PM-1 3%"x4” PHOTOGRAPHIC MICROCOPY TARGET
NES 1010a ANS/ISO #2 EQUIVALENT

I L0 R

= sl
= kg 1=
um £l
= L

=

= [l

ll2

i

PRECISION®M RESOLUTION TARGETS




Bl M

Acquisitions and

Bibliothéque nativnale
du Canada

Direciion des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontano
K1A ON4 K1A ONg

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us ar inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Cancdian Copyright Act,
rR.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, ue Wellington
Ottawa (Ontario)

Your e Vole reféence

Our tle  Notre rélerence

AVIS

La qualité de cette microforme
dépend grandement de la qualité
we la thése soumise au
microfiimage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

$'il manque des pages, veuillez
communiquer avec luniversité
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a I'aide d’un
ruban usé ou si 'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c¢. C-30, et
ses amendements subséquents.



DEVELOPMENT OF A CRACK MEASUREMENT
SYSTEM FOR CANDU PRESSURE TUBE BURST TESTING

by

Reena Sahney, B. Sc.

A thesis submitted to
the Faculty of Graduate Studies and Research
in partial fulfillment of
the requirements for the degree of

Master of Engineering

Department of Mechanical and Aerospace Engineering
Ottawa-Carleton Institute for
Mechanical and Aerospace Engineering
Carleton University

Ottawa, Ontario
May 1994

© copyright
1994, Reena Sahney



l*l National Library Bibliothéque nationale

of Canada du Canada

Acquisitions and Direction des acquisiticns et
Bibliographic Services Branch  des services bibliographiques
395 Wellington Sireet 395, rue Wellington

Ottawa, Ontario Ottawa (Ontario)

K1A ON4 K1A ON3

THE AUTHOR HAS GRANTED AN
IRREVOCABLE NON-EXCLUSIVE
LICENCE ALLOWING THE NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF HIS/HER THESIS BY
ANY MEANS AND IN ANY FORM OR
FORMAT, MAK 'NG THIS THESIS
AVAILABLE TO INTERESTED
PERSONS.

THE AUTHOR RETAINS OWNERSHIP
OF THE COPYRIGHT IN HIS/HER
THESIS. NEITHER THE THES'S NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REFRODUCED WITHOUT HIS/HER
PERMISSION.

ISBN 0-315-98585-2

Canadd

Yout he  Votrs rolérance

Owr hie  Notre rélérence

L'AUTEUR A ACCORDE UNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERMETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES COPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES EXEMPLAIRES DE
CETTE THESE A LA DISPOS:TION DES
PERSONNE INTERESSEES.

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SA THESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE-
CINE DOIVENT ETRE IMPRIMES OU
AUTREMENT REPRODUITS SANS SON
AUTGRISATION.




Name KCCJVH )ﬁ HNE‘J

Dissertation Abstracts Infernational is arranged by broad, general subject categories. Please select the one subject which most
nearly describes the content of your dissertation. Enter the corresponding four-digit code in the spaces provided.

M(—’LHAN"( At [JQGH\.G [ AT

D15141%

UMI

SUBJECT TERM

THE HUMANITIES AND SOCIAL SCIENCES

Subject Categories
(OMUHICITIONS AND THE M“S
Architacture . ... ...

Ast History . 0377
Cinema ........... ..o e 0500
Donce .. ... . ...0378
Fing Arts . ..... . ... ... 0357
information Science . .......... ...0723
Journalism . ... .. . 039

tibrary Science .
Mass Communications

Music .. .. ..0413
Tﬁmh Commumconon . 0459
oatar . e 0465
EDUCATION
General .. .. .. ....... .. .0515
Administrotion . .. ... 0514
Adult and Commulng ... 0516
Agricultural . .0517
Art .. 0273
Btlmgual and Mulncuhural . ... 0282
Business . . ... . ... 0688
Community Colleg e 0275
Curriculum and lnstruchon ..... . 0727
Early Chtldhood .. ...0518
Elenentary . . .0524
Finonce . ... 0277
Gmdunce und Counselmg ... 0519
Hedlth .. .. . 0680
Higher . o . .. 0745
History of DI . 0520
Home Economics 0278
Industrial . . 0521
language and Lnemture 0279
Mathematics . R 0280
Music .. . 0522
Phlfosophy of . .0998
Physical ... . .. ..0523

Reading .
Religious
Sciences ..

Sacor:dury

Social Sciences

Sociclogy o

Special

Teocher Trainin

Technol

Tests an

Vocational ..

LARGUAGE, UTERATURE AHD

LINGUISTICS

Language

neral ........

Ancient . .
Linguislics RV
Modern ...

Literature
General . ..o
Classical ... ........ ...
Comparadtive ....... ... .. 0295
Medieval L0297
Modern .0298
African L0316
Amencon ....................... 0591

........0305

Conodlun English) .. ... 0352
Conadion French) i....0355
English . 0593
Germanic .. .. . oo+ 0311
Latin American ... ... .0312
Middle Eastern ... ... .... .. 0315
Romance .. ... 0313
Slavic and Eost Evrepean . 0314

THE SCIENCES AND ENGINEERING

BIOLOGICAL SCIENCES
Agriculture
General .. 0473
Agronomy .0285
Animal Colt
Nutrition . 0475
Animal Pathology 0476
FT Scuence an 0359
achno S
Fores oz%Ydelofe ... .0478
Plant Culture . .. C e 0479
Plant thology .. .. ..0480
Plant Physiology . ... 0817
Range Management . .. .. 0777
-’Vood Techrology 0746
Biok..*
Geneml 0306
Anatomy . 0287
Biostatistics ... 0308
Botany L0309
Cell . ... .0379
Ecology . . ...0329
Entomology 0353
Genehcs . . 0369
Limnolog 0793
M-crobnof:)gy . 0410
Molacular 0307
Neuroscience . . 0317
T AR
ysio .
Rndloh‘c:gy 0821
Veterinary Science 0778
. of}A}‘oollogy 0472
.ophysics
Gengral . 0786
Medicol ...0760
EARTH ?\CIEN(ES 0425
1ogoochemist .
Gt:w.)chmnnsfryry 0996

Geodes
Geophysrcs
drolcl:gy .
ineralogy ... e
Pal bo?gny were e e
Paleoecology ... ... ...
Paleontology.. . .ccooee. .0418
Pa eozoo|ogy . . 0985
0427
Physl'aogleogrclphy 0368
Physical Oceunogmphy 0415
HEALTH AND ENVIRONMENTAL
SCIENCES
Environmental Sciences 0768
Heaolth Sciences
General ... . ... ... 0566
Aud:olol?y .. 0300
Chemot eropy e 0992
Dentistry . . e ... 0567
Educaton ... .. .. 0350
Hospitut Management . .0769
Human Development . .. .. 0758
Immunology .. 0982
icine and Surgery ..0564
Mentol Hecullh . 0347
Nursing . . 0569
Nutrition .. .0570
Obstetrics and Gynecol y 0380
Ocrupahonal Health an
Thy erula ........ 0354
Ophrhu mology .. 0381
rﬂl lulwy ......... .057]
P'\armocology 0419
Fharmal 0572
Physical Therapy . 038
Py hc Health . .., 0573
Radio
Recreation

PHILOSOPHY, RELIGIGN AND
THEOLOGY

Philosophy ...
Reli |on ol
Blbllcal Shudies .
H 1st§y of ..
Philosophy of ..
Theology ....occcovvers corenes < e
SO(IM SﬂfN(ES
A encon Studies .. .0323
nthro
Arf‘faz.?( 0324
Cultural . 0326
Physical . e e 0327
Business Adminisiration
General .. ..0310
Accounhng .0272
Banking . .0770
Monagemen .0454
Marketing . 0338
Canadian Studies .. U385
Economics
Generol ..0501
Agricultural .. veee ern .. 0503
Comnr-erce Busmess ceeee o .. 0505

Finance ..... ... .. ........0508

Speech Pcrhology
Toricology ..

Home ECONOMICs . e e voins

PHYSICAL SCIENCES

Pure Sciences
Chemistry
Generdl ...

Ana yncol

Blochemlstry
Inorganic . . ..
Nucleor ..... .

Physical

Pol ymer

Rodlunon
Mathemotics . .
Physics

General e e

Acousties . ... ...

Astronomy and

Astrophysics ..

Atmosphertc Science ..

Atomic . ... . 0748

Electronics and Eledncnz

Elemenk 'y Pomcles an

Hu:c? ond Plusmu
Molecular .. e
Nucleor .. ..cccovviee
Opfics ... .
Radiation ...
Solid State ..
Statistics .

fied Saences
%ﬂ;ed Mechanics . .
Compurer Science ..............

SUBJECT CODE

Ancient.. ... ..

033
Asia, Aushaluo ond Oceunla 0332

Canadian . 0334
uropean... .0335

Latin Americar .0336

Middle Eastern .0333

United States .

History of Scieace 585
tave.o e . 398
Political Science
General . . v 0615
infernational Low cmd
Relations .. ..0616
Public Administration ...........0617
Recreqtion ...0814
Social Work ... . ... ...0452
iof
general' .......... e 82%9
riminology and Peno
Demog o%'{ .............. ogy ...0938

Elhmc ond |¥OCIO| Studies .....0631
ndwuducd ond amnly

ies 0628
lnclustr:ol und Lobor

... 0629

Pubhc cnd Social Weffare ..0630

Social Structure and
Development
Theory and Meth
Transportation ......
Urban and R lonal
Women's Studies .

Engineerin,
Generdl

Aerospace .0538
Agricultyral .0539
Avtomoiive 0540
Biomedical .0541
Chemical .. ... .0542
Civi .0543
Electronics and Eledirical ... 0544
Heat and T ermodynomrcs .0348
Hydraulic. . . ...... ..0545
Industrial . ...
Marine .. .
Materials Scrence 0794
Mechanical .. .0548
Mefullurgy .0743
Mining .. - .. ..0351
Nuclear ... 0552
Puckugmg ... 0549
Pefroleum ........c.cooeevee. ... .0765
Sanitary and Munlcrpol ..0554
System Science ............ccen. 0790
Geotechnology .
Operations Reseorch
Plastics Technology ...
Textile Technology ............... ...
PSYCHO[GGY
Generd! ...... .06
Behovioral .0384
Clinical ...... 0622
Developmental ... 0620
Experimental . .. .0623
Industrial ....... ... e e, 0624
Personality ..... e v 0625
Physiclogical ... -....0989
Psychoblology ....0349
sychomemcs e ....0632
Social . oot e . .. 045)



The undersigned recommend to the Faculty of Graduate Studies
and Research acceptance of the thesis

"DEVELOPMENT OF A CRACK MEASUREMENT
SYSTEM FOR CANDU PRESSURE TUBE BURST TESTING"

submitted by Reena Sahney
in partial fulfillment of the requirements for

the degree of Master of Engineering

4
- W d v r Vg

Thesis Supervisor '

Chair, Department of Acrospace Engineering

Ounawa-Carleton Institute for
Mechanical and Aerospace Engineering
Carleton University
May 1994



Abstract

A project to develop an automated crack measurement system for CANDU pressure
tube burst testing was undertaken. Afier a survey of three different non-destructive testing
techniques (Alternating Current Potential Drop (ACPD), localized Direct Current Potential
Drop (DCPD) and Alternating Current Field Measurement (ACFM)), it was determined that
the localized Direct Current Potential Drop Techinique was the most suitable for this
application.

An extensive study was undertaken to understand the behaviour of the localized DCPD
method when used to measure flaws in pressure tube material. This consisted of testing
artificial flaws (saw cuts) made in a flat plate of zirconium alloy similar to pressure tube
material. These results were used to carry out preliminary work towards calibrating the
sysiem for this application.

The design of an automated positioning frame was also investigated to meet the specific
requirements of Atomic Energy of Canada Limited's Chalix River Laboratories. This
design, which is radiation resistant, facilitates the use of remote manipulators since all

testing is carried out in test cells built to handle irradiated material.
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1 Introduction

1.0 General

Pressure tubes containing fuel and primary coolant in CANDU (CANadian Deuterium
Uranium) nuclear reactors have experienced Delayed Hydride Cracking (DHC) which has
resulted in several pressure tube failures [1, 2]. In an effort to gain a better understanding
of the cracking mechanism involved, and assure the integrity of in-service pressure tubes,
Atomic Energy of Canada Limited (AECL) has implemented a pressure tube burst testing
program at the Chalk River and Whiteshell Laboratories.

The testing program at Chalk River is part of an extensive program to study DHC. The
program involves the growth of DHC induced flaws from a small starter notch machined
into previously irradiated pressure tubes. The testing is carried out at temperatures up to
300°C (although the majority of the tests are carried out at 250°C) and a pressure of
10 MPa until the pressure tube fails [3]. Data from the experimental program should lead
to methods of prolonging pressure tube life (these are discussed further in Chapter 2),
further improving reactor safety, economics, and ensuring an adequate margin of safety for
existing components.

To accommodate crack growth data acquisition during burst testing of irradiated
pressure tubes, an automated system for crack detection and measurement is required. It
was proposed to use an electrical potential drop system. While potential drop techniques
are well established for materials such as offshore structural steels, their application to the
study of DHC in zirconium alloys has been limited. In light of this, a test program to

evaluate two potential drop systems for zirconium - 2.5 wt% niobium alloy (henceforth
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referred to as Zr-2.5Nb) pressure tube material was undertaken. The two poteatial drop

systems that were tested for suitability are an alternating current potential drop (ACPD)
system and a localized direct current potential drop (DCPD) system. A third system, a
non-contacting variation of the ACPD technique, known as the Alternating Current Field
Measurement (ACFM) method was also analyzed.

An automated positioning frame and data acquisition system has also been investigated

for this application.

1.1 History of the Canadian Nuclear Program

The first milestone in the history of the Canadian nuclear program was the success of
the Zero Energy Experimental Pile (ZEEP) when a sustained nuclear reaction was achieved
by Dr. L. Kowarski in Chalk River, Ontario on September 5, 1945. The design and
construction of the National Research Experimental Reactor (NRX), also in Chalk River,
was the next step in the development of nuclear technology for power generation. This
was an important stage that would profoundly affect the direction of the Canadian nuclear
program. During an experiment on December 12, 1952, an operator error led to an
uncontrolled power surge in the NRX reactor. There were no injuries; however, serious
damage to the installation had occurred in addition to contamination of the reactor building
before the unit was brought under control. The following 14 months of decontamination,
redesigning, and repairing of NRX shifted the focus of the Canadian nuclear program
towards a safer reactor system—Ilaying the groundwork for one of the safest reactor
designs in the world [4].

The first Canadian nuclear power plant, the Nuclear Power Demonstration Plant (NPD),
was brought on line in Rolphton, Ontario on June 4, 1962. Although it was a small unit
(25 MWe), NPD contributed to Ontario Hydro's power network and served as an
international training center for over 25 years. Te NPD was important in that it proved

the soundness and feasibility of the CANDU reactor concept. NPD further acted as a
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training facility and test bed for various design concepts. The performance of the NPD

reactor, and the discovery of large uranium deposits in the Canadian shield, made nuclear
power more attractive to Canadians over time. This has led to the 22 commercial nuclear
power reactors operating in Canada today. A brief summary of the Canadian Nuclear
Program appears in Appendix A (Table 1).

The CANDU system has evolved since the initial NPD design. Improvements have
been made in numerous areas including fuel design, emergency shutdown systems, and
fuel channel design. Specifically, there have been major developments in CANDU
pressure tube design which are pertinent to the work presented in this thesis—these are
discussed further in Chapter 2. It is this continuous refinement which has led to
internationally renowned CANDU safety and reliability. In fact, the Point Lepreau
Generating Station in New Brunswick ranked first (worldwide) for performance in the one
year time period ending in September 1991—sustaining its number one ranking for
lifetime performance [S]. Also, at the end of March 1990, four of the top five reactors

worldwide, in terms of performance, were CANDU units [6].

1.2 The Necessity for Non-Destructive Testing Techniques

With the advent of fracture mechanics analysis in the last twenty years, the concept of
crack tolerant components has become feasible and an integral part of the design and
servicing process for complex structures. Acknowledging the presence of cracks in
mechanical components naturally leads to the need for analysis, detailed examination of
cracks, measurement of crack growth characteristics, and techniques to study this
accurately.

Often the cracks under consideration are too small to be observed with the unaided eye.
This has lead to the development of numerous crack measurement techniques such as ink
staining, acoustic emission, photography, strain gage, elastic compliance gage, and

potential drop methods. Potential drop methods will be described in Chapter 3.



1.3 Objectives

An integral part of the AECL pressure tube test program at Chalk River Laboratories
(CRL) is the collection of detailed crack growth data. This includes accurate measurement
of crack depth along the length of the crack so that a crack shape profile may be determined
at various stages of the test. To do this, an automated probe will be developed to
continuously scan and take measurements of the crack region. These measurements can
then be converted to actual depth data with the aid of calibration curves. Thus, the objective
of this work is to test and begin calibrating a potential drop technique and develop a

radiation resistant (and manipulator compatible) probe positioning frame.



2 Cracking in CANDU Pressure
Tubes

2.0 The CANDU Reactor Design

The success of CANDU reactors can be attributed to several unique design features.

These features have led CANDU units to have an excellent lifetime performance record and
be more economical when compared to other reactor designs. In a nuclear power station,
as in conventional power plants, steam driven turbines are used for power generation.
However, in a reactor, the steam is heated by the means of a nuclear reaction wherein
uranium atoms (i.e., nuclei) are split—emitting heat and atomic particles, including
neutrons. These neutrons are expelled at high speeds and must be slowed down by a
“moderator” so that they may collide with other uranium nuclei, thereby sustaining a chain
reaction.

One unique feature of the CANDU reactor design is the use of natural uranium for fuel,
instead of the enriched uranium fuels used in other reactors. There are several advantages
in using natural uraniuvm since the fuel itself requires less processing compared to using
enriched uranium fuel. This leads to a significant reduction in fuel fabrication costs. The
use of natural uranium also leads to fundamentally different reactor design characteristics—
such as on-power fueling, the choice of moderator, and the choice of reactor core materials.

CANDU reactors utilize heavy water (D,0) as a moderatcr, as opposed to a light water
or a graphite moderator which may be used in other reactors. Having chosen natural
uranium as a fuel, heavy water has one important advantage as a mwoderator: it absorbs

fewer neutrons, as compared to light water and graphite. The smaller peutron capture cross
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section allows the nuclcar chain reaction to be maintained since fewer neutrons are

absorbed in non-nuclear reactions—making natural uranium a viable option for reactor fuel.
Economically heavy water also presents an advantage since the cost of producing and
upgrading it is significantly lower than the cost of enriching uranium for fuel over the
lifetime of the reactor. Further, most of the water is recoverable and can be recycled. In
the CANDU design, heavy water is also used as the primary heat transport medium.

The use of natural uranium, and the resulting requirement for reactor components with a
small neutron capture cross section, also dictates the choice of zirconium alloys for most
reactor vessel parts. Zirconium alloys meet criteria such as strength and corrosion
characteristics required for structural materials in a water environment at high temperatures
while ensuring that a sufficient supply of neutrons is available to sustain the fission
reaction.

Each reactor unit contains between 380 to 480 pressure tubes arranged in a regular
lattice. Since exact numbers vary from unit to unit specific design data appears in
Appendix A (Table A2). Figures 2.1 and 2.2 show the CANDU reactor layout and
pressure tubes. Pressure tubes in the most recent reactors are about 6.3 m long having an
inside diameter of 103 mm with a wall thickness of 4.2 mm. Each pressure tube is
fabricated from cold worked Zr-2.5Nb and contains twelve or thirteen fuel bundles as well
as the heavy water coolant. Each fuel bundle is further composed of fuel elements, in
Ziscaloy sheaths, held together by Zircaloy end plates (Zircaloy is a term which refers to the
group of zirconium-tin alloys often used for reactor applications). The fuel elements are the
reactor fuel in the form of ceramic uranium oxide pellets.

The pressure tubes themselves are contained within a calandria tube, also of zirconium
alloy construction. The pressure tubes are connected to the calandria vessel by
mechanically rolled joints used in conjunction with stainless steel end fittings (this

connection is discussed in more detail in Section 2.3.1). A rolled joint is also used to
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connect the calzndria iubes to the stainles: s.22! end shield. A nine millimeter radial space

is maintained between the pressure tube and calandria tube walls with circular springs,
known as garter springs, which are constructed of either Inconel-X75C (a nickel-cobalt
superalloy) or a zirconium, niobium and copper alloy. This gas filled space contains
carbon dioxide and oxygen (0.5% < O3 < 5%) as part of a leak detection system [2].
Leaks in the system are detected by any increase in humidity in the annulus. The oxygen is
added to the system in order to maintain a normal oxidation rate to prevent gaseous
hydrogen ingress. The gas filled space also serves to min.mize heat loss from the primary
coolant to the lower temperature moderator during normal operation. The calandria vessel

also contains the heavy water moderator.

2.1 Theoretical Concepts
2.1.1 Leak-Before-Break Design Philosophy

The "leak-before-break” design is one way of introducing an added degree of safety into
structures such as pressure vessels and pipelines. This concept dictates the design of
pressure vessels on the premise that if a crack develops in a vessel, the vessel will leak
before it fails (i.e. the critical crack length for unstable failure is greater than the vessel wall
thickness). If this condition is met, the pressure vessel will leak, permitting crack detection
and pressure reduction, before the vessel fails in a unstable manner. This is used as part of
the 'defense in depth' philosophy and as a fitness for purpose criterion for CANDU
pressure tubes. In fact, the most serious pressure tube failure (occurring in Pickering
Unit 2 in 1988) was an unstable rupture because the pressure tube did not meet the

leak-before-break criterion.

2.1.2 Fracture Toughness Concepts

Linear elastic fracture mechanics (LEFM) concepts can be used to make predictions

regarding rates of crack propagation, critical crack lengths, and therefore component life.
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This concept is often used since it is relatively simple while still giving reasonable results.

The theory of LEFM, as implied by its name, is based on applying the theories of elasticity
to components containing cracks or defects. This also includes assumptions within the
theory of elasticity limited to small displacements and the general linear relationship of

stress and strain. The basic equations of the LEFM theory are of the form:

g (O Fe.... 2.1)

where: Local stresses at a point near a crack tip
Stress Intensity Factor
Cylindrical coordinates of the point with respect to the crack tip

Geometry dependent correction factor
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Considering Equation (2.1) along with Figure 2.3, it can be seen that the stress at any point
is a function of the distance from the crack tip giving a singularity such thatasr — 0,
©jj — oo. This is not physically possible since all materials have a yield stress and a
region of plastically deformed material, a plastic zone of radius ry, which would be formed
around the crack tip. Despite this, as long as the size of the plastic zone at the crack tip is
small (in relation to the crack length and component geometry), the assumption of linear
elastic behavior and the use of this model is valid.

The stress intensity factor (SIF) mentioned in Equation (2.1) has units of MPa+vm or
ksi+/in and is a function of the nominal applied stress, crack length, specimen geometry,

and crack geometry. The idea of a SIF, represented by the symbol K, can essentially be

used to quantify a stress field in the vicinity of a crack tip. That is:

K =f(g)ovma (2.2)
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where: K = Stress Intensity Factor
o = Stress applied to the component remote from the crack tip (not
local swress)
f(g) = Correction factor dependent on specimen and crack geometry
a = Crack length

While K values for numerous loading conditions and crack geometries have been
published, the parameter may be determined experimentally. The value of K can be defined
for three different modes of loading: opening, sliding and tearing (Figure 2.4). Most
engineering problems are Mode I loading—also applicable to DHC in pressure tubes.

An important concept when working with stress intensity factors is the distinction
between plane strain and plane stress conditions. For example, in a very thin component,
the stress through the thickness cannot vary appreciably. Further, since the stress at a free
surface must be equal to zero, stress in the z direction through the entire body is effectively
zero, resulting in a biaxial state of stress (see Figure 2.5). In other words, the value of
stress in the z direction is negligible when compared to stress values in the x and
y directions. This situation is termed a plane stress situation. In a thick component, the
material is constrained in the z-direction (only allowing strain in two directions) resulting in
a plane strain condition. In a body subjected to plane strain conditions, while stress may
develop in the z direction, maximum constraint conditions exist and the size of the plastic
zone at the crack tip is smaller than in a plane stress state. Thus, it is important to take into
consideration the state of stress when using the concept of stress intensity factors.

In making use of LEFM concepts, several critical values niay be defined. For a given
material, flaw geometry, and applied load once the stress intensity factor reaches a critical
value, K¢, unstable fracture occurs. This limiting value, K, is referred to as the fracture
toughness of a material and is partially a function of the component thickness to the point of
maximum constraint. Once maximum constraint conditions exist, the plane strain fracture
toughness, K¢, is defined. Thus the point of maximum constraint is defined when further

increasing component thickness will no longer affect its fracture toughness value. In
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effect, stress intensity and its limiting value of fracture toughness may be likened to applied

stress and its limiting value of yield stress. For a more comprehensive treatment of fracture
toughness concepts the reader should refer to a text such as Bannantine, Comer, and

Handrock [7].

2.1.3 Microstructural Concepts

On a miuoscopic scale, different metals have different physical structures. This
organization of a material at the atomic level is important since it controls the macroscopic
properties of the material. Two common types of structures are body centered cubic (bce)
a:id hexagonal close packed (hcp) shown in Figures 2.6 and 2.7 respectively. These
structures are defined on the basis of a unit cell, the structure of which is repeated
throughout the material. The unit cell parameters and terminology associated with each
type of structure are also illustrated in Figures 2.6 and 2.7.

Most metals deform predominantly by a mechanism where one plane of atoms slides
over an adjacent plane, this is termed slip or plastic shear. This type of deformation occurs
even when compressive or tensile stresses are applied since both may be resolved into
shear stresses. Since slip occurs along certain crystal planes and directions more readily
than others, the importance of the atomic packing is obvious. The direction along which
slip occurs most readily in a crystal is the direction along which the highest density of
atoms occurs. This can be explained by the fact thut movement between atomic sites with
the closest spacing would require the least energy, and therefore, would occur the most
easily (i.e., moving a smaller distance requires less energy than moving a larger distance).
Likewise, slip occurs on planes that have wide interplanar spacings, and therefore, high
planar densities. The combination of a slip plane and slip direction is referred to as a slip
system. For example, the hcp structure has fewer slip systems than the bee structure since
the due to the nature of the atomic packing [8]. This can be seen in Figures 2.6 and 2.7

where the bec structure has more planes with closely packes atoms than the hep structure.






