the parameter AFD repre-

sents the number of atoms decreasing per unit time
and unit volume. The AFD-based method makes it

possible to predict the lifetime and possible failure

site in universal and accurate way. The atomic den-
sity N at any location within the metal line is calcu-

lated by

N ¼ N0 �
ð t

0

AFD dt ½1�

where t is time and N0 is the atomic density at a
reference state. In actual calculations it is chosen as

the state of stress-free and at 300 K. The density N

is closely related to the initiation and growth of voids
and hillocks.

Prior to the present studies, the prediction of

the electromigration failure had been attempted by
using an empirical equation23) and numerical simula-

tions.24)–26) On the other hand, it is known that there

is a threshold current density of electromigration
damage, jth, below which no electromigration damage

Fig. 10. Lifetime prediction for line connected with pads and evaluation of threshold current density jth for via-connected
line.21)
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appears in the case of the via-connected metal lines.

Conventionally, the threshold value has been evalu-
ated based on the assumption that the product of

the threshold and line-length is constant.27),28) The

AFD-based method has resolved key problems in-
herent in the conventional methods as summarized

in Table 1.

Presently the width of metal lines ranges from
several tens nm to several tens mm. In this study,

the lines of 980 nm to 9.9 mm in width are considered.

The line width of around 1 mm gives the transition
between polycrystalline and bamboo types.

Lifetime and possible failure location are pre-

dicted by means of the numerical simulation of the
failure process, covering the build up of atomic den-

sity distribution, void initiation, void growth and
ultimately line failure in the incubation and damage

process as shown in Fig. 8.

The AFD-based method developed in our labo-
ratory is summarized in Fig. 9. The governing pa-

rameter AFD integrates all the factors a�ecting the

damage, i.e., the line structure, �lm characteristics,
operating conditions such as current density and tem-

perature, and atomic density.

By utilizing AFD the distribution of atomic den-
sity N within the metal line can be calculated from

[1]. If the atomic density is beyond a critical value,

the incubation period evolves into the damage-prog-
ress period and the threshold current density jth is

measured. An excess of the atomic density over the

critical value is used for changing the damage-prog-
ress to line failure and lifetime and possible failure

site are predicted.

For the polycrystalline line connected with pads,
the parameter AFD has been identi�ed in the passi-

vated polycrystalline line. Furthermore, the thick-

ness of the passivation layer for the required lifetime
of the line has been developed.

Respecting the polycrystalline line connected

with vias, the governing parameter AFD at the ends
of the passivated polycrystalline line has been iden-

ti�ed. The evaluation method of the threshold current

density has been developed. It has been shown that
the evaluation result of threshold current density in

the passivated polycrystalline line agreed with the

experimental one, and the usefulness of the AFD-
based method has been con�rmed.

As to the bamboo structured line connected

with vias, the governing parameter AFD in the passi-

vated bamboo line has also been identi�ed. The eval-

uation method of the threshold current density for the
passivated bamboo line has also been developed by

using AFD. The usefulness of the AFD-based method

has been shown experimentally.
These results are described again in Fig. 10.

As a future prospect of the development of relia-

bility evaluation method, the followings are noted:
(1) The reliability evaluation method is expected to

be applied to the line structure of Cu metal-

lization.
(2) When we consider the line-width from 980 nm

treated here down to several tens of nm, it is

still an open question and interesting problem
how our approach including experimental tech-

nique can be e�ective for the �ner lines.
The paper (Ref. 21) was written out based on a

plenary lecture presented at the 11th International

Conference on Fracture (ICF 11), held in Turin,
Italy, on March 20{25, 2005.

5. Concluding remarks

The research works shown in this review paper,
which might be small number in the examples, are

pioneering particularly in the extension of fracture

mechanics/technology, where each of them is based
on its own background on science and technology.

Further re�nements and challenges should of course

be required, where the fracture is characterized not
only by geometrical and mechanical e�ects but by

thermal, electronic, chemical and/or physical e�ects

depending on the research target. Fortunately, many
other researchers particularly in the United States

and Japan have recently tried to join in working on

such new areas and excellent results have also been
found in extending fracture mechanics/technology.
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