Some Applications of Fracture Mechanics
in Power Engineering

R. W. Nichols
Introduction
The object of this papsr is to highlight the developments since the
1969 ICR Conference in the practical application of fracture mechanica,
particularly to such Components as welded steel Fressure vessels and
thick~section turbine components used in power generation. It is
expected that other papers to this conference will outline develop-
ments in theoretical treatment and experimental technique, and there-
fore these topics will only be described ag far as is necessary to

provide the background to the applicational agpects.

4 good starting point for such & survey is the report of the Conference

on the Practical Application of Fracture Mechanics to pressure-vsssel

technology, arranged in 1971 by the Institution of Mechanical Engineers

in London, and Co-sponsored by the International Congress of F&acturél)

The principal questions that were raised at that conference were:

{a) Are fracture prevention measures beyond the conventional engin-
sering approach necessary?

{b) What fracture prevention methods can be recommended?

{¢) What is needed to apply such methods?

(d) ®Who has taken or should take appropriate measures?

The present paper will attempt to answer these questions in the light,

not only of the information presented and discussed at that conference,

but alse taking account of the numerous subseéuent publications in a

field where intensive work ig in brogress throughout the world,
PL VIII-412
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Nevertheless the question is still asked - Why use Fracture Mechanics
when the V-notch Charpy test has proved effective in many applications?
Turner et a1(4) and many other authors have pointed out that the level
of Charpy property that must be specified to prevent failure depends
on the thickness, strength-level, alloy content, applied stress and
rate of loading. It can be dangerous to use a particular Charpy
specification outside the range of experiences on which it was derived; .
indeed increased rates of failure have in the past been associated with
the change of one or more of these factors in the current engineering
practice. In some cases, the Charpy V-notch test may even rate

materials in the wrong order of resistance to fracture.

A further objection to the conventional Charpy approach is that it is
non-quantitative with respect to permissible stress levels and defect
sizes. With the growing sensitivity of non-destructive examination
techniques and the realization. of the costs and risks associated with
the removal and repair of flaws or local defects, there is emphasis on
the assessment of the effect of such flaws on fitness for purpose. A
more rigorous approach is aleo needed where the application requires
that the failure risk be demonstrably minimal, or where one needs to
assess the effect of defects detected in components already in service,
These aspects ars discussed in more detail in later sections of this

paper.

Methods of Fracture Prevention

The methods of preventing fracture in large scale steel components
fall into two main types which can be called in short "initiation
contrel” and “propagation control® (or the crack arrest approach) .

Up to very recently, the most used method has been that of the
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crack-arrest approach, which has the advantage of simplicity in that

it requires only knowledge of the properties of the gensral volums of
plate matarial and of the general level of 'membrane' atress. It forms
the bagis of the nil—ductility temperature and fracture analysis
diagram approaches that have been used in the United States pressure
vessel standard specifications(S) and of other national approaches to
fracture~safe design(é’Y’B). Such an approach, by attempting to
restrict the application of pressure to a temperature range in which
the material shows tough behaviour, makes a useful step forward from
the earlier situation of almost complete absence of any fracture-
control procsdurs, It provides a general guide which, in many cases of
simple engineering application can be regarded as adequate. It ig of
especial value in reducing the risk of extensive failure from residual
or applied stresses during fabrication or during the initial stages of
thsrma; stress relief. A recent change(g) in the ASME Boiler and
Pressure Vessel Code recognises that the value for crack arrest tempe-
rature breviously quoted (NDT + 6OOF) only applies to steels of up to
about 25 mm thicknesss for a 150 mm thick plate the crack arrest
temperature corresponds more to a value of NDT + 120°F, Another
example where crack-arrest control is appropriate relates to piping and
pipe-line applications, where it is recognised that considerable
sconomies can result if damage is limited to short crack lengths, rather
than being allowed to propagate to the very great lengths which have
occurred. In thig respect, papers to the London Conference(4’1o’13)
showed that the results of dynamic fracture mechanics tests [Heasure-
ments at the appropriate strain rate of either Critical Crack—opening

Displacement (COD or 60) or critical stress intensity (Kic) can be

used to predict propagatién and arrest behaviour. In such a way it is
PL VIII-412

possible to avoid these uncertainties in the Crack arrest approach
which arise sither from machine bahaviour.aspects of conventional
crack arrsst tests auch as the Robertson, ESSO or Double-tengion tesnts,
or from uncertainties in extrapolation or interpolaiion where reliance
is placed on correlations with results of large-scale failure

experisnce.

Perhaps the most important change in attitude since the 1969 ICF
Conference has been the growing shift of opinion to prefer fracture
contrel approaches baged on the prevention of initiation rather than
those based on the crack-arrest approach, at lsast for stress-relieved
Pressure vessels and for rotating components such as turbine rotors
and discs. There are five reasons for such a change (a) the crack-
arrest approach can be demanding in material properties and so diffi-
cult %o justify economically; (b) it isg difficult to use it in a
quantitative "significance—of»defect" approach; (c) the size of any
arrested crack may be sufficiently large to endanger the continued
reliability of the plant especially where leakage must be Prevented;
repairs would therefore be necessary for continued operation; (d) a
growing realisation that reliability is economically justified and

in many cases necessitates freedom from arrested cracks rather than
only from "catastrophic cracks" so much emphasiged in safety assess-
ments; (e) Most important, in Pressure vessels and rotating plant the

validity of the crack arrest approach has serious limitations.

III(14) and Section XI(ls) change the emphasig towards reliance on
the prevention of the initiation of an unstable crack and the rest

of this paper will be devoted to this aspect.
PL VIIT-412
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The Prevention of Initiation of Unstable Cracks

The general aim of the various treatments is to develop and justify
an analytical model which will allow results obtained on standardized
small specimen tests to be applied to the prediction of the failure
stress/defact size relationships for the large components and
engineering structures. No single analytical treatment is
sufficiently general to be applicable to all situations since they all
contain some approximating or limiting assumptions; the preferred
analytical model for a particular situation depends primarily on the
extent of general deformation which would preclude fracture in that
case. Ons point, the importance of which is sometimes undersstimated
is that the degree of general deformation in the large structure and
in the small specimen can be different even for the same local defor-
mation at the tip of the initiating defsct, Considering a range of
waterials with differing strains to failure, it is appropriate to
consider different analytical treatments in the following regions:

(a) linear elastic

(1) slasto-plastic

(c) general yield in small specimsns but elasto-plastic (or

limited general yield) in large structure
{d) gzenaral vield (possibly limited in extent) in both
specimen and structure

(e) plastic instability.
The conditions of plastic instability are to a large extent covered
by conventional enginsering practice rathsr than by fracture
mechanics, since they are related more to atrength properties than
to fracture toughnsss of the matarial(a). Moving down to the

condition where general yield even in the large structure rrecedes
PL VITI-412

failure, rescent work by Soete hag indicated a method applicable to
through-cracked platas(lﬁ) which is based on agsessment of a geometry
controlled critical crack length béyond which failure after general
yield occurs at much lower overall strains than with shorter cracks.
In the common and impertant practical situation'where one needs to
assess the failure conditions for a material which shows general yield
before failure in the notched small specimen, but which in the large
structure would fail under elasto-plastic conditions there has been
growing evidence of the validity of the COD approach although two
other methods have been proposed - the Equivalent Energy method due

to Witt{IY) and the Stress Concentration approach of Irvine and
Quirk(la). These three approaches have also been proposed as approp-
riate to elasto-plastic conditions, for which circumstances analyses
based on use of the path-independant integral J(19) or on the
"conditional plastic zone size"(gc), or on approximations based on the
linear elastic theory (KQ or Kmax)(21’22) have also besn pfopoaed. In
visw of the number of differing treatmenta proposed, comparative
discussion of their status is Justified and forms the following
section of this paper. To complete the present discussion it only
rewains to consider the situations when the materials and conditions
are such that any failure would occur under linear slastic plane~
strain conditions. The Linear Elastic Fracture Mechanics ( LEFM)
treatment, based upor measurements of material property in terms of
the critical stress intensity factor K10 is too well-established to
Tequire any substantiation of itg validity or detailing of the bagic
equations here. It is now more widely used than in 1969, one important

extension being its application to the assessment of thick-walled

nuclear reactor pressure vessels; developmenisin the period have
PL VIII-412
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and it is considered that the method has been neither developed
largely been in the refinement of techniques, the development of nor justified to the stage where it can be regarded as of practical
. 5 X ta on

i train rates, the publication of more ch da application. A similar remark can be addressed to the K op ¥
asthods for higher s

max
21,22)

particular material with discussion of the effect of fabrication although in this case their use can obviously be

approachesg

i i 3 i 31—
variables, the derivation of stress intensity solutions and approx

setisfactory in situations that are only a small departure from thoss

1 ; vessel
ations for more complex situations such as those at pressure /

where LEFM is valid. The danger is that the injudicious use of such

i i ection ‘ . "
nozzle intersections. Much of this work has been done in conn pprosshies uer mons I I -
i i i U.3.Heay
with light water nuclear reactor applications such as in the U.3 y
(23)

it may be dangerously misleading.
and corresponding

(24,25)

important programmes in the Federal Republic of Germany

Section Steel Technology (HSST) programme

The next method to be discussed is that of the Strsss Concentration

Approach (SCA)(la). This method was developed from the analysis of

Comparison of Elasto-Plastic Fracture Mechanics Treatments

results from a U.K, programme of tests to failure of 1.5 m dia

The problem with the development of an analytical fracture-mechanics

pressure vessels made from 25 mm thick plates of various steels. The

approach to the elasto-plastic situation is the complexity of the e e St vl T o
mathematical analysis associated with the three-dimensional siress and orerloEly soesist by hie eoadieg ot o
strain gradisnts around the tip of a crack-like defect, particularly R e s oot o . o
in the prssence of an external stress concentration. Even where exact

the resulting stress on that zone reaches the tensile failure stress
computer solutions ars within the range of available techniques the (approximating to the SEafuneanies Mibhmain tonsile stress) of the
expense of their derivation militates against their use. The practical material, it is considered that failure occurs. This leads to the
application requires simplifying approximations, and it is in the following equations
nature of these that the treatments largely differ. Consider first T T (§'+ 1) tassevesas{l)
the BEquivalent Energy ccncept(17) which was developed in the course of "here 0" = UIS of material

the HBST programme. Essentially the simplifying assumption in this

a = half-length of through orack
i els to provide - ) R )
case is to make usge of measurements on appropriate mod » = shape factor for ithe zons of stregs

' . parsmeter co tration
th libration between test and service behaviour, using a parametsr perameter Soncontimyi
e ca a
: &, = general stress at failure

called "volumetric energy ratio". The whole validity of the approach - .

b f this parameter, in particulsr the It is considered that s depends on the tensile ductility, tensile
rests on the practical validity o |

les for how 1% shbuld be memsured. At yield strength and Charpy energy of the waterial, the relationship
i or

ability to provide a set of rules

i being of the pes
th esent stage of developmesnt no general rules have been defined, v
& pres
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$ = const (1 - 0,7 g)~! B

9
o
¥
where R is the fractional reduction of area in
the conventional tensile test

9 is energy absorbed in standard Charpy
V-notch tegt

d} is tensile yield strength
In the Period since 1969, Irvine and Quirk(26’27) have published
Several papersg showing goog correlation between failure Predictions
wade with the above equationg and actual results. Nevertheless
Aumeroug Criticisms have been made primarily relateq to the claimg of
Wide—ranging applicability of the treatment, In particular it has

b . . .
2en argued that itg big dependence on tensile ductility and its uge

varieg greatly with specimen size ang thicknesg. MNager et &1(28)
consider that the basic assumptions are ip 8rror under conditions
relevant 3o thick wai] Pregsure vessels, go that the critical crack
aize calculated by SCA is too swall by factors of at least two; they
show experiments] work which does not agree with the §Ca predictions.
The conclusion ig tpat this approach can be of value fop estimation
from fonventional propertiss of the failure conditions for thin
38ction Components in ralatively dustile materials but it is pessimis-
tically incorrect for thick section situations is8. those approaching

the g i i
he plane strain region where LEFM is applicabls,

At . .
Teatment which has received considerable attention recently ig
that of " i )
of the Path~1ndependent Integral (I)", as developed by Rice£19)
¥ ©a0 be defined ag the change in pPotential energy for a unit

PLOVITT-412
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extension of crack length a

J = 3U/B) w_ au T ()

Da “da
The method is aimed at avoiding some of the uncertainties associated
with directing attention on the complex area close to the crack tip,
the particular integral being chosen with the intention of path
independence, The value of J with increasing deflection can be
derived experimentally from load deflection curves of otherwise
identical specimens with varying crack depths. To determine the
material property ch it is necessary also to measure the displace=
ment at failure; ch is then equivalent to the value of J

determined from the load/deflection curves of cracked bars at that

deflection, ch is related unambiguously to ch in thats

ch=Glc=1_gx.f_xh::'3 .....,'....(4)
but the attraction of the qlc approach is to pemmit the direct
extension of LEFM into the elasto-plastic range. ch is also
related to the critical COD value; its advantage over the CoD
appreach is that it avoids some of the experimental and theoretical
difficulties which arise in defining conditions close to the crack
tipy which necessarily must be done in the COD approach. As for
difficulties, it has been argued that the applicability of the ch
concept may be limited to conditions which show similax {or not
radically different) slip-line fields; that there is some doubt of
the appiicability of the J approach under conditions of siew Srack
growth and that actual path-indepenence has not been demonstrated
28 a generality. On the other hand its propenents argue that the
local crack tip singularity and crack blunting effects will over-

ride this slip-line field limitation. Standard methods of tests
PI, VIII~-412
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need tg he developed and their lack of sensitivity to testing
Variables demonstrates, Thus in spite of the very real promise
provided by the J 3pproach it must be concluded that considerabie

§ .
urthey experimental work will be required before its use can be

Justified as an enginsering tool,

The remaining appreaches, that of crack-tip radius, of conditional
plastic zone sigze ard that of criticaj COE{S)nake use S
dimensions near the crack tip to provide th: N
singularity necessary for

describing the fracture condition, Experimental difficuities of in-
practise measuring the crack tip radius or the plastic zone size
directly prevent their practical use and indeed it has been sho&%l 22)
that the™plastic zone size™ approach only has theoretical advantagas
sver the COD approach under conditions of load ¢ycling (e.g. for
assessment of sversiressing techniques), Concentrating attention an
the COF) approach, there have been further papers demonstrating its
validity(21,29-31) theoretically, experi i

s experimentally ang by examination
of past failures, Testing methods have been assessed collaboratively
and a standardised technique has been published(&). Methods for
measuring local 8‘c in weldments have been described(33)s further

EE:
assessment of thege special specimens and of methods for determining

éz: 3t high strain rates is currently in progress in the U.K. an
important feature of the standardised technique is that it is
'virtually identical with that for measuring ch, eéxcept that it must
~e made on specimens of the full section-thickness of engineering
interest, If this is done, the same programme of tests woulg be
appropriate to assess a given material, the choice of ch or 6
analyses being made on thg basis of the vesults obtained, as ;or

PT, VITT-412
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difficulties, theoretically it has been shown that the approach is
only approximately correct at conditions very near to those of LEFM
valldity, that different calibration factors between surface MRASUTS=
wents and crack-tip COD need to be used at conditions of high plasticity
- that under conditions of slow crack growth it can be difficult to
define the appropriate instability condition, anci that COD/Applied
Load Analyses are only available for a 1'm1tad range of geometries,
The propenents of the technique argue that it is sufficiently precise
over the vhole range of practical interest, from the limits of validity
of LEFM to those where failure will not occur at stress levels permit-
ted by the engineering specificationsj that the calibration factors
have been dafined(ao'&); that where slow crack growth is a problem a
pessimistic assumption based on detecting the first stage of crack
extension can be used until the present UK work has defined an altere
native; that the strip yleld model has provided analyses in the more
important cases and in others approximations (based for exahple on
caloulated stress concemtrations) or calibrations can be used, The
conclusion is that the technique has been developed and validated to
the stage where it can be used as an effective fracture prevention
tool applicable to a range of situations where fallure would be
assoclated with elastic-plastic conditions, and is the most developed
technique for such applications. It is complementary to the LERM
approach and the two together provide fracture prevention metheds over
the range of current engineering practice; further discussion in this
paper is directed particularly to these two methods.
Requirements for a full Fracture Mechapics Treatment
It is not always appreciated what wide-ranging and extensive informe

ation and procedural control is required to make a completely relable
PL, VITT-412
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approach to fracture preventions by fracture mechanics techniques.
Table I highlights this aspect; attention being required at all stages
from design, selection of material, fabrication and inspection, and
éven during operation. The difficulties are most marked with inhomo-
geneous materials - for example those that show marked variation in
Properties near to welds. Indeed it is the author's opinion that no
present fracture prevention method can effectively cope with such a
situation, leading to a requirement for relative uniformity of both
fracture toughness and strength properties across a weld as a
criterion of materials and process selection. The full application of
present techniques give a Very real measure of protection against

fracture, and indeed allow the margins of safety to be estimated
quantitatively(z’ad"aé)

The obvicus expense of such a full treatment makes it unlikely to be
used except in specialised components where it is necessary to get
licensing approval, or where failure would be exceptionally hazardous,
axpensive or embarrassings this explains why one of the most davaloped
appdlcations is to pressurised equipment in the primary circuits of
nuclear reactors, ansther situation is where a failure has been
detected in important plant and it is hecessary to define any repair
raquirements and any remedial treatment in other similar plant. Fer
Bore common applications it is necessary to simplify and cheapen the
analysis, and one of the best ways of doing this is to incorporate ag
@any stages of the analysis as possible in the drafting of an applic-
ational standard specification, so the actual steps o be taken on a
particular component are minimised. There are currently basically
two developments in the use of fracture mechanics in standards, The

first i3 to use current standards of inspection and rejection for
PL VITT-412
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defects, but to use fracture mechanics to define material selection,
In such a case, detailed fracture mechanics.anal_ysis of the prototype
of a new engineering development would be used to establish type tests
and by correlation the levels required in simple quality control test
(usually the Charpy V-notch test), The second approach directs
attention to assessing the significance of defect's and providing new
criteria for defect rejection limits based on fracture mechanics - the
material toughness and stress limits being defined in complementary

standards. Some examples of these aspects follow.

Qmmmﬂmsﬂ:ﬁmim;

As part of the evidence relating to the reliability of steel pressure
vessel reactors, detailed appraisals have been made by LEFM techniques,
Typical values of ch have been assessed from static and dynamic tests
on selected casts of the chosen steels(é’aq’y’) and the effect of
representative welding and fabrication conditions studied, essentially
with a view to demonstrating the absence of significant inhomegeneity
in fracture toughness near a welded joint. Approximations to cover
stress conditions at such geometrical features as nozzle attachments
have been developed(%’@;} and thermal stress values calculated for
chosen operating cycles(35). The effect of the estimated neutreon
irradiation on K has been estimated from small specimen tests on
typical material. The potential crack growth in service has been
estimated from the assumed service operating cycles and materials data
on crack growth rate. The reliability of the structure can then be
assessed by comparing the calculated critical size with the maximum
size which potentially could remain undetected in the commissioned
component, Reliance on such an approach nescessitates methods of

material control to ensure that the service material matches that on
PL, VITII-412
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which the type tests were made; that the operational effects are as
predicted (further information is te be developed on the effect of
chemical envirorment) and that inspection will achieve a 100¥ search to
the sensitivity required, A similar analysis using the COD appreach has
been used to 2ssess the geometrically simpler zirconium alloy pressure
tubes in the SGHW Reactor(40}.
é2Qli2iEBRLER;QELAHEE&L&U.&iJE&Lﬂiﬁ&mmuﬁﬂiﬁ

The use of fracture mechanics analyses of a failed component to establish
what measures are needed for reliable operation of similar components,
ox Lo sstablish the defect sizes at which repair is apprepriate can
lead to considerable economies particularly in reducing losses due to
sutage. Recently ﬁilliamson(élJ stated that in the UK Central
Electricity Generating Board a large amount of plant containing defects
was still working because Fracture Mechanics had given the desired
assurances. Two examples quoted from CEGB work relate tg pressurised
equipment, In 1968 complete explosive failure of an intermediate
prassure loop~pipe to steam~chest weldment occurred during operation,
initiating from extensive circumferential cracks at or near the intere
face between the 1 Cr 1 Mo 0.3 V cast steam chest and the 24+ Cr 1 Mo
weld metal, these cracks coming either immediately after stresse
relieving or early in service life. This incident prompted a large
program of non-destructive examination of all welds in thick section
components operating at main steam temperaturs and a fracture mechanics
basis has been adopted to decide if immediate Tepair is necessary in
cases where defects have been fouad(42). The second example involved
serious cracking found in 1968 at set-through-nezzle to shell welds in
boiler drums of large capacity plant, the cracks extending several

centimeters from the ends of an unwelded ®land’' into the weld metal,
PT, VTTI-412
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In view of the incentive to rum the less severely cracked drums
through the winter, a fracturs mechanics analysis was made which
showed that the critical crack length for fast fracture wouid be
greater than the vessel thickness (w130 mn). It was argued that a
“leak before break™ situation existed and there was no risk of fast
fracture in service provided that the fracture toughness of the
material had been correctly assessed, Fracture mechanics indicated
that some lightly cracked drums had no need of repair and in fact

some of these drums are still running satisfactorily.

Subsequent repairs o the cracked drums involved fullepenetration
welding of set.on Rozzles, For these repairs defact acceptance
standards were devised using fracture mechanics which considersd
critical defect sizes for fast fracture ang subcritical crack growth

by fatigue during servica(36)‘

A somewhat different use of Ffacture Mechanics in failure examination
was described hy Kaldercn(da) in relation to the failure of a steam
turbine at Hinkley Point A, In this case the damage was Complex and
extensive and it was not self evident which cracks had led to the
failure and which ware consequential damage. Fracture mechaics wers
used to test the sredibility of particular postulations and demonste
rated that ihe fallure was due to the bursting of one of the laps
discs during rotation, the fracture initiating from small stress
corrosion cracks developed in service in the semi-circular keyways
at the disc bores, which also acted as stress concenmtrations; it also
indicated that the failure would have been postponed if not avolded
by the use of material of higher fracture toughness, Appropriate

measures to prevent such failures in future can thus be developed(44)

Pr, VIII-412
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n cificat
The use of fracture mechanics in national and international standard
specifications is only just beginning, although there are several
cases where it has been used in drafting requirements for a particular
industry or customer. A collaborative programme of the UK Turbine
makers and CEGE on materials properties crack growth, plastic vielding
effect and defect characterisation has formed the basis for acceptance
criteria for rotor forgnings(45). These criteria specify defect accepte
ability based on fracture toughness - Charpy impact correlations,
fatigue crack propagation data and ultrasonic defect sizing., The

information frem the program is, of course, also used for continuing

design studies of turbo-generator rotors.

LEFM has been used to defins Non-Mandatory Appendix G of the Summer 1972
Addenda to the ASME Beoiler & P.V.Code Section III, which present a
procedure for obtaining allowable loadings cn the basis of assuming a
postulated maximum defect size (v% plate thickness in depth) and a
reference critical stress-intensity factor KlR determined by correlation
with quality control Charpy V and MRL dropweight tests, these being
defined in an earlier section of the code (NB 2300). The Appendix
states that at present a quantitative evaluation at nozzle geometries

is not feasible at this time. A somewhat similar approach is given by
Appendix C to BSI 1515 (1972 Amendment)which provides maximum stress
levels and minimum service temperatures for low temperature pressure
vasgels made for particular steels, their fracture toughness being
controlled in production by Charpy Venotch tests, but the recommended
service conditions being arrived at by correlations with the Wells

#ide plate and COD tests of Ceneral Yield Fracture mechanics. An
PL VIII-412
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example from Japan(7) has shown how a fracture mechanics analysis can
make use of a fully simulative type test, using representative material,
welding process, thickness, possible defects, stress level and
distortion effects to define the required Charpy Venotch acceptance
level, and permissible fabrication limits of defect size and of

distortion.

n 1! D
A most important use of Fracture Mechanics is in the drafting of
standards which will define the acceptable standards of flaws in welded
structures. Discussions are currently in progress in the USA aimed at
producing a fracture-toughness based “defect~-rejection limit" for the
Winter 1972 Addenda of ASME Boiler & P.V. Code Sections III & XI. U.K.
proposals to the International Institute of Welding, and to the British
Standards Institute makes use of both LEFM and COD techniqués as apprope-
riate™), The critical defect dimension 3 max" is defined as being
the depth of the defect in the thickness direction for part~through
defects, and only as the length of the defect in the plane of the plate
with effectively through-thickness defects. The treatment of residual
stresses is simplified by taking different values for the constant &
in the equationss

- L 32
amax ol ,(9&) = 4 (l.(_lgl
ay

€y)

The values of A for various situations are summarised below

PL VITII-412
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Design stress level (0.67 Proof test stress level (0.87 vield)
vield) N
Shell Shell Shell | Shell Nozzle Nozzle
{sar.} | {a.w.) Nozzle (sexe )| (auw,) (s.x.) (asw.)
or nozzle | (a.w,)
(s-l‘-}
0.5 0,09 0,086 0,25 0.09 0,03 0,024

BaWe = 38 welded ST = stress relieved
Of course it is not intended that ;max becomes the maximum size of
flaw that will be accepted; some safety factor to cover uncertainties

in information must be introduced,

This trend to use fracture mechanics in setiing defect rejection
1limits can lead to important savings in construction even if only
applied qualitatively, since they do indicate that porosity and slage
inclusions (even if quite large dimensions) have little effect on
reliability, Indeed this aspect could well be one of the most
important developments in the present applications of fracture
mechanics, having widespread implications on general engineering
practices and on attitudes to techniques for Non-destructive

examination and quality control,

PL VIII-412

TABLE 1

Reguirements for a full Fracturs Mechanics Analysis

A.  Material Properties (ch or 66)

Choose  Environment As smervice
Strain rate As service
Specimen type ASTHM

Specimen thickness (to plane strain (ch)
(as service (4 )

Material condition as service

Measure Load Dial & electrical output
Surface displacement Clip Gauge
Instability point (Load or gauge
(potentiometer

Interpret Analysis from load ( if valid)
Analysis from Clip Giﬁge (Jc)

B. Analysis of Structure

Estimate General Service Condition  Add Applied Stress
residual and thermal stresses

Stress or Strain
Concentration analysis or
by calibration

Local Condition

C. Determine Critical Defect Size

Assess  Possible Defect Geometriss

Calculate Use results of 4 and B for each combination
of material, snvironment, stress

D. Assess Crack Growth in Service

Consider Possible mechanisms (Creep, Fatigue, Stress Corrosion)
Estimate Service conditions

Mesasure Materials Data Crack growth for correct material, environment

and temperature

Predict Crack growth in postulated service life from above
results for initial oritical length (consider
different positions in structur:§

PL VIII-412
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TABLE 1 (Cont)

Specify Tolerable Defect Size

Fitness-for-purpose limit From C and D with appropriate
"safety factor"

Quality control aspects

Corrosion

Inspectability (one defect can hide
another)

Other factors

If tolerable size approaches limit of Inspection sensitivity
or fabrication limits Change Material to higher Fracture
Toughness or Stress to lower value

Quality Assurance and Inspection

Process control to ensure properties
similar to those testad in A.
Consider need for Tests. Procedural
control to reduce risk of large
defects.

Material Control )
Fabrication Control)

1007 volumetric with method approp-
riate to reveal critical defects

Pre-~3srvice Inspection

To ensure service conditions are in
fact similar to those agsumed in
B & D.

Operational Control

Surveillance Material properties, temperature,
stress.

Either monitoring for crack growth
or at intervals through life.

In-Service Inspection
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