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Abstract

The conditions giving rise to fast fracture
initiation and propagation are discussed in relation
to the case of a pressure vessel containing compress-
ible fluid, with particular reference to the size of
defect leading to ultimate failure. Experimental
work carried out to provide numerical data is
summarised and interpreted. The significance of the
results is then considered in relation to the proposed
use of higher design stresses, of new materials, and
of partiocular environments, and with respeot to the
operational safety of nuclear reactor pressure
circuits.

Introduction

Great practical advantages can, in some circumstances, arise if it is
possible to state that the failure of a particular structure is absolutely
beyond the realms of feasibility. Such a requirement leads to a limit
approach to the problem of avoidance of failure, It is considered that such
an approach can help more generally in’ the understanding of the conditions
which could lead to eventual failure and thus help in providing economies in
material by eventually allowing the possibility of higher design stresses.

It is a feature of most of the fracture mechanics approaches to such a
problem that they indicate a tolerable defest size which will not propagate
catastrophically at a specified stress level, Unfortunately it is not
possible, even with the best of modern techniques for the production and
inspection of components, to state with absolute certainty that a particular
fabrication is free from flaws bigger than a certain size., This arises not
only because of the limitations of inspeotion techniques, but also because of
the possibility of humen error. A technique which overcomes this limitation
is that of proof stressing the finished structure before it is put into
service, thus transferring the potential risk of failure to a time when one
can be specially prepared. An example of this is the proof pressure test
generally applied to pressure vessels, and it is suggested that, if such a
test is done in a controlled way, it can be used to demonstrate absolutely
that no flaws above a certain size can exist in the vessel at this stage in
its life.

21; U.K.A.E.A. Reactor Materials Laboratory, Culcheth, Warrington, Lancs,
2) U.K.A.E.A, Health & Safety Eranch (Safeguards Division), Risley,

Warrington, Lancs.
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Once such a vessel goes into service, however, factors such as changing
stress and temperature conditions and various aspects of the service environ-
ment could lead to the growth of any sub-size flaws to a size where they
would be capable of unstable propagation. Continued demonstration of freedom
from the Possibility of failure could result from further proof pressure tests
at intervals throughout the life of a structure dictated by knowledge of the
:‘:;;1:;141 mechanisms of the growths of cracks under various service
inatabiggzé 'and the nmumerical values of the parameters controlling crack

iy All'un'::l.ng the last three years, work to this end has been prroceeding in the
+X.A.E.A, This report is a description of the theoretical ideas and a
summary of the experimental data to date. The results from both the experi-
mental and theoretical work are applied to the study of operational safety
levels of design stress, radiation damage, and new high-gtrength mteriah:

Theoretical Considerations
=B Onsiderations

The limit approach suggested in the introduction postula
necessary conditions for crack initiation and/or erackpgr:ﬁht::nti::s:h ;.n a
greeaure vessel and directs safety appraisal towards the conditions necessary
or fagt Propagation of an unstable crack., Whilat undoubtedly the possibility
of crack extension is determined primarily by the local stresses and strains
i}r: relation to the material properties at the crack tip, in a real structure
ese local stresses are related to the general applied load, The size of

E:lgéglziozf:hzmg thus appear to be reasonable to approach the problem via
e} 088 stress to i mann
Trploe ot &1.(2§. &r e crack length, in the er described by

Effect of Structure on Crack Propagation

It is first necessary to oonsider the effect of crack
extension itself
on the applied load and hence the level of &ross stress. Two extreme situ-
ations can be considered, that of constant strain across the specimen, and

On the other hand, in an elastic s
ystem in which gross stress or load
:;mins constant with crack extension, it can be shown that the work done by
etloa.d is divided equally between increasing the strain energy in the
8ystem and the energy available for dissipation in the crack tip region(3).

For both the constant stress and constant strai;
I cases, at the point of
irtxs::bility the energy becoming available can be equated wi1’:h that dissipated
a € crack tip, leading to the Griffith-Growan type of relationship:

f§1 .zﬂ veee (1)
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where fg = coritical value of gross stress
1 = half orack length
E = modulus of elasticity

W = material toughness or dissipation of energy in plastic
deformation at orack tips for unit crack extension.

While equation (1) applies to both the comstant strain and the constant
stress cases and defines the onset of fast propagation, the sequence of
events following this in the two cases may be vastly different. For instance,
as a result of insufficient strain energy under constant strain conditions,
the instability condition may often be masked by the consequent drop in stress
and immediate arresting of the orack. Further straining results in this
sequence being repeated, the crack propagating in a series of small Jumps.
Although, in the true constant-stress case, once the crack has become un-
stable an arrest cannot ocour, there are cases in which the stress, although
initially constant, undergoes a reduction due to extensive propagation of the
crack, e.g. in a pressure vessel pressurised hydraulically, where propagation
of the crack causes dilation of the vessel and finally leakage, with con-
sequent loss of pressure and orack arrest.

In practice there may be deviations from these idealised conditions of
striotly constant strain and constant stress; the difference between these
two types of behaviour is nevertheless fundamental and usually well defined.,
This is an all-important aspect when the structure in which crack propagation
tests are being carried out has different characteristics from the structure
to which the tests are being applied. The case of a pressure vessel containe
ing compressible fluid is close to fhe constant-stress case and therefore
tests which are not carried out in an apparatus having similar unloading
characteristics can lead to optimistic and unrealistic conclusions for this

application,

Modes of Pr tion

It has previously been postulated and demonstrated that three modes of
fast propagation are possible for a cylindrical pressure vessel containing a
longitudinal s1it(2). Let Pys P, and P; represent the principal stress
system at the tip of the crack, where P] and P2 act normal and parallel to
the crack respectively and P, is the stress inthe thickness direction. The
constituent stresses of this’stress system, and also for a flat plate, are
outlined in Appendix I.

If the possible variation of these principal stresses through the
material at a crack tip is considered for a flat plate under tension normal
to the direction of the crack, and a pressure vessel under internal pressure

respectively, we have:

(a) Plate

At the surface of the plate P, is zero and P, small and tensile in
direction, Then assuming thaz Py is the ma.&mm prinicpal stress,
the maximum shear stress will be B, /2,
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However, at the plate mid-thickness, P, is at its maximm
value, and consequently a tri-axial tensile’stress system exists
with low values of shear stress. Shear stress = (Py - P,)/, o
(I’1 - 3)/2 and P, and Py are large tensile stresses. 2%2

Consequently two types of failure can occur, those resulting
from shear near the surfaces of the plate and those resulting from
cleavage in the centre region of the plate thickness. However, the
magnitude of P1 is the controlling parameter in each case,

Pressure Vessel

The conditions at the centre of the plate thickness in the region
of a crack tip remain similar to plane plate conditions, i.e. a
tensile triaxial stress system leading to cleavage type failure,
However, the conditions at the outer surface have changed in that a
tensile stress P2 and compressive stress P, have been introduced
(see Appendix I) %here P, and PZM are pressure and bending stresses
respectively along the c%gck axis., The thickness stress P, is still
Zero at the surface so that large shear gstresses exist in 8
region, However, if the compressive stress P,., due to bulging of
the unsupported length of the vessel is greater than the tensile
components of P, then 1»"2 will become compressive near the outer
surface and wni have a maximm negative value on the outer surface,
and the maximum shear stress will be (P, - P )/2, where P, is
negative., . il 2

Thus there are three failure conditions for a orack in a
vessel:

(1) CcCleavage failure in mid-thickness, dependent on P
(i1) Shear failure at the outer surface.

For this case P, = 0O and P2 is positive throughout the
plate thickness”’so that thé possibility of failure is
dependent on (P1 - P;). In general, this mode of failure
will be charscteriseé by a fracture along the
axis of the crack but inclined at 45 to the plate sur=
face and will be referred to subsequently as (P, - P;)
shear failure. 1 3

(111) Shear failure at the outer surface dependent on P,-P,,
where P, is negative on the outer surface of the vessel.
This moae of failure will be characterised by gj:actures
originating at the crack tip and rumning at 45° to the
axis of the orack and will be referred to subsequently as
(P1 - Pz) shear failure.

Of these three failure modes, the first two are dependent only on
the magnitude of P1 whilst the last mode is dependent on P, - P,,
However, negative valucs of P, will be associated with app}eciaglo
bulging of the vessel in the neighbourhood of the crack, and will
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occur only with cracks long in relation to the vessel diameter.

Assuming that crack extension occurs when the local stress
exceeds a critical value, then the preceding paragraphs indicate

that:
(1) Cleavage failure occurs if Py =1, eeee (2a)

(i1) (P1 - P,) shear failure occurs when P1/2 =f e (2v)

(iid) §p1 - P2) shear failure takes place when
P, - P2)/2 = £ cees (2¢)
where f and fs are the ultimate failure stresses in tension and

shear.

It will be noted that in a flat plate there are no effects
which can cause P, to go negative, so the P, - P, shear mode can-
not exist. Thus In comparing vessel and flat-plate tests the same
failure curve would be followed for failures under cleavage P1 and
shear (P1 - P,) modes. However, when (P, - PZ) mode failures occur
in a vessel, 2he flat plate would still be failing in accord with
an extrapolation of the (P, - P.) mode, thus giving an optimistic
failure criterion. It will be geen in the next section that another
factor, the applied stress distribution, can have a much greater
effect and give an optimistic failure criterion for all failure
modes.

The Applied Stress Distribution in Flat-Plate Testing

Provided that a suitable testing machine is available, flat-plate testing
has the advantage of economy and convenience compared with tests on actual
vessels., However, it must be demonstrated that realistic fracture data are
obtained from the tests.

It has already been shown that only two of the three modes of failure of
2 pressure vessel can occur in a flat plate, Nevertheless, it was thought
worthwhile to carry out tests to study failure of defected flat plates in a
machine at the U.K.A.E.A. Reactor Materials Laboratory originally designed to
carry out wide-plate crack arrest tests. This machine is capable of applying
a 4000 ton load to a specimen 4 ft long by 8 ft wide and 1 in. thick., How-

- ever, the specimen is attached to essentially rigid cross beams by thick

(compared to the test piece) attachments., The load is applied at the ends of
the cross beams. The type of specimen is shown in Fig. 1 and the actual
machine has been described by Winder(4). In this arrangement, when a specimen
is tested, an essentially uniform deflection is applied across it. TFor
example, if a load is applied to give a nominal stress of 10 tons/in2 to a
specimen with no test slit, then the specimen would increase in length by
approximately 0,03 in.; because of the rigid nature of the loading attachments
this deflection must remain constant across the width of the specimen, In
this case, the applied stress will be uniformly distributed across the speci-
men, and an applied strain of 0,07% will be uniformly applied. If a specimen
with a central through slit is now considered under similar loading
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conditions, plastic zones several inches in diameter will exist at the slit
extremities. The strain occurring in these plastic zones will account for a
considerable amount of the total, and fixed, deflection which the rigid

attachments are only able to apply in a uniform manner, The material ahove
and below the plagtic Zones cannot therefore have as mch deflection as that
which occurred under similar conditions in the specimen with no crack. Thus

the specimen with a slit than at similar positions in the specimen with no
slit, Consequently, for a given mean stress, the stress applied to a slotted
plate will be lower than the mean value at the centre, and higher at the

edges. Ag a result, the P, stress at the tip of the slit will be less than if

two specimens with edge notches of ill-defined depth., The effect becomes more
pronounced the less the available deflection for a given load (1i,e. the
shorter the specimen between loading flanges) and the greater the size of the
plastic zones (higher applied stresses and longer cracks), Thus, while it is
possible for a particular apparatus to give meaningful results where failure
occurs under brittle conditions with small plastic 20nes, it becomes increas-
ingly difficult in considering specimens with increasing material toughness to
get valid results from the rigid loading of a finite specimen.

Experimental assessment of these effects is described in a later section,
and it is shown that data from such tests can be optimistically misleading.

The Relationship of Material Properties to the Fracture Constant

A possible approach to the general problem is to develop a system of
fracture mechanics which will enable results Obtained from the fracture of
some standardised defected test pieces to be used to prediot the behaviour of
actual components, It is also desirable to relate the fracture constants

failure. Aan associated and larger problem is that no general analytical
solution yet exists for the magnitude of local stresses and strains in the
vicinity of a crack except for the purely elastic case. It is thus necessary
to see what relationships can be deduced from experimental resultis as a means

The relationships of the general applied stress for crack extension to
crack length has been examined in published work covering a wide range of
materials and specimen geometries, This examination shows that the relation-
ships governing the onset of instability takes the forms

tzlz = constant veee (3)
The published 1iterature covers 9 It dia. x $ in. thick spherical steel
pressure vessels tested at a Charpy value of 15 £t 1b,(5) tests on flat

sheets of various aluminium alloys of widths in the range 10 to 35 in.,(6-9)
tests on aluminium alloy cylinders of 7.2 and 28.8 in, dia.,(10) tests on
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5 Tt dia. x 15 ft long steel cylindrical pressurs vessels in both the brittle
and ductile range(11) and tests on approximately 2 in. dia. zirconium tubes
both irradiated and unirradiated(12). Even the earlg kests by Griffiths$1 3)
on cylindrical glass tubes show a better fit to an £°1° rather than an £°1
relation as shown in Table I(a) constructed from his original results.

It would appear that the parameter f312 has widespread applicability in
governing fracture of a structure containing a defect, the value of this
paramster representing a material property which is constant under partiocular
environmental conditions (temperature, strain rate, chemistry) and over at
least a limited range of structure geomatries. Empirically it has been shown
that a relationship of practical value exists, at least for a limited range
of steels, between this constant and the Charpy V-notch energy value. We can
now combine these two requirements to give failure relationships for the
three types of failure described earlier. These ares

Cleavage failure: fglz - f;fi(c + Do) siesldn)
(P, = P,) shear failures f§12 . f3(2f3)°(c + Dy) veea(4b)
(P, = P)) shear failures fglz - fg(Pz +22.)°(c + Dp) oz (A

where © represents the Charpy energy. The derivation of thege equations is
glven by Irvine et al«(2) and they are bgsgd on the assumption that, because
of the nature of the failure condition £1%, it should be possible by
dimensional analysis to relate the relevant parameters controlling P1 in
equation (2).

It will be noted that equation (4c) contains the stress P, the magnitude
of which is dependent on the amount of bulging over the crack %ength- Con=
sequently P_ will be dependent on crack length, internal Pressure and vessel
thickness afid diameter. It follows tharefore that, in a partdicular vessel,
an individual (P1 = P_) shear mode failgre line exists for each particular
crack length and'that fn the plot of £°1° vs. P, the (P, - P_) shear mode
locus cannot be & straight line butt mfst ve a curve of decrsasing slope,
as indicated in Fig. 2. Thisg provides one method of assessing whether fracture
results are affected by bulging (P2) effects, additional to observation of
the fracture path,

Implications of Postulated Fracture Relationship

(a) Effects of variations in Charpy energy and Yield strength

Consider that a pressure vessel stresses to a general stress lavel
fg)1 lower than that needed to produce failure.

As the temperature is lowered in the transition Tange the Charpy value
of steel decreages sharply and the yield strength increages slightly, the
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of temperature in this range could lead to a just subecritical crack becoming
critical.

However, a body of experimental evidence suggests that a further
requirement must be met. It would appear that some degree of yielding or re-
yielding immediately before fracture is essential, so that the conditions of
equations (4) are not sufficient, The possibility of re-yield can be con-
gidered in terms of the requirements for extending the size (S) of the plastic
zone at the end of a crack. Several authors (e.g. 1e(1), McClintock(20),
and Trwin(21)) have quoted functions for determining (S) and these are shown
in Fig. 3, together with experimental results determined in previous
U.K.A.E.A. work(11).

All these results give linear log (S/1) vs. log (f_/f_) plots, although
there are small differences in slope. A good approximation to cover these
results is given by an equation of the forms

S £ .
3= const. x KI:: ceoe (5)

On this basis any slight increase of the material yield stress f_ pro-
duced by lowering the temperature would increase the stress needed to”produce
re-yielding and the initiation of an unstable crack. This implies that a
vessel that has safely been pressurised at a higher temperature will not fail
when pressurised to the same level at a lower temperature, even if the Charpy
energy is reduced by the change in temperature. Similar arguments apply to
the effect of irradiation and prolonged exposure to temperature, where these
effects also cause decrease in fracture toughness in association with some
increase in yield strength.

There are, however, limitations to reliance on this argument. The
fundamental difficulty is that it is not proven rigorously that some yield is
a necessary immediate prelude to fracture. Indeed in the case of ideally
brittle materials this would appear not to be the case, The approach can only
be used with caution, and is limited at the present time to relatively small
degrees of embrittlement. In addition it is necessary to be certain that the
pattern and nature of loading will be identical on the subsequent occasions.

A further and important practical limitation is that it is genmerally necessary
to consider the possibility of progressive crack extension in service.

Fatigue a.nd/or creep mechanisms can lead to the initiation and growth of
cracks in service, eventually extending to a critical size. As the crack
increases in length, fresh material is enveloped by the plastic zone at the
crack tip and hence it is to be expected that instability, when it occurs,
will then be governed entirely by equation (4). The crack growth mechanism,
however, must to some extent modify the material properties at the crack tip
80 that the critical crack length may be slightly different from the critical
length for the single-loading case, Further, if the operating conditions of
a pressure vessel were such that embrittlement of the shell material could
occur then it would seem likely that this could have the effect of increasing
crack growth rate through loss of cyclic ductility at the crack tip and in
certain circumstances reducing critical crack size through reduction in Charpy
value. Thus, the concept that initial pressurisation can give protection
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against failure under subsequent more brittle conditions cannot be used with-
out careful and detailed appraisal of each case.

(b) Decrease in yield strength f

As temperature is inoreased in the fully ductile range, yield strength
decreases and therefore for constant values of £ and 1 an increase in plastic
zone size may be expected, in accordance with eqtiation (5). This being so,
it is to be expected that equation (4) would become the governing equation
and oracks which were sub-critical at low temperatures could become unstable
at temperatures where the yield is sufficiently reduced, Charpy energy o
remaining essentially constant. Such an effect is important in relation to
proof testing pressure vessels and makes it necessary to carry out such tests
at operating temperature or to make an allowance for the effect of temper-
ature on yield strength and Cherpy energy.

(¢) Change of material

The previous paragraphs have considered the effect of changes in service
to a design already constructed. It is sometimes necessary to consider the
results of change from one material to another, at the design stage. In
present design codes, the applied gtress f_ is related to the yield strength
£ by constant "safety" factor. Thus eqflation (4a) becomess:

(1{11'},)312 - 235 (0 + D)

and for the same dangerous defect lengthi

£t

e~ 0%l

f f

yu

3-de=e _ o’+ D’ sekelh
tee. £78] c’+ Dy (6)

This implies that to get the same degree of confidence (i.e. protection at the
permitted design stress against a defeot of the same length 1) it is necessary
to increase the specified Charpy energy requirement with increased yield
strength of the steel. y

(d) Crack propagation

Once a crack has become unstable, the extent of fast crack propagation
is primarily determined by the amount of energy involved and its availability
at the crack front, i.e. the unloading path of the relevant part of the
structure. Again, these considerations must also affect the crack speed and
hence the strain rate experienced by the material in the orack tip region.
In materials such as steel whers the yield strength increases with strain
rate, equation (5) indicates that increasing crack speed will cause the size
of the plastic zone and hence the rate of dissipation of energy as plastio
work in the crack tip region to decrease. This further upsets the balance
batween energy available and energy being dissipated and hence tends to
cause an additional increase in crack speed. Thus it would appear that any
trend in crack speed must to a certain extent be unstable., This suggests
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those of constant stress, The idea that a fast propagating crack, which has
been triggered off by some transient and exceptional circumstances, will
arrest at a certain temperature (c.a.7.) is undoubtedly a valid one when
applied to structures which have a behaviour close to the constant-strain
type, e.g. mechanically loaded structures and the corresponding Robertson
test apparatus, Tt is equally certain and conclusively demonstrated in the

Whilst this point has not yet been established, it ig suggested that the
widely used "transition temperature” approach is only of value in reducing
the risk of the production of a critical crack by some transient and
exceptional circumstance. The size of the plastic zone associated with a
Tunnigg crack determines whether the type of fracture surface is 45° (shear)
or 90 (cleav‘aga), the former ocourring when the plastic zone size is greater
than the plate thickness and the latter when it is less, Hence energy con-
siderations also affect the fracture appearance and what appear to be come
pletely brittle and completely ductile fractures can exist side by side in
steel at the same temperature., Figures (4a) and (4v) show an example of this
which occurred in the tests of reference 11. This in fact illustrates the
lack of precision of these two terms "brittle" and "ductile" when applied in

have emphasised a transition in fracture appearance whereas the important
ooncept from the Vviewpoint of safety is that of failure stress,

Periodic Proof Testing

The previous arguments and the experimental work previouslg reported
(2, 11) show that the critical crack length/stress relation £312 - const,

vwhilst for a vessel with varying material pProperties it is likely that the
conditions for growth of a plastic zone (equation (5)) comtrol onset of fast

ature of the first Pressure test, and i1t must be Temembered that there may be
cracks approaching the critical size under these conditions.

Given the necessary conditions a crack in & pressure vessel will grow

under the influence of DPressure cycles, and possibly creep., Thus Frost(14)
says that if the parameter fgl exceeds a certain value, then the crack will
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grow. TFurther, relations of the form (2, 15):
1 = 1. (stress or strain X) vovs {7)

where 1o = original crack length

1 = crack length after N cycles

F 1is a funotion of the bracketed terms
have been experimentally derived for the growth of cracks,

Provided that the pressure and temperature conditions of operation are
less severe than those of the pressure test any near critical-crack at the
test pressure will be considerably less than the critical size at the operat-
ing pressure, However, over a period of time such a crack may grow and
eventually attain the critical size as governed by the operating messure,
leading to failure of the vessel under normal operating conditions. To pre-
vent this, it is proposed to carry out a repeat over-pressurisation 80 that
if a dangerous crack exists failure will occur under chosen conditions and at
a chosen time when full safety precautions can be taken,

The time interval between such over-pressure tests will not be discussed
and here, for the sake of simplicity, it will be assumed that the material
properties do not change appreciably with time, The effect of
material properties is discussed in more detail by Irvine et al.(2). Crack
instability is then controlled by £312 = const., and crack growth by the
empirical equation of the form 1N -gloF(N,e), where lo = initial crack length
and is the crack length after N pressure cycles, each producing a strain
range e. At the time of the pressure tests, it is assumed that a Just sub-
critical crack exists, of length lo' Writing f_ for the gross area stress
produced by the test pressure, the equation for instability is f.gl2 = const.

After an operating period covering N cycles, the crack grows to a length
where -1 oF(N,e) and if the length 1. is to be oritical in conjunction
th the gToss area stress f produced by the operating pressure, then
3 12 op
fopln = const,

Hence fzp 2 = f;lg
3/2
£ 1N
i
I = = = F(N,e) ceee (8)
(fop) 1 ’

but fo/f  is equal to the test pressure ratio R, hence p3/2 = F(N,e).

Conse uen:gly if the ecrack growth equation is known the test pressure can be
chosen to cover a certain operating period, and moreover it is not necessary
to determine the actual length of any crack which may exist in the vessel,

The experimental programme discussed in the following section has been
formulated from the foregoing theoretical considerations,
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Experimental

In order to investigate the features discussed above an experimental
study was made of the behaviour of steel cylinders containing simulated
longitudinal faults which were in depth equal to the full wall thickness, in
which a relationship was sought between initial fault length, temperatwure,
stress at failure and material properties.

The full details of the experiments are reported elsewhere, (11,16)
only the results being summarised here to provide a basis for discussion.

For the bulk of the work, cylindrical vessels 5 ft dia. x 14 £t long x
1 in, wall thickness were used. In addition a limited number of tests were
conducted on vessels of 3 ft and 9 ft 6 in. diameter, again of 1 in. wall
thickness and 14 ft length, to investigate the influence of diameterswall
thickness ratio.

The choice of material used in the basic investigation was influence by
the following considerations. The pressurising medium was to be water which
together with the simple heating and pressurising equipment wsed limited the
test temperature to the range 0-100°C. This range should encompass both the
brittle and ductile failure modes of the material selected which in all other
respects should be comparable to a typical boiler-quality steel, These
objectives were achieved by making two special casts of steel of rather
elevated carbon content and reduced C:Mn rgtio which were normalised after

rolling at a relatively high temperature of 980°C.

Once an understanding of the main features of fault behaviour had been
obtained the 5 ft vessel tests were extended to include several typical
pressure vessel steels which were incorporated into the vessels in the form of
large butt-welded panels, usually 8 ft x 4 ft in size.

Material Properties

(a) 0.36% C steel

This, the basic steel of the programme, was of analysis given in
Table I(b). Mechanical properties of the steelwere determined on plate off-
cuts, stress relieved to the same cycle as the test vessels. These results
were used as a guide in fixing the test conditions for vessels containing
particular plates. In addition further tests were made on cut-outs from the
actual vessels after pressurising to failure, care being taken to avoid
material which had been plastically strained during the test.

The tensile strength of the material generally lay in the range 29-33
tons/in? with a yield strength of 14-17 tons/in?, Elongations of 30-40% and
reduction of area of about 50% were obtained, showing the material to be
comparable to a nominal boiler-quality mild steel but of slightly increased
strength and reduced ductility.

The Charpy V-notch tests showed the transition curve to be much less

steep than thgt normally found, being in fact almost lineas from fully brittle
fracture at 0°C to fully ductile fracture at about 110-120°C. The enexrgy
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absorption in the fully ductile condition was in the range 40-70 ft 1b, lying
around 60 ft 1b for most of the plates.

Isothermal crack arrest tests and Pellini drop weight tests were limited
to the flat off-cut material from the plates used to make the earlier vessels.
Both orack arresg (C.A.T.) and nil ductility temperaturgs (N.D.T.) generally
lay in the 20-25 C range, just one giving a value of 35 C. No significant
change in the C.A.T. occurred over the applied stress range of 8 to 16 tons/
in2, Comparison of flat-plate and vessel cut-out Charpy values showed the
latter to be generally 10-20 degC higher in transition temperature, so the
quoted C.A.T. and N,D.T. values could be lower than those obtaining in the
vessels by this amount.

(b) Al-treated mild steel

Panels for insertion into the test vessels were formed from 1 in. thick
plate rolled from a special cast of this steel which had been subjected to
numerous and well-documented mechanical and crack arrest tests. The material
analysis is given in ‘l‘abler). The material had a tensile strength of about
28 tons/in2, a yield strength of about 17-19 tons/in2, with an elongation of
40% and reduction of area of about 70%.

(¢) Low=alloy steel

Panels of this low-alloy (analysis in Table I(b)) steel were made from
1 in. plate which had been re-rolled from 3 in., Again tensile and Charpy
specimens were taken from the panels after testing, the Charpy specimens
being used to establish the very considerable range of scatter at the vessel
teat temperature. The material was of 40-42 tons/in tensile strength, 31-34
tons/in? 0.2% proof stress, with an elongation of 27-30% and reduction of area
of 60%.

(d) sSi-killed mild steel

One test was conducted on a formed panel of this steel (for analysis, see
Table I(b)). Charpy specimens taken from the panel after testing were used to
determine the energy absorption and fibrosity scatter at test temperaturs.

Test Vessels

The 5 ft and 3 ft dia. vessels were fabricated by cold-rolling two 84 in.
wide plates to the appropriate diameter, welding longitudinally and then
joining the two cylinders together and to torispherical heads of notch tough
steel by cirgumferential welds. Each vessel was then stress relieved for two
hours at 625 C and leak tested at 650 1'b/in2. A manhole was provided in one
head to give interior access and other penetrations allowed filling, draining,
heating, water circulation and air bleeding.

Faults of various lengths, representing full thickness cracks, were made
longitudinally at the mid length of the vessel, i.e. the fault was normal to
the central circumferential weld seam. Each vessel was tested with its
longitudinal axis horizontal and the fault uppermost on the top centre line.
The major portion of the fault length was ‘flame cut; this length was extended
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(beyond any heat affected areas) to within # in, of its final length by saw-
ing, and the final 1/16 in. at each end was cut with a thin hacksaw to give
0.008 in. wide notches.

Where tests were to be conducted on panels of other materials a large
piece about 8 ft axially and 4 ft radially, usually containing the extended
crack from a previous test, was cut from the portion of the cylinder opposite
the longitudinal welds at the mid length position. Into this hole a panel of
the test material, rolled to correct curvature, was butt welded; the whole
vessel then being subject to stress relief, and the new fault being cut at the
centre of the panel.

The faults were sealed to allow pPressurisation by the application of thin
aluminium patches covering the fault to the vessel interior and fixed in
place by. adhesive. The aluminium was then covered by a larger Neoprene patch
secured by adhesive to prevent seeping of water under the aluminium at low
bressures, Where a large amount of bulging was anticipated due to high
Pressures or large initisl fault length, a narrow sheet-steel support was
placed between the aluminium and the vessel wall to prevent the former being
forced through the widening gap.,

Test Method

The vessel temperature was controlled by passing hot water into the upper
half of the vessel so that, over an area of 2 ft x 8 ft with the fault at its
centre, the temperature variation rarely exceeded + 1 degC. The variation
around the circumference was small in the first few feet ( less than 7 degC at
30 in. from the top centre line) but at the bage of the vessel the temperature
remained virtually at ambient in all the tests.

In the majority of tests, water was used as the pressurising medium, The
vessel was placed in a concrete~lined pit, covered with 8leepers to reduce the
hazard from fra@nentation, and heated to the test temperature. Because of
ambiguity in failure conditions in high~-temperature hydraulic tests, some
tests were made using partially pneumatic pressurisation. In these cases gas
DPressure was applied to 15 £t long nylon and Neoprene bags placed within the
vessel and having a volume of 10% or 20% that of the vessel, The remainder
of the vessel was filled with water, retaining the same heating principle as
in the hydraulic tests. The use of a &as bag avoided a gas sealing problem at
the fault, and by holding the bag in the lower portion of the vessel by
internal decking, no difficulties arose in heating the upper portion of the
vessel, The gas volume was restricted to 10% or 20% to limit the explosive

The risk of fragmentation prevented measurements being made of gap opening or
of plastic zone size,

The vessels were placed on an open site and pressurisation was controlled
from a bunker some 300 yards distant., Figures 5 and 6 show the before and
after photographs of test V6T, After attaining the test temperature, gas
was admitted to the Neoprene bag (which was deflated during heating) displac-
ing water through the outlet branch of the vessel until the desired gas
volume was reached. The water bleed was closed and pressurisation to failure
achieved by the discharge of 1980 1b/in? x 2000 £t3 nitrogen cylinders
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The results obtained in all of these tests are summarised in Table II.

Test on Slotted Flat Plates
—==2.n o:0T%ed rlat Plates

These tests were carried out on material similar to that of the vessel
tests of one inch thickness. The specimens were in eral 8 ft x 4 ft, the
short direction being in the direction of stressing ?:11 « 1). The ends were
connected by pins to thick plates attached to the loading heads of the 4000
ton testing machine. Central slits were prepared as in the vessel tests, and
the test temperature was carefully controlled. The results are summarised in
Table III,

Discussion

Yossel Tests

The earlier results have been analysed in detail in previous papers
(2, 11). Failure ooccurred under a wide range of conditions with general
stresses less than needed to give general yield, and temperature dependence
was small. An important conolusion is that the results show three types of
failure, the cleavage and (P1 - P;) types obeying the relationship:s £312 . @
At higher Charpy values failure wis by the (P1 - P,) mode, as indicatdd by
the degree of bulging and by the direction of the gi‘u.ctm:e. As indicated in
Fig. 7, the failure condition in the (P1 - 2) mode is very dependent on

geometry.

Thus either increasing crack length, or reducing vessel diameter (and so
necessitating a higher pressure for the same value of f ) will increase 1’2
negatively and cause the (P, - P.) mode for these parti configuratiofis
to fall below the extrapolated linear relationship, For example, considering
the results for 5 £t dia. vessels only, it will be seen that the 24 in, crack
feilure line is below the 12 in. crack line. Again, considering only tests
with initial fault length constant at 12 in., the effeot of reducing the
vessel dismeter from 5 £t to 3 ft is to lower the value of :2,12 at fracture,

In a previous paragraph it was pointed out that it was unlikely that
failure would ocour at a given applied stress, even at a lower temperature,
after safe behaviour had once been shown at the same stress, provided that the
possible growth of cracks between these events could be ruled out., A further
possibility in this consideration is that the prior stressing at high temper-
atures leaves behind a residual stress pattern that actually helps to prevent
subsequent failure, previded that harmful Bauschinger effscts are not introdnced.

Such a "hot pre-stress" effect has been demonstrated by Brothers and
Yukawa (17), who introduced oompressive siresses in the tip of a 0.4 in, notch
using 2 in, square test pieces at temperatures above the Charpy transition,
When these test pieces were tested to destruction, at temperatures below the
Charpy transition, failure did not oocour until the notch stress slightly
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exceeded the initial pre-stress value, and the failure stress was directly
dependent on the initial pre-stress level. Test pieces not subjeoted to warm
pre-stressing failed at low levels of stress. Srawley and Beacham (18) and
Kihara and Masubuchi (19) have also noted this effect. The latter authors

say ".... it can be concluded that the specimen loaded to a certain value at
high temperature cannot be failed at a stress lower than this preloaded value".
An effect of this nature was shown in the present vessel tests by tests
numbers VAT and V4T3.

In the first of these tgsts a 6 in. crack was cut in a vessel and the
vessel was pressurised at 62°C tg give a gross area stress of 14.7 tons/inz.
The vessel was cooled down to 12°C and again pressurised to the same value as
before without failing. A test on a similar vessel with the same crack
leggth, V1T2, failed at a stress level of 12.3 tons/in? at a temperature of
12°C. The increased failure stress in the pre-stressed case is believed to
result from the compressive residual P, stress ocourring on depressurisation,
becauge the material at the crack tip yielded on the initial pressurisation
at 62°C. The initial pressurisation at the higher temperature and pressure
would create a larger plastic zone, and therefore higher residual stresses
than would occur if the vessel had been previously pressurised to just under
the failure condition for the eold test.

There is a tempting conclusion to be drawn from this, namely that once a.
pressure vessel has reached operating pressure and temperature, failure at any
lower temperature is not possible unless the operating pressure is exceeded,
provided that no significant non-pressure-dependent loads are applied to the
vessel. Unfortunately all the previous evidence is based on flat-plate test=
ing except for one test on a vessel, and this vessel had only a short crack.
Consequently the effect of pressure bending the material surrounding the
crack has been omitted by the very nature of the tests.

In the present series of tests, two tests (Nos. V7TM1 and V11T4) were
made in which the crask length was increased to allow for this effeot. On
re-testing these vessels at lower temperatures, failure ocourred at approx-
imately the same pressure as would have caused failure in a virgin vessel,
i.e. no beneficial effect from the hot pre-stress occurred. It is suggested
that this is because, as outlined in Appendix II, the bending action which
occurs with the bulging around a long crack introduces tensile stresses at
the crack tip on unloading, which counteract the compressive stresses intro-
duced by the hot-pre-stress, Thus it may tentatively be concluded that a hot
pre-stress effect will only occur in a vessel where factors inhibiting the
effect of bending exist, i.e, a thick-walled large-diameter (and hence low
pressure) vessel.

Plat-Plate Tests

The flat-plate experiments (Table III) appear to give conflicting results
when compered with the results of the vessel tests under similar conditions
(Table II), in so far as flat-plate tests give lower failure stresses at low
temperatures, and higher failure stresses at high temperatures, even ignoring
those tests in which instability was masked by repeated arrests. In an
earlier paragraph it was suggested that this'was because of the mamner in
which the applied stress load was distributed aoross the test,
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-To test this hypothesis, a considerable number of strain gauges were
mounted on one plate, and readings taken at discrete load steps. The location
of the strain gauges is shown in Fig. 8. The test plate was Si-killed steel
1 in. thick x 7 ft wide x 48 in. long, containing a 12 in, slit, the ends of
the slit being 0.008 in. saw cuts. The total load applied to the specimen was
increased in four stages from zero to 956 tons. Strain gauge readings were
taken for each of these applied loads. The applied load was reduced to zero
after each load application, so that any reverse yielding at the crack tip
could be observed. The stresses derived from these strain gauge readings are
listed in Tables IV and V. On completion of the test and after dismantling
the loading plates, the vertical diameters on the 1F in. dia. holes in the
cheek plates were measured. These are the holes through which pins are
inserted, to pass through mating holes at the top and bottom of the specimen,
and thus apply load to the specimen,

The vertical stress distribution along the top edge of the composite
plate immediately under the loading pins is plotted for each value of applied
load in Fig. 9. Fig. 10 shows the vertical stress distribution along the top
edge of the Si-killed mild steel test length, and Fig. 11 shows a "contour
map" of the vertical stress distribution over a quadrant of the composite
specimen at the maximum applied load.

From Fig. 10 it will be seen that when the local stress is compared with
the mean stress there is a very pronounced decrease in the vertical stress
applied to the specimen immediately above the slit. Thusat956 tons applied
load, the _vertical stress acting on the edges of the specimen increases from
5 tons/in2 at the centre of the plate to 10 tons/in2 at the edge of the plate.
However, considering the vertical stress variation along the vertical centre
line, the vertical stress at the slit is zero, and must increase to the
applied stress at the load pins. A variation in vertical stress as shown by
Fig. 10 would therefore be expected.

However, a considerably different loading pattern is shown by Fig. 9.
This shows the variation of vertical stress in the composite specimen along a
horizontal line approximately 5 in., below the loading pins. This distance
should be sufficient for St. Venants! principle to apply. Thus at the lower
applied loads (304 and 556 tons) the stress in the centre of the plate shows
a marked increase over the general stress level, and only at the higher loads
does a stress depression in the centre of the plate occur, This initial
stress-peaking at low loads in the centre of the plate was most unexpected.
However, the measurement on the holes in the cheek plates, through which load-
ing pins were passed, showed that the vertical diameter of the holes at the
outer edge of the plate had been elongated. In fact, there was a difference
of approximately 0,010 in. in the vertical diameter of the outer holes come
pared with the holes in the centre of the plate, Obviously yielding of the
outer holes had ocourred, and most of this probably occurred on the very
first test of this type, which had almost the highest value of applied load
in the whole series. Consequently, when a specimen was attached to these
yielded cheek plates in the subsequent tests, all the load is initially
applied at the centre of the plate, because there is an initial clearance of
0,010 in. between the outer pins and the cheek plate holes. Only when this
clearance has been taken up is the load applied towards the outer edges of
the specimen,
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However, in spite of these initial conditions, it will be seen from
Fig. 9 that at an a lied load of 956 tons the vertical stress at the edge of
the specimen is 2 higher than at the centre of the specimen. It will also
be seen that this difference inoreases with increasing load, and since even
at 956°t0n8 this specimen was well below fracture (a similar specimen tested
at -25°C failed at an applied loed of 1172 tons), then at the fracture load
the stress differential from centre to edge of beam would be even greater.
Thus, extrapolation of Fig. 12 to 1172 tons gives the differential to be 39,
and the fracture load would, of course, be greater than 1172 tons because
the strain-gauged specimen was tested at 17°C.

The variation of the vertical applied stress at the centre and edge of
the plate, as given by gauges 23, 4 and 22 respectively, is shown in Fig, 12,

From Fig. 12 it can be inferred that, at a total applied load of 670
?ons, the vertical stress in the centre of the specimen is equal to the verte
ical stress at the edge of the specimen, so that, and for this load only, a
uniformly distributed stress is applied to the specimen., Below this load the
centrally applied stress is greater than the stress applied towards the edges
of the specimen, and for loads greater than 670 tons the reverse holds true.

Thus the following conclusions can be stated for an 84 in. wide specimen
containing a 12 in, slit and tested in this apparatus (subeequent to the
Yielding of the cheek plates in the first test), If fracture occurs:

(a) At an applied load of 670 tons, then a uniformly distributed stress
is applied to the specimen, Consequently we have a valid test
which can be compared with vessel tests,

(b) At an applied 1oad of less than 670 tons, then the applied stress is
concentrated over the slit, and is consequently greater than the
mean applied stress, Hence in comparison with vessel tests we
should find that the flat plate fractures at a lower mean applied
stress than doeg a corresponding vessel.

(¢) At an applied load greater than 670 tons, the reverse of (b) holds
and a flat plate should fracture at a higher mean applied stress
than does a corresponding vessel,

Figure 13 shows the hoop stress at failure plotted against temperature,
previously reported (11) for 5 ft dia, x 4 in. thick, 0,36% C steel vessels
containing 12 in, longitudinal slits. Plotted on this figure are the results
from the only two 12 in. slit, pinned specimen tests with the 0,36% C steel,
;h::zzr:sults being marked A and B. The applied load at A is 548 tons, and at

ons.

It will be seen that these results are in accord with the arguments of
(b) and (e) above, i.e., for point A the fracture load is less than 670 tons
and the mean applied stress is less than for the corresponding vessel test,
whilst at point B the fracture load is greater than 670 tons and fracture
z:c:rs at a mean applied stress greater than for the corresponding vessel
5 .
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If the vessel failure curve is extrapolated, and joining points A and
B, an intersection occurs at point C. This corresponds to a mean applied
stress of 7.4 tons/inz, and at this stress and this stress only, the yessel
and plate tests correspond. Now a mean applied stress of 7.4 tons/in
requires in the 4000 ton machine a total applied load of (7.4 x84 x1+a
dead weight load of 52 tons), This is 674 tons, which is in agreement with
the postulated total applied load of 670 tons, for vessel and plate com-

parity.

It will also be noted from Fig. 12 that as the applied load increases
then the vertical stress at the edge of the plate and on the horizontal axis
of the crack increases at a greater rate than either the central applied load
or the applied load at the edge of the specimen. Thus at 1172 tons this
stress would be beyond yield (13.8 tons/inz) and it would not be unexpected
if fracture initiated at some small defect at the edge of the specimen in the
vieinity of the crack axis, instead of at the slit extremities. This would
appear to have occurred in test P8 (see Fig, 14).

The extent of the area at the crack tips which undergoes reverse yield
on unloeding issurprising. Thus on unloading from 808 tons/in?, reverse
yield occurs over a length of up to 3 in, along the horizontal axis and
measured from the crack tip.

Thus flat-plate tests give the same fracture results for cleavage pro=
pagation as 5 ft dia., vessel tests, provided that a uniformly distributed
stress is applied to the plate., Such factors must be borne in mind in the
interpretation of all flat-plate tests, and attempts are being made to re-
design an apparatus to overcome the difficulties. It must be emphasised that
these differences between the flat-plate and vessel tests do not arise from
bulging effects, which do not arise until conditions of higher fracture tough=
ness, when the (P1 - P2) mode may occur in a vessel,

Practical Implications of the Results

The results of the series of vessel tests show that catastrophic failure
at general stresses lower than those needed to cause general Yyield can occur
over a wide range of temperatures and geometries, in vessels pressurised with
a compressible fluid. The detailed examination of the associated flat-plate
tests has shown that these low failure stresses over a wide range of condit-
ions are not the result of bulging effects nor of the cylindrical geometry, as
has previously been stated by others in the discussion of these results.

On the basis of this analysis, geometrical effects arising from bulging
are only of significance when fracture occurs in a vessel as a result of
(P, = P,) shear, a feature which can often be determined by direct observat-
ions of “the nature of the erack. It is thus believed that the results
reported are reasonably representative of the failure atress/defect size
relationships to be expected over similar temperature ranges even in larger
pressure vessels made from similar materials up to quite large levels of
material toughness. From a 5 ft dia. x 1 in. thick vessel in mild steel,
with a 12 in. crack, bulging effects would only appear to be important where
the material shows more than at least 60 ft'1b Charpy V-notch energy at the
pressurisation temperature. The experiments with different Pressurising
media show that, whilst the initial failure stress is unaffected, the
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possibility of subsequent arrest of a crack propagating from a critical
defect depends on whether the structure behaves as in a constant-stress or
constant-strain situation. The pressure vessel containing a compressible
fluid approaches the constant-stress case, and will not permit the arrest of
such a propagating crack. In such cases the interpretation of failure
behaviour from fracture appearances can also be misleading.

These considerations suggest that the only method of guaranteeing
pressure vessel safety is by knowledge of the failure instability stresses
for corresponding defect sizes, and by knowledge of how such defects can
grow, The only virtue of the "transition temperature" approach frequently
used in pressure vessel safety arguments is to help to specify conditions
under which a critical defect could not arise under transient and exceptional
circumstances.

The results have shown that a relationship of the types

3.2 d.e

222 - 2260 (c + 3p) [eqn (4) ]

is one condition which must be satisfied for unstable failure. It is be-
lieved that it also is essential with normal metals for yield to immediately
precede fracture. The conditions for obtaining local yield are those for the
extension of the plastic zone, the size of which has been shown to be

governed by -
[eqn (5) ]

Under conditions of first loading, and other conditions when the failure path
involves fairly extensive plastic flow at the orack tip, then the first
requirement is the controlling one, and the experimental values can be used.

2

S, £
1 const. x fy

Under other conditions, equation (4) can be satisfied without failure
occurring, because of the inability to produce re-yielding. This latter case
is important in relation to the safety of pressure vessels operating at
elevated temperatures, since the hot pre-stressing action of the previous one
power period will provide a substantial margin of protection against brittle
fracture during a subsequent shut-down, particularly where bulging effects can
be ruled out. Indeed the only way in which a brittle fracture could be
initiated during such a shut-down in a thick-walled large-diameter vessel
would be by the application of a loading which had a significantly different
distribution from the normal pressure loading, had not been applied before
and was of a sufficient magnitude to cause fast propegation of an otherwise
sub-oritical defect. In the case of a pressure vessel subject to the effects
of neutron irradiation these same mechanisms will operate during shut-down.

However, the probable increase in growth rate for any existing cracks as well

as the reduction in Charpy energy in the ductile condition makes it seem
likely that the conditions for fast orack propagation during on-power condi-
tions could be reached in a shorter time than in the absence of irradiation,
8o th;.t the effect of irradiation must be considered in such cases in
detail,
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Most pressure vessels are normally subjected to a proof pressure test
after manufacture and before commissioning into service. The main objective
in carrying out this test is usually to provide a demonstration that the
vessel is able to withstand the principal service loading, i.e. pressure, and
still have some margin of strength in reserve to accommodate other loadings.
Loadings such as external moments on ducts are occasionally simulated during
the test. There has been an increasing tendency recently to regard the proof
test from a rather more exact viewpoint, i.e. as an inspection procedure which
could reveal points of weakness., Given an adequate understanding of the modes
of failure which are possible under the operating conditions, such a viewpoint
appears quite plausible in the case of components of the vessel in which the
operational loads are simulated during the test. Since cracks originating
during manufacture may escape detection by conventional non-destructive
techniques, the proof test may be regarded as providing assurance against the
possibility of a vessel containing a defect approaching critical size going
into service.

The analysis given in earlier paragraphs points out the possible exist-
ence of a failure path where, with the applied stress, defect size and
material toughness constant, decrease in material yield strength (such as by
increasing the vessel temperature) could lead to satisfying both equations
(4) and (5) and so causing failure, For this reason it is important that an
over=-pressure test allows for the reduction in yield strength on increasing
temperature to the operating level, possibly by doing such a test at maximum
operating temperature. Such a high-temperature (340 C) test has recently
been done on the pressure vessel for the Dragon reactor at Winfrith Heath,

Another point of practical importance relates to the specification of
minimum Charpy energy levels for acceptable materials. Whilst the required
levels indicated by the present vessel tests would be relatively low for
practical levels of applied stress and defect size, the tests show that the
level in the transverse direction is important. For a given degree of confi-
dence it is necessary that the specified Charpy energy level increases sharply
(possibly as the square) if full advantage is to be taken of materials of
increased yield point.

The arguments above suggest that considerable protection against sub-
sequent failure, and an estimate of the maximum defect size that can possibly
exist, can be made from an initial over-pressure test satisfactorily carried
out, The ability to guarantee failure safety then depends on the knowledge
of the rate of growth of the postulated meximum possible defect. It is
possible to transfer the risk of failure in service to specific occasions
when prepared action can be taken by repeated over-pressurisation to controll-
ed levels (usually of the order of safety valve settings) at ohosen intervals
in service. More detailed description of the philosophy of periodic proof
testing is given in reference 2, the basic requirement being the possibility
of making an estimate known to be pessimistic of the rate of growth of cracks
approaching the critical size. Since such a philosophy can be a considerable
help where the highest degree of confidence against failure is required,
further work in the U.K.A.E.A. is aimed at studying crack growth in this

range.
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Appendix I
Stresses Acting At a Crack Tip

In a Flat Plate (Fig. 15)

(a) Principal stress Py_normal to the crack axis

This stress arises from the stress concentration effect of the notch and
is constant through the thickness (Fig. 16).

(®) Frincipal stress Py

Figure 17A shows a cross-gection through the plate along the crack axis.
Stress P, does not act on the material to the left of the notch front AB; con-
sequently there is no Poisson requirement for this material to contract.
However, stress P, acts on the material to the right of the notch front AB,
and there is a Polsaon requirement for this material to contract in the thick-
ness direction, i
exists; the material to the left of the notch exerts a restraining force on
the material to the right of the notch. This produces the tensile stress P
to the right of the notch and the compressive stress to the left of the notgh
(Fig. 17A). Now because the plate is unloaded on the surfaces, the thickness
stress P, must fall to zero at the surfaces and will vary through the plate
thicknesg as shown in Fig. 17B; stress P, will increase with increasing plate
thickness, 3

(¢) Principal stress P. parallel to the orack axis

There are two components involved in this. stress:
(a) The uniform longitudinal stress tends to open the notch, producing
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a cantilever action. This effect introduces a tensile stress PZA.
parallel to the crack axis which will be at its maximum value
at the base of the notch.

(b) Because of the gradient of P, in the direction normal to the crack
axis the material in the notch base wishes to contract more along
the crack axis (Poisson effect) than does the material immediately
either side of the crack axis. This incompatability introduces a
tensile stress P, along the crack axis (Fig. 18).

In a Pressure Vessel

For e longitudinal crack in a large cylindrical pressurised vessel, two
additional factors to the flat-plate case are introduced in the crack tip

stress system:
(a) A uniform pressure stress P,y along the crack axis, where
a "7,

(D = vessel diameter, t = plate thickness) arising from equilibrium
conditions.

(v) The gas pressure acting on the material unsupported by the crack
results in an encastre beam effect. Thus bending stresses P, act
in the material at the crack tip in the P, direction. The s@esses
are compressive on the outer surface of tfie plate and tensile at the
inner plate surface.

Summarising these stress conditions at a crack tip for a plate and pres-
surised vessel respectively:

(a) Plate
The stress P1 is constant through the thickness.

The thickness stress P5 is 0 at plate surfaces and increases to a
tensile maximum at mid=thickness,

The stress P, comprises: P_,, from cantilever action, which is a
tensile stress uniform thrgﬁgh the plate thickness; and PZB from
Poisson incompatibility.

(v) Pressure vessel
The plate stresses summarised above act at the tip of a longitudinal
crack in a pressure vessel together with the following stresses
acting along the crack axis:

a uniform tensile pressure-dependent stress through

m
’
2L 4t the thickness.
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PZM bending stress, at a maximum negative value on the outer
surface, and a maximum value on the inner surface.

A third compressive stress will also act in the radial directiom,
having its maximum value on the inner surfaces of the vessel and
being equal to the gas pressure and therefore of negligible
magnitude in *thin" vessels.

Appendix II
Effect of Bending Over the Crack Length on the Residual Stresses

at the Crack Tip

Consider a section through the crack axis (Fig. 19), xx1 representing the

crack tip and the section to the left of the crack. Then when internal
If we now super=-
impose the various stresses acting in the longitudinal direction we have a net
tensile stress P2L acting through the thickness (Appendix I) and using XX1 as
the datum line PS, is represented by line AA1, i.e. XA = P_,_. The bending
stress has now tgx‘be superimposed on this stress; the resuilﬁant stress is
given by the line BB1. If local bulging occurs over the crack length, yielde
ing mst have occurred, and with X1f representing the value of the yield
stress the area Cf_B, cannot exist mst be replaced by an equal area below
f_, area CDE. The 1ocation of B may be either to the left or right of point

Y i.e. a compressive or tensile stress may act a point X on the outer sur-
face. As discussed earlier, if a compressive stress exists then (7, - B,)
shear failure will occur, and if a tensile stress exists the (P1 -3 ) sRear
failure will occur. However, the position of point B does not affect the
present argument.

Now unload the vessel, and remove the stresses in turn, with P L being
removed first, and finally the elastic bending stress. Then after removal of
P2 (equa.l to length XA) the distribution is given by JHGF., Removal of the
be%'ding stress (given by ABB,A ) from JHGF gives the residual stress distri-
bution KIMP after complete 109& removal.

Thus a large tensile stress of magnitude given by the ordinate from )0(1
to M, i.e. §M, exists in the centre of the plate, and moreover this stress has
steep gradients. Thus the msterial at N, owing to the Poisson requirement,
wishes to contract in the hoop direction because of stress NM, whereas the
material immediately above this has no such requirement. Consequently this
material will restrain the material at N causing a tensile stress to act at N
in the hoop direction.

Thus because of the effect of bulging, a residual tensile stress has been
caused in the hoop direction.
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R.W. Nichols, W.H. Irvine. A. Quirk and E. Bevitt

Table V

Horizontal and vertical stresses derived from resistance strain

gauges (tons/ in2)

Strain gauge rosette no,

Total
applied
load 1 2 3 4 5 [
(tons)
Px Py Py P PPy P Py L Py Py
304 0.6 1.2 1.7 1.0 0.25 1.6
4.4 5.2 4.1 6.2 4.6 2,5
556 0.8 1.4 2.0 0.9 0.20 1.7
6.3 7.2 5.4 9.0 T.4 2,55
808 0.05 0.95 2.3 0.15 -0.85 1.55
9.2 8.2 S5e¢7 1.4 6.15 2.5
956 0.4 11 1.5 -0.025 -1.25 (]
10.3 8.75 6.1 12.3 6.15 2.1
p, = horizontal stress
py = vertical stress
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R.W. Nichols, W.H. Irvine. A. Quirk and E. Bevitt,

Fig. 5 Vessel VOI'l on open site prior to 20% pneumatic test
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Fige 4 (a) Reduction in thickness at fracture ed,

to 900 fracture with decrease in plastic zone

(b) Change from 45°

Fig. 6 Vessel V6T1 after 20% pneumatic test
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FIG.8. LOCATION OF STRAIN GAUGES.
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