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FRACTURE*
LECTURE No. 1

INTRODUCTION

1« One of tlle most importamt factors in the development of new technologies,
such as space exploration and nuclear power, is pressure vessel integrity. In
considering the adequacy of existing practice for these new applications, it is
prudent to take into account the differences which may exist in service conditions
and consequences of failure. The main differences between say nuclear reactor
sressure vessels and conventional vessels is as follows:—

(a) Because of the much greater consequences of failure in the case of

nuclesr reacior vessels there is a need for much greater reliability.

(v) Overational inspection is important in detecting defects which could

othervise develop in service and cause a major rupture. Approximately 90%

£ all failures in conventional plant are detected during such inspection,

vet most nuclear reactor pressure vessels constructed up to this time are

not directly wccessible for periodic inspection.

A recent examination of the failure statistics of conventional pressure
vessels in the U.K.(l)is sunrarised in Table I and this suggests that the average

rate of explosive failure in such plant, if it was not periodically inspected,

would be 1 in 103 to 104 plant years. Such a rate is not likely to be acceptable
for nuclear reactor vessels in a large power Programmes

2. The older codes of vractice tended to evolve by the writing of a new rule

for each disiress as it occurred. This process is being increasingly modified as
these newer technologies develop and the idea that pressure vessel design should
take into account possible modes of failure has now gained a moderate amount of
acceptance. Knowledge of vossible patterns of failure should, of course, be
obtained directly from service cxperience and until feirly recently such experience
was largely hidden behind a veil of secrecy. However, more enlightened policies

are gradually being introduced here as well and the recent survey of pressure vessel

* U.K.A.E.A., England
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failures mentioned above shows that at least 89% of service failures are by

cracking and about 50% of these are caused by fatigue assisted mechanisms. Thus

4t would appear that the majority of pressure vessel failures may be considered
to follow a common path, i.c., crack initiation, crack growth to critical size
and fast fracture.

3. The three possible phases may exist in differing proportions. Examples are:=
(a) Brittle fracture during fabrication provides initial defect. Defect
may, or may not, be extended by a number of pressure cycles. E+ge«,
Cockenzie Steam Drum — failure during pressure test (5 cycles).(Figs 1 and
(b) Small weld crack of uncertain origin associated with brittle material.
Defect may, or may not, be extended by a number of pressure cycles. E.g.,
Immingham 4mmonia Vessel - failure during pressure test.(4 cycles). Figs. 3,
4 and 5).

(¢) Crack initiation and growth from stress concentration during service.
E.g., German Boiler Drum. (Figs 6 and 1)

From these and other cases, it is obvious that component life is devendent

(1) The initial size of crack present at the commissioning of the plant.
(2) The grovth rate of this crack under operating conditions.

(3) The critical size to which the crack has to grow for fast fracture
under operating conditions.

Reasons for Improving Technology

4. There are other reasons for improving pressure vessel technology other than
obtaining a satisfactory failure rate, although these are more closely related to
economic considerations than those of safety. There is obviously an ever present
pressure to reduce capital costs by raising stress levels and thus making vessels
thinner and lighter. Thus, in the last fifteen years design stress levels in milg

steel atmospheric temperature have increased from one quarter of ultimate tensile

strength (about 5 T.s.i.) to two thirds of the yield stress (about 10 Tegeio)e
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Obviously such a trend is only permissible if it is accompanied by comparable
improvements in the understanding of the pattern of failure behaviour, the
increased use-of stress analysis techniques (theoretical and experimental) and
the more rational and rigorous inspection .and testing of all the materials of
construction and of the finished pressure vessel.

B Although the importent role of operational inspection has been emphasised
carlier, it is important to recognise that this is itself a very expensive
orocedure in terms of the down time of the plant. It is therefore a direct
reduction in plant availability unless it can be carried out concurrently with
some other bdsic oporation on the plant such as re-fuelling. Here again, the
ernasis is on improving the tééhnology through an improved understanding of
failure behaviour, thus leading to the development of methods of indirect
inspection and a minimal amount of direct inspection.

iifferent phases of vessel failure have been described in para. 3. In ~
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a nressure vessel of welded construction it is impossible to be completely sure
that there are ro cracks present in the finished construction. Consequently, by.
quantifying these various stages of crack development by use of a fractiure
mechanics approach, it is possible to achieve the objective described above. The
details of such analyses are dealt with in subsequent lectures.

Consequences of Faillure

T Once the fast propegation of the crack has commenced, the extent of
propagation is controlled by the amount of energy contained in the pressure
vessel and by its availability at the crack. The amount of energy in a compres—
sible fluid such ag gas will be high, while for a relatively incompressible fluid
sueh as water, it will be low. The strain energy in the steel vessel itself will
e negligible compared with the gas energy, but of the same order as the water
energy. The availability of the stored energy is also important, e.g., in a long
gas pipe of ductile material it is possible for a propagating crack to arrest due
to loss of pressure and stress caused by the difference in the speed of the crack

front and the decompression wave in the gas
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8. In cases where the material behaves in a brittle manner, either because it

is intrinsically brittle, or because of the high strain rate produced by high

energy availability, fragmentation due to branching of the crack may occur. Thus,
the containment of compressible fluids under pressure, constitutes the greatest
potential hazard, both from the point of view of complete disruption of the
container, loss of its contents and the formation of high velocity missiles.

9. It is important to realise however that large amounts of energy may be stored
in fluids which are relatively incompressible such as water where the volume involved
is large. In such a situation the consequences of failure can still be hazardous
with extensive crack propagation and possibly missiles. An additional hazard could
be the tidal wave produced by the sudden release of a large volume of fluid. Figs 8
and 9 show such a failure which occurred to a Sizewell Atomic Power Station boiler
shell.

10. The two extremes of compressibility may be thought of in terms of a constant
deflection versus a constant load model. (Fig. 8). Here, it will be seen that in
the constant strain case, the strain energy decreases as the crack extends, while
in the constant load case, the strain energy increases by the same numerical amount
and the work done by the external load is twice the change in strain energy. This,
of course, means that the energy being released at the crack is the same in both
cases.

General Summary of Nethods of Avoiding Fast Fracture

11. The occurrence of fast fractures in steel bridges, ships and pressure vessels
has led to numerous investigations of this phenomena and the usually brittle
appearance of the fracture surface led to the term 'brittle fracture' being adopted.
The materials involved usually exhibited adequate ductility in a tensile test but
vhen tested in the form of a notched bar such as in the Charpy, Izod, or notched
tensile (Tipper) test, the fracture surfaces of the test piece underwent a transition
from brittle to ductile apoearance as the test temperature was raised. The other
test parameters such as energy absorbed, contraction in thickness at the tip of the

notch etc., also underwent a sudden change in the same temperature region. Thus

it was originally thought that this temperature represented the boundary line
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between brittle behaviour and ductile behaviour in the presence of a notch or
crack and it became known as the transition temperature. However, the
transition temperature as measured by various tests varied somewhat depending on
the typve of test piece, speed of testing etc., and a large number of tests were
developed each one with its own individual claims to realism in reproducing
practical conditions. The more prominent of these tests are described in the
next lecture. Later work showed that the general idea of transition temperature
is a myth and the mechanical parameters of stress level, energy content and
availebility, size of crack, etc., are equally, if not more important than notch
ductility.
12. The transition temperature approach is still widely used and involves
keeping the component above the transition temperature as indicated by the
particular test in vogue.
13, Griffith(z)developed his original theory for glass which could be treated
as elastic. He considered the stability of a crack by equating the energy which
would be absorbed in an incremental extension of the crack, in creating new
fracture surfaces to the strain energy which would be released. He was of the
opinion that crack extension would occur when the stress at the crack tip reached
a certain value, but was unable to use a direct stress approach because the
elastic analysis of a crack predicts infinite stress at this point.
14. Griffith's original model has since been modified and other methods have
been developed and are described later. The use of a crack model to describe
crack extension in terms of crack size, stress level, material properties and
geometrical parameters has come to be known as fracture mechanics. It is usually
used in conjunction with the onset of fast fracture. However, there seems to be

no valid reason vhy it should not be used also to cover crack growthe
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TABLE T
The total number of failures reported is related to about 100,300 vessel
Yearse.

The distribution of the causes of all 'service failures is:=-

No. of
Cases %
(i) Cracks 118 89.3
(ii) Corrosion (includi stress corrosion, assisted °
fatigue and wastagzi 15
(111) Maloperation (including water shortage, control 8 6
malfunction) o1
(iv) Pre-existing from manufacture (e.g., material or 5
Tabrication causes) 3 *3
(v) Creep failure 1 0.8

The distribution of the defects amongst the various detection methods is:~

No. of %
Cases

(1) Visual examination 75 5649
(ii) Leakage 38 28.8
(iii) Non-destructive testing methods 10 )
(iv) Hydraulic test 2 1.5
(v) Catastrophic failure _1. 5.3
132 100.0

The majority of failures (89.3%) were due to cracks and most of these were at
branches and fillet welds. Since a large proportion of the incidents were due to
cracks, these have been exajpined separately.

The distribution of the cause of the cracks is as followsi-

No. 4 ,&Total

(1) Ezziﬁﬁz)(including mechanical and thermal 47 40.0 35.6
(ii) Corrosion (including stress corrosion, :

assisted fatigue and wastage) 24 20.3 18.2

(iii) Pre-existing from manufacture 10 8.4 7.6

(iv) Not ascertained 35 29.6 26.5

(v) Miscellaneous 2 1.7 1.5

118  100.0 89.4
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Fig. 2 : Blackened surface of crack associated with
economiser nozzle.
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LECTURE No. 2

FAST BRITTLE FRACTURE

TRANSITION TEMPERATURE APPROACH

Introduction

1. Until the early 60's the philosophy of safe operation of reactor pressure
vessels was, to a large extent, dominated by the consideration of avoidance of
brittle fracture. Although creep and stress rupture, etc., were taken into account
in design, brittle fracture was considered to be the only practical means by which
catastrophic failure of large pressure vessels could occur. High temperature
failures due to creep, etc., were deemed to lead only to local leakage since a
limited amount of theoretical work suggested that impractically large defects
would be required to initiate catastrophic ductile failure. (1)

Classification of Tvpe of Fracture - Brittle or Ductile

2. The classification of fracture type some ten or fifteen years ago, was based
on the appearance of the fracture surface. Brittle fracture was defined as being of
crystalline appearance (cleavage), with the fracture surface making an angle of 90o
with the plate surface. Ductile fracture, where it occurred and was recognised as
such, was defined as having fracture surfaces making an angle of 450 with the plate
gsurface. There was a large body of expert opinion which completely denied the
posnibility of ductile fracture and in cases where it was observed, e.g., latter
stage of fracture in Fawley tank failure, it was attributed to the 'arresting phase'
of a brittle fracture.

liore recently, mainly as a result of the rationalisation resulting from the
application of fracture mechanics, it has come to be recognised that the appearance
of a fracture is controlled by a number of factors such as material thickness,
rate of loading (or rate of crack propagation), yield stress, etc. Thus it is
possible for a fracture of brittle appearance to exist side by side with a fracture
of ductile appearance in the same material, Fig. 1. The difference in this case,
is that the ductile 450 fracture existed under the static conditions of crack

initiation, whereas once the crack speed had increased %o give a straining rate

at the crack tip sufficient to increase yield stress and decrease plastic zone



- 19.

size beyond a certain level, the fraoture took on the oharaoteristics of a
brittle fracture. Thus the differences in fraoture type are mechanical rather
than metallurgical.

Trangition Temperature Approach

3. The bulk of earlier work on vessel safety was thus devoted to tests.aimed

at delineating some temperature limit for a given material below which the material
was susceptible to brittle fraoture and above which it was immune and hence, in the
absence of gross over-pressure, free from any danger of catastrophic failure. These
tests ranged from the relatively simple determination of transition temperatures
using the Charpy V notch impact test, through drop weight tests using orack starters,
to crack arrest tests in which large specimens, held in tension in hydraulically
loaded machines, are brought to test temperature and then subjected to a fast
running brittle crack induced at one locally chilled edge of the specimén.

Brittle Fracture Tests

4. Some of the more prominent tests are described below.

Charpy Test

The Charpy V notch test is probably the most widely used. The test piece
ie in the form of a 10 m.m. square bar with a 45° V notch in the middle. The
notch is 2 m.m. deep and has 0.25 m.m. radius at its tip. Fig. 2. The test
piece is broken in a pendulum type machine and the energy absorbed measured.
The relative amounts of fibrous ('duotile') and cleavage ('brittle') fracture
are usually observed directly from the fracture surface. There is glso a
change in the amount of lateral deformation at the tip of the notch (2) in
the transition temperature range and this is sometimes measured. Standardised
criteria have been used for choosing the transition, e.g., temperature for
20 ft. 1lbs., or temperature for 50% crystalline fracture. It is now fairly
widely acceﬁted that ocorrelations of the temperature for a certain energy

absorbtion with other tests, have no general validity.
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Tipper Test (3)

This test has only been used very infrequently. I% consists of a
specimen of full plate thickness with V notches machined in the edges. The
width to thickness ratio should be about 10 to one. The specimen is broken
by a tensile stress applied at right angles to the notched cross section.

See Fige. 3+ The maximum stress and reduction in thickness are both plotted
against temperature. The fracture appearance is recorded. The sudden change
in reduction in thickness with temperature is probably the most useful
indicatione.

Drop Veight Test (4) and (5)

1This test has been developed and used by N.R.L., Washington, although
other workers appear to have had similar ideas. The drop weight test piece
js shown in Fige. 4. A plate like specimen is supported at its ends and is
subjected to a rapidly applied load at mid span by a dropped weight. A
brittle weld bead on the tension side of the specimen serves as a crack
starter. The bead is nicked almost to the surface of the plate. As the
specimen bends under the action of the load a crack forms at the base of
this notch in the brittle weld bead. Further deformation may, or may not,
cause this crack to propagate into the specimen depending on the degree of
brittleness present. The deformation of the specimen is usually limited to
an angle of bend 0f13" by a stop at mid span. The highest temperature at
which the specimen breaks into two pieces is termed the nil ductility
transition temperature. (N.D.T.). The N.D.T. has been correlated with the
Charpy V test, the impact energy varying with the type of material, i.es,
from about 10 ft.1lbs. for mild steel to 50 ft. lbs. in alloy steels.

The Explosion Bulge Test (4) and (5)

This test has been used to evaluate the crack propagation characteris—
tics of materials. In this case the sample consists of a square plate (or
weldment) with a brittle weld bead on the underside. The plate is placed on

an open die and an explosive charge detonated over the plate. The nature and
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extent cf the resulting deformation and cracks is used to rate the materials.
When tested over a range of temperatures the performance of a given material
changes from extensive plastic bulging, with or without some ductile shear
tearing from the brittle wsld bead, at high temperatures to a flat, brittle,
shattering type of fracture at low temperatures. The high temperature,

where extensive deformation without brittle cracking occurs, is referred to
as F.T.P., fracture transition plastic. The temperature below which the
cracking begins to extend beyond the deformed material, into the elastic
lozded edge regions, has been designated F.T.E., fracture transition elastice
The brittle shattering type of fracture is obtained at the N.D.T. temperature.
The relative positions of these transition temperatures, superimposed on a
Charpy V notch impact energy curve, is shown schematically in Fig. 5.
Practical considerations involved in conducting the esplosion test limits
its use compared with the drop weight or Charpy impact testse.

(6) and (7)

Wells Wide Plate Test

The test piece comprises of two rectangular plates joined by a butt
weld. At the mid length of the butt weld a saw cut is made transverse %o
the weld axis before welding. (See Fig. 6). The‘specimen is loaded in tensile
parallel to the axis of the weld by jacks acting on lugs attached to its endse.
The failure stress for various test temperatures is noted along with the
amount of plastic strain at failure.

, (8)

Robertson Crack Arrest Tes

f 98
(a) Gradient Test

In this a large plate is loaded to a uniform tensile stress
while a temperature gradient is maintained across the width of the
plate. A crack is started by firing a bullet into the cold side of
the plate and it runs up the temperature gradient until it reaches
material which has sufficient 'toughness' to arrest it. The tempera-
ture at which this arrest occurs is known as the 'crack arrest tempera-
ture'. From a series of tests where the stress is varied a relation-

ship of stress and temperature such as is shown in Fig. 7 is obtained.
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(b) Isothermal Test

The Robertson test has been modified into a constant temperature
test to eliminate uncertainties and possible complications caused by
the temperature gradient. This test is similar to the S.O.D.(Standard
0il Development) test. There is a slight difference between the réaults
of the gradient and isothermal tests. A typical Robertson Machine is
shown in Fig. 8.

Limitations to the Validity of the Transition Temperature Approach

5. Tests such as are described above led to the concept of a minimum operating
temperature, below which loading of the component was forbidden. This temperature
was established by reference to a certain value of impact energy in the Charpy test,
or by the addition of a temperature margin to the Nil Ductility Temperature or
Crack Arrest Temperature. Pellini (9) summarised these ideas in his fracture
analysis diagram and in addition incorporated in this a crude form of fracture
mechanics, which recognised the relation between stress level and defect size.Fige 9.
Thie diagram clearly defined, in terms of nominal stressi-

1+« The N.D.T. at which fractures can occur at nominal stresses between the

yield stress and one fifth of the yield stress depending on defect size.

2. The F.T.E. (Fracture Transition Elestic) at which fractures can only

occur above the yield stress and the stress levels are again dependent on

defect sizee.

3. The F.T.P. (Fracture Transition Plastic) above which fracture cannot

occur.
Poellini has since modified his original fracture analysis diagram in the light of
some bursting test results which fell in the area where fractures were not supposed
to propagate, i.e.;, to the right hand side of the C.A.T. curve. The first
modification was to postulate that some materials could have low enérgy tear
characteristics (such as poor weld heat affected zone propertiea). The second
modification was to suggest that the long defects which existed in the bursting
tests had, because of bulging in the region of the defect, amounted to gross

plastic overload, and that it was thus permissible to plot these results as having
failed at the ultimate tensile strength, Fig. 10.



.23.

Obviously, both of the effects mentioned above are important. It is
difficult however, to believe that there are just low and high tear energies.
Surely it is more likely that there is a whole range of possible toughness. Again,
even in a flat plate, where bulging is impossible, there are high stresses at the
crack tip and these must reach the fracture stress if failure is to occur. It
would be just as logical therefore, to plot all failures at fracture stress level,
not just the cases where bulging occurs.

However, since the ordinate is nominal stress it seems rather that the
explanation is in the method of derivation of the C.A.T. curve. Both the Robertson
and Vells type of wide plate machines really apply a strain or deflection to the
specimen, and therefore, as the crack propagates across the specimen, it.does 80
under constant strain or 'fixed grip' conditiocns rather than under constant load
conditions. Orowan's analysis of these two conditions was described in Lecture 1.
Therefore, the occurrence of an 'arrest' in the above tests is purely due to the
relaxation of the general stress field as the crack traverses the plate and the
C.A.T. curve of Fig. 9 is only valid for structural members which are operating
under this type of loading, i.e., redundant members. The apparent anomolous
behaviour in the bursting tests referred to earlier, can therefore be explained in
terms of the high energy contained in the pressurising air. Similar behaviour has
been observed in experiments which will be described later. Considerations
similar to the above led to the development of the idea of a continuous range of
behaviour from the most brittle of material failing at small defect sizee and low
stress levels to the most ductile material failing at relatively large defect sizes
and high stress levels.

(10)

The Experiments of Sopher et al on 9 ft. Spheres

6. These experimental results were published in 1959 and by using Charpy value

as & measure of material.fracture toughness G in the Griffith equationi-

EG
™

in conjunction with the 9 ft. sphere experiments the author was able to construct

£21 =

the generalised diagram for mild steel shown in Fig. 11.
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These predictions indicated that ductile failures could occur in mild steel
pressure vessels under gas pressurisation with stress levels of two thirds of
Yyield and crack lengths of one or two feet.

Thus, if the diagram of Fig. 11 was proved to be correct in principle, then
the possibility of fast ductile fracture originating at defects would render the
minimum operating temperature concept invalid as an all-embracing defence against
catastrophic failure. BEven in the event of the theoretical possibility of such
a failure mode proving to be valid, the practical significance of such a mode
would depend entirely on the actual size of the necessary initiating defects and
the feasibility of the slow growth of defects to critical dimensions without

displaying early signs of their existence, for instance by leakage.
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LA

Notch

\
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Longitudinal.
weld

General testing arrangement.

(@) -

) O

70° Sawcuts 0:006 in wide
2

(b)

—(a) 2 In thick specimen. Weld details : 2 runs

No. 8 s.w.g. electrode, 170 A.  Subsequent runs

No. 6 5.w.g. electrode, 220 A.  (b) 3 in thick specimen.

Weld details: 2 runs No. 8 s.w.g. electrode, 170 A,
Subsequent runs No. 6 s.w.g. electrode 230 A,
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FOR THE PROPAGATION OF A CRACK IN 1 INCH THICK MILD STEEL
PLATE [73].
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LECTURE No. 3

EXPERIMENTAL PROGRANE

TO STUDY FAST FRACTURE

Reasons for Experimental Programme

1. In Ref. 1 it was recognised that with the materials and relatively low nominal
stress employed in reactor vessels, faults may need to be of considerable length
for instability to occur, but in dealing with 1argé vessels with complex design
feutures, large areas of secondary stress, subject to thermal and pressure stress
cycles, the ultimate appearance of such defects could not be ruled out.

In these circumstances it was evident that un almost complete lack of
relevant experimental data in this field would need to be remedied and consequently,
the Authority Health and Sufety Branch of the United Kingdom Atomic Energy Authority,

embariked on an investigation of tbe beheviour of artificially-faulted large pressure

Details of BExverimental Arrancements

2. The vessels were 14 £t. long x 1 in. wall thickness cylinders, mainly of 5 ft.
internal diameter, but also including vessels of 3 ft. and 9 ft. 6 in. internal
diameter, closed by torispherical ends (Fig. 1.). The faults consisted of
longitudinal slits of full wall thickness, ending in 0.008 in. vide, jewellers
saw cuts and sealed internally with metal and neoprene patches.

The initial objective of the programme vas to obtain a relationshjp between
nominal hoop stress and fault length over a temperature range covering both the
brittle and ductile ranges, as determined by the usual Charpy, Nil Ductility and
Crack Arrest Temperature Tests. In order to realise this within the hydraulic
test temperature range, a special steel was made in which by adjustment of
composition and heat treatment, the transition and Crack Arrest Temperatures were
elevated sufficiently, whilst still retaining the tensile propertiee of a typical

boiler quality steel. Later the work was extended to include actual pressure

vessel steels.
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Results of Experiments

3. The test results are shown in Fig. 2, the main features of which are:-

(a) for the fault length range studies (6 in. — 24 in.) the nominal hoop
stresses at failure rise evenly throughout the brittle and ductile
ranges, remaining below general yield stress at temperatures well
in excess of the Crack Arrest Temperature.

(b) As discussed later the failure stress is independent of the means of
pressurisation.

In obtaining these curves certain observations were made regarding the

extent and mode of failure under given loading conditions.

At low temperatures hydraulic pressurisation gave an unequivocal end point
and catastrophic failure (Fig. 3.).

At higher temperatures hydraulic loading leads to limited damage due to a
tear-volume increase-pressure drop mechanism and led initially to questions of
the interpretation of such results. These doubts were, however, resolved by high
temperature pneumatic loading which causes failure at the same pressure as for
hydraulic loading for a given fault and temperature, but leads to catastrophic
failure (Fig. 4).

These tests, comparing the consequencsc of the use of hydraulic or pneumatic
loading in the ductile temperature range, are particularly instructive, in that
they shed light on the results obtained in crack arrest tests and the invalidity
of such tests when applied to vessels containing compressible fluids.

In the crack arrest test using a specimen stressed by, in effect, a large
tensile machine and in the hydraulically loaded vessel, the energy available is
largely confined to the strain energy of the metal itself. In both cases
deformation associated with extension of the crack leads to unloading of the

specimen and hence the crack stops for lack of driving energy.
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In the pneumatically loaded case however, deformation accompanying crack
extension produces virtually no unloading and indeed the stress level rises due
to ‘he reduction of load bearing area. Only by massive leakage will the crack
driving force be removed and although this may limit the extent of damage in
components of high surface/volume ratio such as pivelines where the depressurisation
vave may out-pace the crack propagation, catastrophic failure becomes increasingly
likely as one goes to large pressure vessels.

Different Fracture MNodes

4. As regards modes of failure, three distinct types were observed, depending on
reolative influence of the principal stresses acting at the fault tip. The
designation of these stresses is made clear in Fig. 5.
The failure modes are:-
(A) Brittle - perpendicular to surface and to P1 and governed by value
of PT; Fig. 6.
(B) 1st Shear — approximately 450 to surface proceeding in longitudinal
direction governed by P1 - P3.
(C) 2nd Shear - proceeding in direction lying between P, and P, and
governed by value of P1 - P2-
Kodes (4) and (B) are not influenced by the bulging produced by internal
‘pressure load acting along the unsupported edge of the through crack, but in
Mode (C), this load causes sufficient bending at the crack tip to produce a
longitudinal comoressive stress at the outer surface which overcomes the normal
longitudinal tensile stress P2 due to the internal pressure. Hence P1 - P2 exceeds
P1 - P3 (P3 = 0 at surface) and thus P1 - P2 controls failure and produces the
failure mode observed. A Pﬁ - P2 type failure is shown in Fig. T.
Fracture appearance in vessels mey, however, prove misleading, if one thinks
only in terms of a clearly defined brittle-ductile transition temperature as
derived by a specific type of mechanical test.

Fig. 8 shows an example of brittle and ductile fractures appearing side by

side at a single temperature in a partial pneumatic test carried out on & faulted

steel vessel.



-41.

Plastic Zone Phenomena

5. The explanation of this behaviour is believed to lie in the existence of &
plastically strained zone which develops and extends from the tip of the fault
as the stress level increases. Various methods have been employed to measure
this zone, including brittle lacquer and photo-elastic coatings. Fig. 9 shows
an example of the latter.

The size of the plastic zone has been found to correlate quite well with

(30,

Dugdale's equation

T
S " T &
ELT — e iy
Y
Vhere S = plastic zone diameter; L = Crack half length

fg = nominal applied stress;fy = yield stress

Returning to Fig. 8. The size of the plastic zone prior to and following
rapid propagation of the defect may be seen from the thickness contours shown in
Fig. 10. It will be seen that the transformation from shear to fast fracture
coincides with the virtual disappearance of the plastic zone at the tip of the
running crack. This may be explained in terms of the Dugdale equation by the
dynamic elevation of the yield stress due to the high rates of strain at failure.

An examinatior of Dugdale's equation will suggest that at higher temperatures
due to the reduction in fy; the plastic zone size should increase. In addition,
there is evidence that failure arising from a defect must be preceded by additional
yielding. These two oﬁservations suggest that once a fault has been stressed and
a plastic zone created at its tip then the fault should remain stable up to this
stress level at lower temperatures. This 'hot pre-stress" effecthas in fact been
observed in our work, but was absent in cases where failure was by the P1 - P2 mode .

Correlation of Results with MNaterial Mechanical Properties

6.- The first attempt in this direction was to check the applicability of the
Griffith-type equation, (str9932 x crack half length - constant for constant
material properties), to the results. The fact that they did not fit comes as no

surprise when one realises that Griffith's original treatment was for completely

brittle materials and here we are dealing with a ductile material, which upon
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stressing, is capable of exhibiting large and demonstrably complex plastic zones
at the tips of defects.

It was found however, that for constant properties, the expression

3.2

f -1
g

better fit and a plot of f8312 against the energy absorbtion in the Charpy V

= constant, where fg = applied stress and 1 = crack half length, gave a

notch energy absorbtion, other properties remaining constant, was linear for
failure of the brittle and 1st Shear modes. Fige. 11. From Fig. 12 which includes
a wider range of results, down to pipes of 1 ft. diameter, it will be seen that
vessel geometry playes an important role in defining the failure condition.
Changes in those factors which increase the tendency to the bulging type of
failure (2nd Shear mode ), namely, increased crack length, reduced wall thickness
and diameter, cause this mode to intervene at progressively lower levels of Charpy
energy and it will be seen as the parameter 7%? increases, the failure curves lie
increasingly closer and parallel to the abscissa. Thus, the change in failure
pattern as onc goes from large diameter, thick walled vessels to small size, thin
wall pipes, will be generally from flat fractures, originating at defects showing
little if any gaping, to 2nd mode shear failures preceded by wide gaping of the
defect. It will be recognised that this gaping type of failure is somewhat
artificial, in that internal sealing is necessary to enable such a failure to be
produced. For the practical case of tubes in the absence of gross over-pressure,
fast fracture without prior leakage is conceivable only in the event of a high
degree of embrittlement, in which case the critical crack size may be veyy small,
or in the presence of a long partial penetration defect which grows radially
through the wall thickness.

An early analysis of the test results(4), led to the postulation of

failure equations of the'general form:-

3.2 d, e
oy & TF C+1D
8 y u ( ﬂ)

where fg = nominal appliéd stress; 1 = crack half length

f = yield stress; fu = ultimate tensile stress j} ¢ = Charpy impact energy;

d, e, C + D are constanis.
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However, examination of a large number of experimental results and further
analysis of the forces acting at the crack tip (5), now suggest that the above
equation is a good approximation to a more general equation of the form:-

£, = T, (A1 + 1)
where fu' fg and 1 are as defined earlierj and A is a material parameter
incorporating yield stress and Charpy energye.

This equation is based on an expression derived by Seaman(é), to describe
crack instability in aluminium alloy sheet containing defects iransverse to the
applied load, which involves a stress concentration factor K=Al+ 1 end a
criterion for failure that ng = Bfu.

Whence fg(Al +1) = Bf 3 where A and B are constants and.fg ve fgl will
give a linear plot.

In Fig. 13 plots of log 1 against log fg/f,, are shown first using Seaman's

values for A and B, i.e., (A = 2.4; B = 1/0.82) and then putting B = 1, i.e., U.T.5.

as the failure criterion. The figure also shows lines corresponding to fg312

and fgzl = Const.

It may be seen that fg312 = Constant is a close approximation to the curves
for values of fg/fu between 0.17 and 0.7 using Seaman's values of A and B, and for
values of fg/fy between 0.14 and 0.6 putting B = 1. One will also note that at

. 2
high values of fg/fu, fg 1 is a better fit.

= Const.
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LECTURE 4
Experimental Programme to Study Crack Growth

Reason for Crack Growth Experiments

1. The main reason for the programme was to provide information on the growth
rate of cracks at 50-1004 of thelr critical size, since in 1964 there was no
such experimental data available. It was also expected that since each test
would terminate in a fast fracture, information would be obtained on the
difference in behaviour, if ahy, of natural fatigue cracks and the artificial
slits used in the fast fracture programme. Another aspect of interest was the
eefect of one cycle of loading to a gignificantly higher pressure, on the
subsequent growth behaviour of a crack.

Details of Experimental Arrangements

2, The materials tested were those used in the fast fracture tests; namely,
0.36%C and BS 1501-151 steels. Two sizes of vessel were used, 2 ft. diameter,

1 in. thick and 5 ft. diameter, 1 in. thick. The main difference in the
experimental arrangement related to the need for cyclic pressurisation,continuous
crack length measurement and safety. Cyclic pressurisation of the 5 ft. diameter
vessels at temperatures near atmospheric was carried out using mains water as the
pressurising medium. The cycling rate was about 3 cycles/hour. Testing was
carried out in a concrete lined pit, the top of which was covered by a layer of
wooden railway sleepers tied together by steel bars. Measurement of crack length
was made directly by travelling microscopa every 10 cycles with the vessel
depressurised. For temperatures higher than 10000, air was used as the
pressurising medium and to keep pumping requirements to reasonable propoctions
while maintaining a similar cycling rate to that mentioned above, the 2 ft. vessels
were fitted with internal packing in the form of a hollow steel cyclinder. See
Fig. 1. Reduction of the pressurised volume also reduced the effects of finael
explosive failure. The requirement was for temperatures up to 400°C and there-

fore the equipment had to withstand the effects of fatigue and creep-
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The 2 ft. diameter vessels were housed in underground test cells designed
to contain the explosive failure under pneumatic pressurisation. Continuous
crack measurement was achieved in the case of the 2 ft. diameter vessels by a
system of remote viewing, using mirrors and an astronomical btelescope.
Occasional direct checks were made with the vessel depressurised. The method of
preparing ‘the initial defects and sealing them was similar to that employed in
the fast fracture experiments. Test pressure cycle was from zero to maximum, with
hold period, then back to zero. Cycling was controlled automatically.

Results of Experiments

3. The test programme is still proceedingj however, the megsurements taken
during the first six tests are given in Ref. 1 and the crack growth behaviour of
these materials appears to be a reasonable £it to an equation of the typet-
N = C- D exp(-Bl) Eqn. (1)

Where 1 is the half length of the crack

N is the number of cycles to increase crack length from 1o to 1

D and B are constants and C = D exp(—Blo)
The crack growth behaviour for these materials is shown diagramatically in Fig. 2.
Other experimental work on higher strength materials, as yet unpublished, also
fits this type of description.
Conclusions
4. The first, and possibly the most important conclusions 1s that the "end point"
is the same in both the cyclic loading and in the "once off" loading fast fracture
experiments - the same correlation being obtained between crack length, maximum
stress level and material properties.

Secondly, it appears that the crack growth mechanism is not dependent on the
fast fracture parameters. Thus, in one experiment the critical crack was varied
by increasing the test temperature through the transition range for the material
without any effect on the growth rate being observed. There is however, a sudden
increase in crack growth Tate over  that predicted by Eaqn. (1) over the last

few cycles before fast fracture and it may be that this would be influenced by

say, Charpy value. There is yet insufficient evidence to resolve this questione
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Thirdly, three fracture modes have been cbserved which are analogous to
those occurring in fast fracturs, i.e., are flat or 900 mode and two shear modes,
the orack growth rate being lowest in the former.
Fourthly, in one experiment on a 5 ft. diameter vessel at atmospheric temperature,
the pressure for one cycle was raised 10% above the normal maximum pressure for
the test. No further crack growth occurred until after about 15 cycles of normal
cycling. The crack extension during the one overpressure cycle was much greater
than during a normal cycle and it appears that the subsequent total length - total
cycles curve is approximately the same whether an overpressure cycle is carried
out or not. See Fig. 3.

Finally, the materials tested so far appear to show crack growth characteris-
tics which are insensitive to moderate changes in material properties. Much more
work is needed however, particularly on materials of low ductility, such as weld

metale and heat affected zone material.

Reference 1.

IRVINE W. H., QUIRK, A., BEVITT, E. An Elasto-Plastic Approach to Fracture Mechanics.
(AHSB(S)R.142)
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LECIURE Nos 5

ELASTO - PLASTIC THEORY

OF FRACTURE VECHANICS

Qutline of Problem

1. In an ideally elastic material the theory of elasticity predicts that the
stress at the tip of an infinitely sharp crack is infinite. Griffith avoided

this difficulty by considering the relative rates of release of strain energy

by the plate and absorbtion of fracture energy at the crack tip. In steels,
yielding occurs at the tip of the crack as has been described in Lecture 3. The
ocourrence of this zone of plastic material, and the requirement that its volume
must be constant, for a given size of zone,results in the yielded material
contracting in the thickness direction. This contraction is resisted by the
surrounding elastic material and a system of mutually opposing stresses is set

up in the thickness direction, these being tensile in the plastic material and
compressive in the elastic material. The plastic zone has been caused by the
stresses in the plane of the plate which are ténsila and hence this plastic zone
material is subject to a triaxial siress system. The effect of this is, of course,
to increase the flow stress of this material and this allows the stresses in the
plane of the plate, in this zone, 1o rise appreciably above the uniaxial yield
stress. As the external load condition is increased stress levels increase until
the material in the immediate vicinity of the crack tip reaches the fracture stress
and fast crack propagation ensues. The problem is thus to describe this situation
in terms of nominal stress level, crack size and material properties.

Failure Conditions at the Crack Tip

5, If the conditions for equilibrium in the plane -of the crack are considered
then it will be seen that the load shed by one half of the cracked material must
be carried by the material at the end of the crack and due to the increase in
flow stress in the plastic zone referred to above, most of this load will be
carried in the plastic zone. If initially the reduction in thickness at the

crack tip is neglected then the situation may be represented as in Fig. 1 where
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S is the reciprocal of A (mentioned in Lecture 3) and may be thought of either
as the width of the plastic zone, or alternatively, as the mean width of zone
of high stress at the crack tip. The equation of failure for constant material
properties is then:-
P oot (5+1) Eqn. (1)
where the nomenclature is as given in Fig. 1.

Experimental results obeying this equation should fit a plot of the type
shown in Fig. 2.

Quirk(T) has examined the experimental data for a number of materials and
has found that this sort of straight line plot is obtained.

Eight results from the tests on the 5 ft. vessel experiment8described in
Lecture 3 (sets of data corresponding to nearly similar material propertiaa) are
plotted in Fig. 3.

In all the data examined, except certain Zirconium alloys, the parameter F
is found to coincide with the ultimate tensile strength fu of the material. Thus
in order to correlate materials of differing U.T.S. the type of plot shown in
Fig. 4 may be used. In this figure, the intercept of each of the straight line-
constant material plots intersects the abscissa at a value of f%i y corresponding
numerically to the plastic zone size S, at which failure occurs for the particular
material properties. Thus, such a diagram can contain all the relevant information
concerning the onset of fast fracture in a material. Some data (2) from 5 ft.
vessel tests on mild and low alloy steels is plotted in Fig. 5. Again, all the
data available is not suitable — only where there are two or more points at
similar material properties has it been possible to make a plot. These results
also show & good fit to Equation (1)

The Effect of Material Parameters on Stress Distribution in the Crack Tip Region

3. From the above, it will be realised that the fast fracture behaviour of
materials can be characterised by the parameters F and S. Since it would be
prohibitively expensive to employ large scale testing for each new material, it
is important to find correlations with small-size laboratory tests. Since F 18

equal to the U.T.S. for most materials of interest, the remaining problem is to

obtain a suitable correlation for S.
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The influence of the Charpy value on the fracture parameters is obvious
from the experimental work described in Lecture 3« The proportionality between
lateral deformation and energy absorbtion in the Charpy test demonstrated by
Orner(3), Fig. 6, suggests that Charpy could provide & measure of lateral
deformation at failure at the tip of & real crack. If this is so, then since
this deformation controls the through thickness stress P3 at fallure the Charpy
value must also control the shape of the stress distribution in the plastic zone
and consequently the size of the plastic zone.

Correlation of Experimental Data Without Bulging

4.  Irvine et al (4) ang quirk 37 nave both suggested tentative empirical
correlations of the form:-
at failure S = Constant x (Charpy energy)% Eqn. (2)

Fige. T uses some results of the 5 ft. vessel experiment with 0.36%4C steel
to demonstrate the degree of fit to this relationship. The eight results used in
Fig. 3 are again included here. Only data for P1 type failure is used.

It is also to be expected that the size of the plastic zone will vary
inversely as the yield stress. Quirk (5) hasanalysed data for a number of
materials and taking the Charpy dependence to be:

1

Charpy energy)®

s Eaqn. (3)

has given the relationship between a and fy as shown in Fig. 8. Use of
equations (1) and (3) gives reasonably accurate failure prediction for a wide
range of materials. However, the large amount of scatter apparent in Fig. 8 and
the unsatisfactory form of equation (3) has prompted a search for a better

correlation for S. One suggestion put forward is that it should be of the formi-

1
Charpy energy\ = .
g = ( yield stress) 3 Eqn (4)

1
giving S in the dimension M%) 3 = 1ins.
1bs x ins

The ‘data for 5 ft. diameter vessel tests on mild and low alloy steels already
plotted in Figs. 3 and 5 has been used to check equation (4). Fige 9 shows that

with one exception the data is a good fit.
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This one exception is the point for the 1501-151 mild steel. The only
exceptional feature of this material is its tensile elongation at fallure which is
404 compared with 28-33% of the other materials in this figure. When developing
Eqn. (1) at the beginning of para. 2, the effect of the local reduction in
thickness at the crack tip was neglected and it may be that when correlating fast
fracture data on materials of different tensile ductility, allowance should be
made for this when calculating S8 from —?——iﬂé—-. However, as yet, insufficlent

u 8

evidence has been collected to resolve this point.

The Effect of Plate Thickness

5. The data considered earlier in this Lecture has been relevant to P1 mode
failures in 1 in. thick plate. At Charpy values in excess of 30 ft. 1bs. (yield
strength 15 T.s.i.) & transition to the P1 - P3 shear occurs as described in
Lecture 3. This transition may be thought of as a decrease in constraint in the
plastic zone, a decrease in P3 (decrease in tension) and therefore an increase in
the shear stress P1 - P3. When this exceeds the ultimate shear stress, which is
approximately one half of the U.T.S. a shear mode of failure results. For such
failures, & slight modification of the parameter F is thus indicated. See Fig. 12
of Lecture 3. Increase in thickness will result in an increase in plastic zone
constraint, an increase in P3, a reduction in P1 - P3 and therefore a shift in the

transition to the P1 - P3 shear mode to higher values of Charpy energy (higher

Charpy
values of Yield stress

This is the only effect of thickness which can be foreseen and is in accordance

) Reduction in thickness should have the converse effect.

with the experimental evidence, e.g., Yukawa, Ref. 7, gives data on matched spin
disc tests in which the fracture stress of a 3 in. thick specimen and a 72 in.
thick specimen were comparables

Modification to Flat Plate Equation to Allow for Bulging

6. Vhen the stress at the crack tip due to the stress concentrating effect of
the crack is augmented by other stresses, then this must be taken into account on
the right hand side of Eqgn. (1). A case of particular interest arises when the
bending stress due to the action of the pressure along the unsupported edge of a

crack, in an internally pressurised component, becomes significant.
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There are two possible ways in which such stresses could affect the failure
pressure. The first of these is that the bending stress acts in conjunction with
the P1 stress at the crack tip and is thus proportional to (crack length)2. The
second possibility is that the bending stress is further intensified by the

(5)

presence of the crack. Analysis of the available experimental data suggests
that the former assumption best describes the actual behaviour and the controlling

equation isi-

F-fy(—% 12+1§1+1) Eqn. (5)

D
Where D = diameter of cyl}indrical component.
K is a function of yleld strength (See Fig. 10) Ref. 5.
F, fg 1 and S are previously defined in Fig. 1.

This equation is mainly of use for pipes and tubes. The 12 or bulging term
becomes insignificant for most reactor pressure vessels and for this case Eqn. (5)
reduces to Eqn. (1).

Table I shows the analysis of the data on 58 in. diameter spheres in % in.
thick mild steel reported by Taylor and Burdekin.(é) The data is plotted in Fig. 11
in the form of a fg - fgl plot. This is clearly non-linear and indicates the
presence of appreciable bulging. Since there is no linear portion available to
determine S, this is estimated from the material properties and Fig. 9, and a
'flat plate' line drawn on Fig. 11 through f = 27 T.s.i. In Fig. 12,1‘8(%4- 1) is
plotted against fgl2 giving a reasonable straight line passing through fu = 27 Tesel.
at 1 = O and fglz - 0, thus demonstrating the validity of the form of Eqn. (5)
Quirk (5) has suggested that to allow for spherical geometry the bulging term
should be modified, if .the K - fg correlation derived from cylindrical tests

(Fig. 10) is to be used. Thus for spheresi-

P -t |25 124F 141 Eqn. (6)

1@
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Application to Cracks Present in a Stress Gradient

T+ Using the same approach as in the derivation of Eqn. (1) for the case of a

stress gradient, the equilibrium condition at failure may be writtens-

1
s (P-tf o) = ¢£ £; aoall Eqn. (7)

An approximate procedure is shown in Fig. 13.

Application to Cracks Present in a Component of Non-Uniform Thickness

8. Where the component is of non-uniform thickness and the stress is uniform,
then the condition for failure may be written:
1 (1+8)

f :E'g da = i[(F - fg) da Eqn. (8)

Fig. 14 shows this applied to a circular shaft with a crack normal to the axis.

Behaviour of Partial Thickness Cracks

9. It is obviously unreasonable to expect the idealized through thickness crack
model to work in other situations, except perhaps that of a penny shaped crack
embedded in a relatively large volume. The partial thickness crack model is of
particular interest, and the Cockenzie failure is a typical example of this.Fig. 15.
Examination of this, and other cases suggests that failure of the remaining
ligament occurs when the average stress is approximately equal to the ultimate
tensile strength. If the through thickness crack, which then results is of super-
critical length, this will continue to propagate, as in the Cockenzie case. On
the other hand, if it is sub-critical in size, the worst result will be leakage.

Figo 160
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TABLE I

"Unstable Fracture by the Shear Mode in Spherical Vessels with Long Flaws"(Ref 6)

The reference tabulates results of fracture tests on spherical vessels,
58 in. diameter, & in. thick, fabricated from materials to B.S5.1501-16111968,
Grade B. Through thickness defects were cut in the vessels prior to hydraulically
pressurising the vessels to failure. Six tests in all were done on this size of
vessel and in all cases the crack was cut parallel to the rolling direction.

Test results, as tabulated, arei-

Vessel No. S;it(iigﬁth 1bt7§q?rii9?§§? Temp. °C  Charpy Energy (ft.1bs)
1 3.375 1230 78 45
2 6.3 950 80 45
3 12.4 560 18 45
4 18.4 375 80 45
5 24 260 80 45
6 6 1100 0- 10 15-20

£, at 80°C transverse to rolling direction 60,900 1b/sq.in.
fy at 80°C transverse to rolling direotion 36,000 1b/sq.in.
fu at 1500 transverse to rolling direction 63,200 lb/hq.in.
fy at 1500 transverse to rolling direction 37,860 lb/sq.in.
The following values are derived from this table using only tests at constant

material properties, i.e., tests 1 to 5.

0
[=

Vessel No. fg Tons/sqs.in. 21 (ins) fgl fgl fg(0.2941 + 1)
1 15.9 3.375 26.85 45 23.8
2 1243 643 38.75 122 23.7
3 T.24 12.4 44495 280 20.4
4 4.85 18.4 44..65 412 18.0
5 3.37 24 4045 487 15.2

The results of the constant temperature tests (1-5) are presented as
£ f 1 in Fig. 11.
g g g
By comparison with typical fg fgl plots obtained from the other experiments
it may be deduced that all these tests failed under the influence of a bending

stress. That is, the failure criterion given by Eqn. (6).
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Considoring equilidbrium in plane of crack
fgl = load shed by cracked material
= exira load carried by crack tip material

F - £ is proportional to capacity of crack tip material to carry
€ agditional load at failure.

F 4is failure stress of material at crack tip.

S For crack which is just critical s fglcﬁ(F - fg for constant material properti

Diagramatically Fig. 2
Re-write as:
5, (OO S
q? fgl = S(F - f_) equality of shaded

areas in Fig. 1.
. 1
F - fg(l. 5+ 1)
F = UTS (exp. evidence)
% = A = a material constant.
1.6+, plastic zone at failure is

constant for.constant material
properties.
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Plastic zone size at failure e = S
F-f
[
as f =0 S -s-fgl
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Re-drawing Fig. 2
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F 1 9. b.Energy-expansion and energy-temperature curves from standard V-notch
Charpy specimens

The energy-expansion (X) and one of the energy-lemperature {O) curves were oblalned from cone
ventional (single-blow) tests The energy-temperature curve (©) showing an inflection ot ~=80° was
obtained by the low-blow technique and represents the energy fo pmrugnu the inltiated crack. Note
the discontinulty in the energy-expansion relationship and that its horlzontal projection cuts the conven,
tional transition curve at ==B80° C, the low-blow tramsition temperature
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Non Uniform Stress

i

7SS

‘is nom .,

Sr

¢$——-S.—4h-

—hz

At failure use of same principles as in Bqn. 1 gives approximately

AT l = F-=- favS

av 1
f
Alx ?Ei_l + 1 = fF
av S av S
Just put P ¢
g nom + g max
fav 1 = 2 and fav S fg nom
then 3A1 (1 + K) # 1 = F
g nom
f
where K = max
fg nom

Hence 1 for specified values of A & F (U.T.S.)
then using this value of 1 in the first equation on this page obtain a more

exact value of 1.
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COCKENZIE BOILER DRUM FAILURE

D |
9] PRtDIcTED MM, SinK Actvel defect, b
W gok CATAITROPHIC %
? Foasdv ﬂt—-\"’, .?“
”m
L]
Y
- E—
Failure Conditions Material
Failure Pressure PF = 3,980 Pegeloge UsTeSe = 36 Tesele
YePo = 30 Tessl.
Design Pressure PD = 2,775 Pegelege Design Stress = 36/4 w 9 Tegolo

= 9x lEQ% = 12.9 Tvs.i. Charpy value at

Failure Stress f 277
test temperature = 20 ft.lbs.

gF

Average stress on minimum remaining ligament at fallure = 12.9 x g;%% = 35 Tesele

Failure Prediction

Assuming that snap-through ‘occurs when average stress on remaining ligament
reaches U.T.S. (fu)

Then f xt= fu x L at failure

gF

and putting L=t-R

t(1 - fg/}u)

5.56 (1 = 0.359) = 3.56
L=2,0"

R

For a through crack, critical length is 8" from Eqn. (1)

Therefore fracture of 13" partial thickness defect will be catastrophic.

FiG.
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LECTURE No. 6

Other Fracture Mechanics Approaches

1. The Griffith Approach

(1)

As has been explained in previous lectures, although Griffith realised
that failure at the crack tip in a brittle material would occur due to the action
of the maximum principal stress at that point, he had to adopt an energy approach
because of the theoretically infinite value of this stress predicted by elastic

stress analysis.

The Griffith formula is:-

2 EG :
fg L = = material const. Eqn. (1)
Where E = modulus of elasticity
and G = the energy required to form unit area of fracture surface.

G is usually referred to as fracture toughness.
The basic assumptions in the derivation of this formula are:-
(a) Infinite area of plate

(b) Perfect elasticity

(¢) Loads and stresses acting only in the plane of the plate
(d) Uniform uniaxial tensile stress f .

8
2. Vodifications to Griffith Bquation — Linear Elastic Fracture Mechanics

In engineering the above assumptions are seldom satisfied and %o deal with
these practical situations various modifications to Egn. (1) have been proposed.
Irwin (2) realising that the otcurrence of plasticity at the crack tip had
invalidated Eqn. (1), proposed that the crack should be treated as though its
tip was in the plastic zone and thus that the crack had a total equivalent
length of 2(1 +al), where @1 is a fictitious increase in crack length. See Fig. 1.
He also proposed that in cases where the size of the crack was sufficienily large
relative to the size of the plate as to invalidate assumption (a) in para. 1, a

further modification should be made to allow for this.
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However, instead of using the strain energy release rate G, Irwin suggested

a stress-intensity factor defined by
K° = EG Eqn (2)
Where E is the modulus of elasticity.

Eqn. (2) is appropriate for the case of plane stress whereas in the :case of
plain strain the right nand side should be divided 1 - v2 where v is Poisson's
ratio.

The exact addition to the real crack length was taken to be one plastic
gone width, so that the equivalent crack may be visualised as extending between
plastic zone centres, i.e.,

21, = 21+ S Eqn. (3)
where 1e = equivalent half length of crack
1 = actual half length of crack
2al = S = Plastic zone size. (See Fige 14)

The plastic zone size S is estimated roughly as K2 from the elastic
ﬁ’fy
stress field equations by assuming that the onset of plasticity at the crack tip

caused little disturbance of the elastic stress field beyond the alasto-plastic

boundary. Consequently,
2

K
1 [¢]
1, = 1+ 55 fy ) Eqn. (4)

where fy is the yield stress and Kc is the critical stress intensity factor.
However, Gerberich and Zackay (3) have shown experimentally on a number of
high strength materials that the Dugdale equation:

£
S = 1(Sec T - 1) Eqn. (5)

Y 2
gives a better estimate of plastic zone size than ;%E. The finite width

correction is usually attributed to Vestergaard and in conjunction with Eqn. (5)

this gives:

£
Sn.:-:r{tan('ﬂ%)l:sec(wﬁi-)-1] Eqn. (6)

for a centre cracked sheet of width, We
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It is possible that the expression may also be suitable for lower strength and
higher toughness materials such as low alloy steel and mild steel and it has

been suggested that for these materials the tensile strength fu instead of the
yield strength fy, should be uaed.(4)

3. Neuber's Plastic Stress Concentration Factor Concept

Neuber's idea was that the average value of stress over a distance € should
control failure instead of the fictitiously high value fm given by the theory of

(4)

elasticity. See Fig. 2. It has obvious similarities to the approach of
Lecture 5 wheref is analogous to S.

4. Crack Opening Displacement Approach = C«04De

Here the basic idea is that the onset of fast crack propagation occurs whén
a critical strain is reached at the ¢ rack tip. This critical strain is thus a
material parameter rather like G or K and the basic assumption is that crack
opening displacement C.0.D., is simply related to this strain. The relation as

given by a number of authors (5), (6) and (1) for a flat plate isi-

f f
Ce0eDe = %F%l log sec‘%?ﬁ Eqn. (69
Y

This is, of course, only the C.0.D. which takes place during deformation prior
to any crack extension. As mentioned above the critical value is a material
parameter, e.g., it will vary with temperature in the transition range of a mild
steel.

The model from which Eq. (6) is derived is shown in Fig. 3. The model consists
of a crack of length 21 in an infinite plate which is subjected to a uniform
tensile stress applied in the y direction at infinity. Under the action of the
atressfg , the slit extends to a length 2], and opens, but is partially constrained
from extending and opening by a uniformly distributed internal tension, T, acting
only on parts of the slit from x = Y 1tox-= :le and = (lé- 1). The basic
argument is that if T is equated to i‘y (the uniaxial yield strength of the
material), the internal tension closely simulates the local support derived from
similar shaped wedges of yielded material. The opening referred to in this

equation is that occurring at the tip of the real crack.
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5. Relationships Between Linear Elastic Fracture Mechanics amd €.0.D.Approaches

If Eqn. (6) is expanded it becomes:-

f f 2 f 4
0.D. = 8211 (L .& L (n_&
0.04D BﬁE [2(:” ) +12(2f ) 4===| Eqn. (TP
Y Y
Considering only the first term:
£ 2
CcOoDo = LEE?:‘L' Eqnl (8)
ply
From Egn. (1) G = T-LE—- Eqne. (9)
Combining equations (8) and (9) gives:-
G‘ - fy X C-OOD- Eqn' (10,

Equation (10) emphasises the fact that the model of material behaviour embodied
in this analysis is a very simple one, makes no allowance for work hardening and
is equivalent to assuming that fracture occurs at fy'

6. Modifications to C.0.D. Equations to Allow for Bulging

The main work on bulging has been carried out by Fblias(s) and his treatment

has been used in conjunction with the C.0.D. flat plate equation (6) to give:-
2

Ce0eDe = ?F%__ (log sec > fy) {1 + 1.6 rT Eqne (11)

where R is the radius of the cylinder
t is the thickness
and fg is the hoop stress
The same device may be used for the Griffith type equations

1. Plastic Collapse Approach

Hahn and his co-workers (9) have suggested that in the ductile region failure
may be considered as being due to plastic collapse and therefore that the effect
of the crack is to simply cause a magnification of the general or gross stress =-
failure being assumed to occur at a value of flow stress which is empirically

determined. The Folias bulging correction factor has also been applied to this
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and the resulting relationship is:~-

12,72

fg = fu = £ (1 + 1.61 Rt Eqn. (12)

One empirical relation which has been determined is:-
T = 1:04 £+ 10 Eqn. (13)

where £ is in 103 1b/in°

8. _Inter-relation of the Various Approaches

(10)

There appears to be a concensus of opinion that the approaches reviewed
above are, in fact, all complementary, as follows:-

(a) The Griffith — Linear Elastic Fracture Mechanics equations being most
suitable for very brittle materials where the plastic zone size is small
compared with crack lengthe.

(b) The C.0.D. type of analysis being suitable for intermediate situations
such as in the brittle ductile transition in mild steel where C.0.D. is
neither too small to be measured not so large as to be indefinite.

(c) The plastic collapse type of approach being suitable for the fully ductile
region where the dependence of failure conditions on plastic constraint,

triaxiality, and hence plastic zone size are at a minimum.

9. Conclusions Regarding the Adequacy of the Various Approaches

In all the apvroaches reviewed above, the common area of difficulty and
uncertainty, when they are being used for practical applications, is the behaviour
of the plastic zone.

(a) Linear Elastic Fracture lechanics

Here the occurrence of crack plasticity is allowed for by adding a

fictitious increment &1 to the real crack. VWhen the 5 ft. diameter
2

results described in Lecture 5 were examined for constancy of fg 1

the result obtained in shown in Table I.
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TABLE I
Variation of nggl @ Constant
Temperature with Crack Length
Total Temperature
Crack Length
(Inch e:% 10°¢ 45°C 80°¢
6 900 1260 -
12 770 930 1660
24 490 625 985

B
That fg 1 is far from constant is not surprising; however, what is significant is
2
that £°1 is largest for small crack lengths, i.e., the only way of modifying 1 %o
give constant lee is to put

1, = 1-a1 Eqn.(14)

Since it has been shown in Lecture 7, Fig. 11, that there is no effect of
bulging up to about 45 ft. Ibs., 1.e., 80°C for the 0.36%C, 5 ft. diameter steel
vessel tests, it must be concluded that the validity of Linear Elastic Fracture
Nechanics in this region of intensive practical interest (5 - 45 ft. 1bs) is open
to serious doubt.

(v) £-0.D.

The drastic idealisation of material properties mentioned in para. 5, along
with other aspects of the strip model make the absolute validity of the C.0.D.
approach seem rather doubtful. [t has been suggested (1) that these objections
are avoided because of the comparative nature of the approach, is.es, the Ce0sDs of
a pressure vessel is compared with the C.0.D. on a laboratory sized specimen.

To provide a general check at constant material properties, Eqn. (11) may be
re-written:~

f 2
Constant = A x C.0.D. = 1 log sec ('%_i' f") (1 + 1.61 %’{ Eqn. (15)
b

gince the parameter%% will be constant
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Then if Eqn. (11) does predict C.0.D. and C.0.D. at failure is constant, for
constant material properties A x C.0.D., calculated from Eqgn. (15) using
experimental data obtained from tests on cylinders containing longitudinal slits
should be constant. Figs. 4, 5, 6 and T are typical examples and show that this is
not so. So that it would appear that either Eqn. (11) or C.0.D. = Constant at
failure cannot be true.

(c) Plastic Collapse

This approach appears to be able to give quite good correlations in its limited
range of applicability — probably due to its insensitivity to plastic zone behaviours
The principval difficulty is to kgow when a new problem is in this range, although
this could be resolved by determining % by the formula of para. 2. A fundamental
otjection to the Hqn. (12) type of formula is that it implies that for a given
geometry and crack size the failure stress will increase with yield stress. This 18
in straight contradiction of the principle mentioned in Lecture 5 and verified by
the observed behaviour of a large number of materials, that increasing the yield

stress,concentrates more load at the crack tip and therefore causes failure at

lower values of general field stress.

In general it must be concluded that the above approaches are inadequate, both
from the point of view of the basic theoretical concepts on which they are based
and the degree of practical substantiation by large scale pressure vessel tests.

Both Linear Elastic Fracture lMechanics and C.0.D. require special material
test procedures, some of which are beset by the same fallacies and difficulties as
the earlier Robertson test.

Use of the Folias bulging factor such as in Eqn. (12) can lead to a particularly
dangerous conclusion, i.e., as R and t become large, so 1 becomes correspondingly
large (everything else being constant). Thus it might be argued that in extra-
polating to large vessels, critical crack lengths will be so large as to be
unattainable, and therefore fast fracture will not be of interest. However,
comparison of work on flat plate and spin tests with pressure vessel results has
shown that what difference in behaviour does occur, may be fully explained using

the approach of Lecture 5.
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CRACK EDGE
STRESS FIELD EQUATIONS
cos 6/2 6 36
» =K 1+sin—sin—
t = /_2?;_{ sin—sin 2} (1)

f, =K °°°;/r.2 {1 - sin-g- sin ig}- ;,, 2

-{-ﬂ:]{—-—-—-——-sin-—cos— (3)

X? = EG )

E = MODULUS OF ELASTICITY
G = STRAIN ENERGY RELEASE RATE
K = STRESS INTENSITY FACTOR

“PLASTIC" STRESS CONCENTRATION FACTOR CONCEPT

=1 I{ydx, )
0

2

=Ky/7e (6) (Aftc? Ivwm ) .
x=tvig:} /3%‘_ 1%

“PLASTIC"” S.C.F. =—

.hslj-.‘ '
N

®) Fig. 2.
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LECTURE No. 7

BEoLTI0ATION OF FRACTURE IECHARICS

1. Types of innlicaiica

Fracture mechanics can be used in several different ways. First of all, in a
rather qualitative way, such as to identify problem areas at the design or consiruc-
tion stages. Iere only nominzl values of material values and stress levels may be
known, and so the objeciive is to obtain en approximate estimate of crack size
and to use this to assess particular combinations of design detail and material
properties, thus avoiding:-

(i) Situationswhich give rise to critical crack sizes below the level of

discrirination of the inspection methods.
(ii) Situations which are unpredictablc because either the stress level or the
material propertics wre unpredictable.

Such an assessment nwy also be used to ocbtain assurance that leak before break
behaviour hus been achieved in certain cases.

Secondly, fracture mechanics may be used in & comparative way, such as fixing
overational limits of temperature and pressure in & reactor vessel. Here the
objective is to determine the level of structural strength at temperatures lower
than those of normal operation by reference to previous satisfactory pressurisation
at normzl operating conditions and assuming constant crack length during depressuris-
ation.

Finally, absolute values of permissible crack sizes zay be defined. Thus the
sensitivity of the inspection methods necessary durins coastruction or again the
amount of crack srowih, which may be shown to be tolerable, bycarrying out a proof

-~

test, may boe delined.
The applications mentioned above are in crder of increasing accuracy of

prediction and detailed examples of these is given, uclng the approach of Lecture 5.

2. Tyoe of Material

The apovroach of Lecture 5 was developed svecifically for low strength meverials

2e, mild and low alloy steels with tensile strengths 20-40 Tes.i., yield strengths

-

o 12 =30 T.s.i., and Charpy values of § — 120 fv. 1os. Cracking is, of course,
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most likely to be associated with weldments and it is sometimes the properties of
these and‘'the associated leat affccted zones that are of most interest. In the
primary circuit of a nuclear reactor the materizls of construction are subjected
to the effects of nuclear radiation. The direct influence of this on mild and
low alloy steels is to increase the yield stress and generally reduce Charpy values.
Indirect effects may also be precent such as embrijtlement by radiolytically
produced Hydrogen. Other materials such as stainless steel may be embrittled by
other mechanisms. Some sicels are prone to strain ageing embrittlement, i.e., if
the steel is strained plactically - say at the tip of & crack, then held at an
clevated temperaiure for some time, and then agein loaded, it will fail at a lower
stress level ii..a that which produced the plastic striining in ihe first place.
Such a charscteristic 45 obviously undesireble for high integrity components and
such moterials should not be used. The methods of fracture mechanics provide a
suitable method of detection.

3. Geometry of Components

Components of simple geometry under uniform stresses are the most readily
analysed. liethods of treatment for more complex cases have been outlined in
Lecture 5.

The effect of radius and thickness of the component has also been discussed
in Lectures 5 and 6. It mey be summarised by saying that they can have an effect
on the mode of failure but, except in the case of the bulging mode, have little
effect on failure stress. For the materiuls mentioned above, it is not likely
that shear mode failures will occur at thicknesses in excess of 3". This means
that for most nuclear rgactor vessels only the P1 riode need be ponsidered, although
the shear modes are vossible in piping and ducting. Indeed, in order to ensure
leak belfore break schaviour in relatively thin small diameter piping, the material
s-coerties should be chosen to give the P1 - P2 (bulging mode), with its associated
large crack opening and leakage. Thus the integrity of the reactor vessel will
depend on not havinz any cracis approach the critical size, whereas the integrity
of the piping can be made to depend on failure, if 1% occurs, being of a ceriain

type. (Leakage is still classed as failure).
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4. Determination of Vaterial Properties and Stress Levels

The determination of material properties which realistically represent the
component in its finally manufactured state is one of the most difficult aspects
of applying fracture mechanics. Where the accuracy required is not great, such
as in preliminary material assessment, nominal values of both material properties
and stress level may be used. For example, to allow for possible local yielding
in the proof test the stress level may be fixed at yield stress level, and material
properties should represent the worst conditions which are possible in the weld,
heat affected zone, or parent plate. This will result in a conservative assessment
from the point of manufacture. It should be borne in mind howvever, that because
of the strong dependence of crack growth rate on crack length, it is not conservative
if used in a fatigue life assessment. Fig. 1 shows a fg - fgl plot (P1 mode) for
a low alloy weld metal using typical properties. AT the other extreme, when an
accurate assessment is required, such as that necessary to estimate the cover
obtained from a repcat proof test in a nuclear reactor vessel, considerable effort
may be required to obtain a full stress analysis. Specimens of the material will
have to be insialled in the vessel under condiiions which are fully representative
of the cnviromicnt, so that they are available for withdrawal and testing at pre—
determined intervels throughout the life of the reactor. Lecture 5 explained how
the parameter S could be determined from yield stress and Charpy value. The
Charpy test is suitable for the measurement of the properties of local areas such
as the weld heat affected zone. To determine the tensile properties miniature
specimens such as the Houndsfield will be necessary. lhere sufficient material is
available, and if one .is resigned to using a special test piece, the relationship
between S and temperature may be determined directly by using a cracked tensile
specimen. Such & procedure would work best at temperatures corresponding to low
Cherpy values. 3By also carrying out Charpy tesis and making an S-Charpy correlation

similar to that of Figs. 7 or 9 of Lecture 5, extrapolation to the more ductile

range is poscibdles
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Examoles of Various Apnlications

(a) Naterial Selecction or Assessment

Such guidunce is normally conteined in a Standard or Code of
Practice. (1) Mge. 1 for low alloy weld metal hos already been referred to
above. Yield stress level in the parent plate is about 27 T.s.i., and Charpy
value in the heat affected zone is 7 ft. lbs. at atmospheric temperature and
thercfore, from fig. 1, 21 = 0.6" (14 mem.). TDPige 2 shows a mild steel
typical of the materials used in the construction of the primezry circuits of
Stage I Gas Cooled Reactors in the U.K. Yield stress is 15 T.s.i. and Charpy
in weld metal could be as low as 25 ft. lbs. at atmospheric temperature and
therefore, the total crack length is 6" (140 mem.). It is obviously much

easier to achieve an adenuate standard of construction in the mild stcel.

(b) Overciional Limits - Lo Temnerature Protection

Cnce a vessel hus been raised to its working pressure and temperature
there is some evidence that it will not fail at lower temperatures, unless
this value of pressure is exceeded. This hot pre-stress effect has been
mgntioned in Lecture 4. However, this eftect is, as yet, incomnpletely undor-
stood and appiications vhere complete reliance may be placed on it are ill-
defined.

The other pripciple available for low temperature protection relies
on the fact that if the vessel has survived a certain pressure, namely the
working pressure at a high temperature without failure, then, because
appreciable crack extension will not occur during reduction of pressure,
permissible safe conditions can be defined by moving down a constant crick
length line on a diagrum of the type ia »igs. 1 and 2. In moving down this
line, values ci Charpy energy can be read off, corresponding to various siress
levels. If siress is then converied to pressure and Charpy to temperature
(from Charpy-temperature characteristic), the curve defining the minimum safao
terperature for a certain pressure is obtuined. This is a limit approach,

ieGe, it i5 the limiting condition under wihich it is possible to show that
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the vessel cannot fuil. 'There are some applications in which the most severe
stress condition doss nod occur under maximum pressure. An example is the
stress system produced by bolt pre-stress in a flange region. Here the
condition that controls is ut zcro pressure and roximum temperature — maximum
values of stress dropving off as pressure is applied.

(¢) Proof Testing of Steel Containment Structures

ilere, the sams idea as in example (b) ic used the reverse way round.
“hen a large contzinment structure for suy @ nuclear reactor has to be
fabricated, it is hichly desirable to apply @ proof pressure test as well as a
leak test. However, often because of plant and equipment which are already
inside, it is either difficult or impossible to apply a pressure equal to the
accident pressurc it iz desired to contain. It can usually be arranged that
the temperature of %li¢ containment shell is one which gives nearly upper shelf
Charpy values.

By carrying out a combined pressure wnd lezkage test at a pressure
vhich is only a fraction of the accident pressure and a temperature which gives
lower shelf Charpy velues, see Fig. 3, an adequate pressure test can be
obtained. The differecnce in temperature can increase the test severity by as
much as a factor of 2 on stress.

The assumptions made are as follows:-

(2) The containment structure, once it has been tested, will normally
be maintained at a constant or zerc pressure difference until the
occurrence of the accident.

(b) The strucvure contains cracks which do not increase in size during
normal operaticn.

(c) It is possible, to ensure that &l the time the structure has to
function as a containment its temperaturc is significantly higher (Gkﬂéooc)

than the test temperature.
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(d) Repeat Proof Tautin’ Reactor Vesscls

The main objective in carrying out a repeat proof nressure test on a
reactor pressure vessel is to transfer the risk of failure to a point in time
at which the consequences of such a fuilure may be prepared for and consequently
minimised. The tost is carried out by applying an overpressure such that, at
the chosen test temperature, the size of crack required to cause sudden rupture
is less than under normal operating conditions. Following such a test, the
vessel will be safe “or a period of operation which is just less than that
which will cause a cruck of a size equal to the critical crack length under
test conditions, to grow to the critical crack size under operating conditions.

It follows from the above, that increasing the severity of the tést,
either in terms of pressure and/or temperaturc, decreases the critical crack
size under test conditions, thus increasing the risk of failure during the
test and increasing the immunity period. Therefore, it i3 desirable to strike
a suitable bulance beiween these factors to avoid either over-testing or under-
testing for & given immunil - peried. It is suggested that this can be done by
the use of fracture mechanics.

As mentioned above, the severity of the test controls the critical
crack size under test conditions and therefore, the amount of crack growth
available during the next period of operation. The relationship between the
length of this period and the amount of crack growth depends én the rate of
crack growth and hence on the mechanism of crack growth. For temperatures
below 35000 and mild steel, crack extension will be by a fatigue type process,
brought about by the major pressure cygles the vessel receives and experimental
data on the growth of cracks in mild steel pressure vessels under various levels
of cyclic stress may be used to derive the amount of crack growth required for
a certain period of safe operation (immuni ty period).

Examination of the experimental data on crack growth suggests that the

phenomena of crack growth and fast fracture are quite separate and indenendent.
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The growth rate of a through thickness crack cycled at constant stress
amplitude, appears to be exponentially dependent on the length of crack, e.g«,
a crack 2 or 3 inches nalf length, growing under a stress amplitude of 15 Tes.i.,
has a growth rate of a few thousandths of an inch per cycle. However, vhen
this same crick has grown to a half length of 7 or 8 inches, it is growing at
the rate of several tenths bf an inch per cycle, under the same cyclic
conditions. Fowever, the "natural" growth of such a crack, in practical
materials such as mild steel, will be cut short by the onset of fast fracture
when the crack reaches its critical size, as determined by the stress level and
material propertics, (U.T.S., yield strength and Charpy). Thus two cracks in
pressure vessels, one with a high Charpy value and the other with a low Charpy
value, will have similar growth curves, except that the crack in the vessel
with low Charpy will fail at a shorter length than the other. However, becausi
of the strong dependende of crack growth rate on crack length, most of the
cycling takes place at the shorter crack lengths, and therefore, the total
number of cycles to failure is, for materials of reasonable notch ductility,
(say 60-100 't. 1. ). dependent only on initiu’ cruck Jength and stress level.
This allows the derivation of Fig. 4 for throush thickness cracks.

It has been explaineu zbove how the application of test conditions
ensures that there arc no aracks greater than a certain gize in the vessel,
this size depending on tho stress level and material properties. This is the
initial crack size referred to above. This size will ver for the different
materials znd different stress levels in the vessel, being large for areas
where material is at a low stress level and has high notch ductility and smaller
where there are local stress concentrations and brittle material. There may,
of course, be no crack approaching these lirmiting sizes in a vessel which has
successfully withstood the test and therefore, the approach is basically a
limit approach and is innerently pessimistic.

A worked example is given in Appendix I.
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(e) De-rating Procedures

Pressure vessel failure statistics show that failure rates are
higher in early years of life and again towards the latter end of design
life. The early pezk is normally allowed for by more frequent inspection.
In the later years it may be more convenient to de-rate rather than to
increase operational inspection, or &gain, a de-rating procedure may be
combined with a very slignht overpressure test. The arguments are similar
to those for repeat proof testing and Fig. § illustrates the procedure.
First, the prescure is dropped gradually over a period of time down a curve
dictated by the growth rzie of a crack which is 90% of its critical size at
operating conditions. lhen the pressure hes dropped to about 90% of the

it is then raised back to its original level.
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This really amounts to carrying out a 105 proof test. Alternatively, a 5%

de-rating carried out from this datum

<3

proof test can bz carried out first an

the pressure is 5% below normal operating pressure. A 10% proof test

is then carried out and the cycle repeated.
6. Discussion

In the applications described in Section 5, the tarough-crack fracture model
Las been used. In the case of example (a), the idea of meximum acceptable crack
size is notional znd therefore the use of the through crack model is permissible.
In example (b}, it may be argued that low temperature protection is only necessary
against the possible occurrence of through thickness cracks. In example (¢), the
application intended is thin shell structures and the argumeht is strictly valid
only for through cracks. Obviously, it is not a conservative approach.

In examples (d) and (e), strictly speaking, the calculations should be carried
out for both through and part-through cracks. However, experience indicates that

the through crack model nearly always gives the least period of cover for a

given overpressure and this is the one which should be used.
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Vith regard to the required accuracy of critical crack length predictions,
it will be obvious that in example (a) the crack sizes only need to be estimated
roughly, whereas in contrast to this in examples (a) and (e), small inaccuracies
will seriously affect the degree of cover predicted. In the case of the example

in Appendix I, inaccuracies will affect the prediction of the test conditions

required.

Feference 1

Specification for Carbon and Low Alloy Steel Pressure Vessels for Primary Circuits

of Nuclear Reactors. DBritish Standara 3915: 1965,
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APPENDIX I

Material - 17114 steel plate to BS 1501-151 Grade 28
Plate thickness - 2 in.

Stress level - 7 Tes.1. at operating pressure
Procedure:~-

(a) Enter Fig. 4 at 10 cycles and read off the half crack length for
a stress level of 7 T.s.i. as $.25 in.

(v) Since this cruck length is greater than three plate thicknesses,
the through crack model .is valid.

(c) The crack length obtained in (a) is the maximum size which can
exist under test conditions in this particular material. Hence
the product of gross stress under test conditions and half crack

length can be obtained. e.g., for an overpressure ratio of 1.2

I

fgl = T % 1.2 x 9.25 = TT.7
The point on Fig. 2 defined by fg =7Tx 1.2 = 8.4 and fgl
corresponds to a Charpy value of 33 ft. lbs. and therefore, this
is the meximum Charpy velue which must occur under test conditions
for this material to obiain an immunity period of 10 cycles.

(d) This process is repeated for different stress levels, overpressure
ratios and numbers of cycles and the results plotted in Figs. 6 and Te

(e) The maximum test temperatures can be derived from Figs. 6 and 7 and

the Charpy-temperature curve.
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