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SUMMARY

The creep rupture properties of nuclear fuel cladding
materials (AISI type 316, !M316 and 20Cr/25Ni/llb stainless steels)
have been investigated. The effects of environments relevant to
nuclear reactor applications (i.e. fission product attack and neutron
irradiation) on the creep rupture properties are also considered.

The validity of various criteria controlling creep
crack growth from defects in AISI type 316 stainless steel has been
examined. It is found that crack growth rates correlated well with.
the nett section stress in the temperature range 600 to 850°C. Certain
minimum displacements must be achieved for crack initiation and
propagation and the possibility of using a strain-based criterion
such as crack opening displacement or the angle between fracture
surfaces is developed and such a criterion is found to have advantages.
Othér macroscopic aspects (e.g. creep stress distributions ahead of
notches) and microscopic aspects of crack initiation and propagation
have also been considered. .

A new method of measuring creep crack growth particularly
suitable for use in hazardous or closely controlled reactive
environments has been developed. This method has been used to study
the creep rupture properties of M316 steel in iodine vapour, air
and vacuum at 650°C and 750°C. Iodine vapour causes extensive inter-—
granular surface nucleated cracking and a selective corrosion process
is thought to occur. The environment is found to have much more
effect on crack initiation than propagation. Environmental effects
become less marked as the time of test is reduced.

The effect of neutron irradiation cn the creep rupture

properties of primary recrystallised 20Cr/253i/Hb steel at 750°C. has



been found to be negligible. It is thought that a combination of

a uniform boron distribution and small grain size causes sufficiently
low helium bubble concentrations on the grain boundaries to have

negligible effects on the creep rupture properties.
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CHAPTEE, 1.

GENERAL INTRODUCTION

A brief sumnary of the economics of nuclear powver stations
and present reactors operating in the United Kingdom is given. The
Advanced Gas Cooled Reactor (A.G.R.) and the Prototype Fast Reactor
(P.F.R.) are described and the relevance of the work presented in
this thesis to these reactor systems is mentioned.

1.1, Huclear Power in the United Kingdom.

In recent years, people have become increasingly avare of
the need for reliable, economic sources of energy which are also capable
of long-term exploitation. Of the present available energy sources,
nuclear power most closelv satisfies these requirements. Accordingly,
increased ordering of nuclear power stations is expected over the next
decade. The rate of ordering will depend upon the relative economics of
nuclear stations and fossil fuelled sta£i0n5 and also the total
requirenents of new electrical generating capacity.

A nuclear power station costs perhaps 25 — 30Z more to build
than a coal-fired plant of equivalent ocutput, but the cost of the
nuclear fuel is about a quarter of the cost of the equivalent amount
of coal.

A typical analysis might be: (Hill, 1975)
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In periods of rapid inflation absolute levels of cost mean
very little but it is clear that modern nuclear plants will generate
electricity substantially cheaper than contemporary coal or oili-Ifired
plant. Also, once built they are substantially free from inflation
because the fuel costs are so low.

The thermal reactor has been the first to be developed.

The first generation of civil reactors operated by the Central
Electricity Generating Board, known as Magnox reactors, have been
completed and are producing about 5000 MWE (about ten percent of
electric pover generated in Britain). These reactors are graphite
moderated, carbon dioxide cooled and fuelled with metallic uranium

bars containing naturally occurring 0.77% U235, with the remainder
almost exclusively U238, The fuel bars are sheathed in Magnox
(Magnesium ~ 0+8% aluminium —-0°+01% beryllium) cans io prevent oxidation
by the carbon dioxide coolant gas and to provide a heat transfer
surface.

1.2 The Advanced Gas Cooled Reactor {(A.G.R.)

A logical development of the successful Magnox reactors is
the A.G.R. The use of enriched uranium dioxide fuel, clad in a niobium
stabilised 207 Cr/257 Ni austenitic stainless steel, enables the
ratings and power densities to be increased, resulting in higher carbon
dioxide outlet temperatures. The higher coolant temperature permits
generation to be carried out more effiéiently and the increased fuel
rating means that the size of plant nceded to generate a given amount
of electricity is reduced with a corresponding decrease in capital cost,

At present, five A.G.R. stations are under construction, each
designed to produce approximately 1250 MWE. It is well known that the
construction of the A.G.R. stations have been beset by technical

difficulties which have been costly and time - consuming to overcome.



However, it is expected that the first A.G.R. will be;ome operational
later this year. Figure 1 shows a section through a reactor
of Dungeness B power station.

The current design for the A.G.R. fuel pin is a metre long
20Cr /25Ni/Nh  steel tube of 0.38mm. wall thickness, containing 7.24 mm.
radius enriched uranium dioxide pellets. Heat transfer is improved
by the provision of circumferential ribs on the outside of the cladding.
A fuel element consists of a bundle of 36 pins (arranged within a
graphite sleeve as shown in Fig. 2). Eight such elements are axially
suspended on a cormon central tie bar to form a fuel stringer.
The fuel dwell time is between 3 and 5 years and over this period the
pins experience peak systematic cladding temperatures of 750°C.,
with raﬁdom hot spots of up to 850°C, during exposure to a moist carbon
. dioxide - based coolant at 40 atmospheres pressure.

1.3, The Prototype Fast Reactor (P.F.R.)

The larger and more advanced thermal reactors are expected
to further reduce electricity generating costs. Thus for new nuclear
systems under development, it becomes increasingly difficult to
penetrate the market and secure contracts to build. Nevertheless there
are sound reasons for pressing ahead with the development of fast
breeder reactors, particularly sodium cooled reactors.
Three main reasons for fast breeder development are:-
(i) All the countries doing major development work expect to
have several thousand megawatts of thermal reactors in operation during
the 1970's and therefore much plutonium will be produced. This
plutonium must be utilised in an economic manner.
(ii) It is considered that fast breeder reactors, using
plutonium for their initial core inventories, will provide lower
electricity generating costs than any other power system.
“(111) The fuelling arrangements for fast breeder reactors are
such that more fissile material is produced than is consumed.

- 3 -
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Thus fuel costs can be reduced and electricity prices held relatively
insensitive to tﬁe cost of uranium,

In 1966, the 250 MUE P.F.R. was sanctioned for construction
at Dounreay, Scotland, and full power is expected from the reactor
during 1975. Fig. 3 shows a section through the reactor.

The core is made up of.an array of hexagonal sub-assemblies
containing 325 stainless steel fuel pins containing mixed plutonium—
uranium oxide, The fuel pins, which are made from a high nickel A.I.S.I.
type 316 stainless steel (designated M316), have a diameter cof 5.84 mm,
and wall thickness of 0.38 mm. Above and below the fuel is the axial
breeder consisting of pin§ containing uranium dioxide. The lowest
region of the sub-assembly is thg plenun in which fission products can
accumulate during irradiation (Fig. 4). The hexagonal sub-assemblies
are suvpported from a diagrid. The fuel sub-assemblies forming the core
occupy 78 of the central spaces and are surrounded by reflector and
radial breeder sub—assemblies of the same size.

The reactor is enclosed in a single stainless steel tank which
contains the whole primary circuit comprising the reactor core, breeder
blanket, shielding, six intermediate heat exchangers and three »rimary pumps
for circulating the sodium coolant. To complete the power station,
there are three independent secondary loops containing sodium, each
connecting a pair of intermediate heat exchangers to a boiler.

1.4. The relevance of the present vork.

The integrity of components in A.G.R.'s and P.F.R. is
essential for safety and reliability. For fuel cladding, fracturc is
important because active fission products may be released into the
primary circuit. Thus, even before complete disintegration occurs
initiation and propagation of cracks may form a leak path through the
can wall. Therefore, it is important to understand the criteria

controlling crack initiation and propagation.
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Post irradiation examination of failed fuel pins from the
Windscale A.G.R.by Skinner and Newbigging (1973) has shown that
failure occurred by the development of intergranular cracks which
initiated at the can inner surface and Propagated through the can
wall. The observations suggested that failure was due to localised
concentration of strain in the cladding over a fuel pellet crack.
Also intergranular failures resulting from high internal fission
product pressure have been observed. These types of failure have also
been observed in other reactor systems (Steinar, 1972).

Evidence of intergranular attack by reactive fission
products, such as caesium or its precursor iodine, on the inner
surface of the cladding has been observed in both thermal and fast
reactors (Johnson and Crouthamel,1970 ; Batey and Bagley, 1974).

This again can cause strain localisation in the cladding. Similarly,
interactions between coolant and cladding can cause defects in the
outer cladding surface.

Thus the work presented in this thesis considers the
initiation and growth of creep cracks from defects. Criteria
controlling crack propagation in A.G.R.an< P.F.R. cladding materials
are considered at both micro and macroscopic levels,and over a
range of temperature. Environmental effects relevant to nuclear
reactors are considered, e.g. the influence of iodine vapour and
neutron irradiation on creep crack propagation.

The work is extended to consider more general application
than just cladding since in recent years the increased use of non-
destructive testing techniques has reveaied the widespread existence
of crack - like defects in C.E.G.B. plant in general. Outages in the
most efficient plant are very expensive, particularly during the wirter,
and so considerable savings can be achieved if the growth of cracks.
can be predicted and repairs either avoided or postponed until the

suimer. .



CHAPTER 2,

LITERATURE REVIEW

A brief review of the structure and precipitates of
20Cr/2531/Nb and A.I.S.I. type 316 stainless steels is made. The
effect of notches on creep rupture behaviour is reviewed and, after
mentioning the concepts and limitations of fracture mechanics, the
applicability of the various fracture mechanics methods to creep crack
propagation is discussed. The propagation of macroscopic cracks results
from microscopic rupture processes. These microscopic aspects are
revieved. Finally, the effect of nuclear reactor environment {(nmeutron
irradiation, fission product attack) on these fracture processes is
discussed.

2.1. Structure and composition of 20/25/Nb and A.I.S.I. type

316 stainless steels.

o/ I 1 O 20Cr /2534 /Nb Stainless Steel

A typical composition of 20/25/Nb stainless steel is shown
in Table 1. The structure consists of a polycrystalline face centred
cubic solid solution alloy of low stacking fau}t energy,y(y< 40 memz,
Silcock, Rookes and Barford (1966) ) initially containing dispersed
Niobium carbonitride precipitates (Nb(CN) ).These precipitates are
cormonly nucleated on intra-granular dislocations but also on grain and
tvin boundaries.

Precipitation in 20/25/:1b steel is complex and the simultaneous
occurrence of as manv as five phases (Nb(CN), g (CN)Mi94(CN)¢, Fepkb,o,
vhere M is comprised of Cr,Ni and Fe: their relative amounts depending
upon the exact composition of the steel) is reported in the literature,
Knowles (1973) has shovn that a useful rmethod for predicting precipitate

phases in terms of alloy composition is to consider the degree to which



TABLE 1.

A Typical Allov Composition for C.A.G.R.

Cladding {wt.%}

(from Adamson and Martin, 1972)
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matrix chromium is stabilised by the addition of niobium a stronger

carbide forming element. This degree of stabilisation is expressed as

vt. % Hb

© The precipitation of chromium bearing !,5 €g is undesirable
wt. % (C + N) =R

due to the impairment of corrosion resistance. This can be minimised
by control of the niobium to (carbon + nitrogen) ratio in the alloy
specification. Thus when the niobium to carbon plus nitrogen ratio is
about 7.7 sufficient niobium is retained in solution to completely
combine with all the carbon present in solution to form stoichiometric
NbC rather than M3 Cg.

Knowles suggests that the precipitate ligC has three niobium
atoms in its chemical formula and thus for precipitation of carbon as
this phase the niobium to carbon plus nitrogen ratio must be 23.1,

At ratios greater than 23-1 excess matrix niobium is present allowing
the formation of iron niobide.

During high temperature exposure, the niobium carbonitride
precipitates coarsen (Healey, Brovm and Speight, 1973) and may transform
to Mg (CN) or a precipitate similar to a z phase (Crp Nbp(CN),). Also
progressive formation of grain boundary sigma phase ( a complex
brittle, intermetallic compound of chromium and iron) occurs with
tine as the temperature is reduced below 820°C. The volume fraction
of sigma phase is restricted to less than 107 due to the high nickel
content of the alloy.

In compositions of 20/25/ilb steel typical of cladding, boron
is present at levels of several parts per million and will be fully
precipitated and incorporated int~ the structure of carbide phases at
temperatures of less than 980°C. (Coldschmidt, 1971). Evidence
from other steels has shovn, for examnle, that boron can replace carbon

»

in the nmatrix MbC and grain boundavy ipg Cq precipitates (Harries and

"oberts, 1967).



2.1.2. A.I.S.I type 316 Stainless Steel.

The composition limits of many stainless steels have been
standardised by the American Iron and Steel Institute (A.I.S.I.). For
A.I.S.I. type 316 steel, the composition is given in Table 2. This
austenitic stainless steel is widely used in numerous engineering
structures which require good mechanical properties and corrosion
resistance at temperatures of up to about 700°C. For fast reactor
cladding a version of type 316 steel ( designated M316) having a high
nickel content has been selected ( A typical composition is given in
Table 2). This is because leaching of nickel from the cladding by
liquid sodium can occur, resulting in enhanced sigma phase formation
in the cladding with subsequent impairment of the meéhanical properties.

Structurally, the 316 steels are face centred cubic solid
solutions initially containing dispersed Mp3 Cg precipitates. The
stacking fault energy of 316 steel has been measured as 25 =35 mJ/m2
(Weiss and Stickler (1972) ). The molybdenum partly enters the carbide
phase and boron additions act to make the 23 Cg precipitates smaller
and more numerous (Crussard, Plateau, and Henry (1963) ).

Long term exposure of 316 steel to elevated temperature
causes decomposition of the austenitic matrix by a complex sequence of
precipitation reactions, resulting in the formation of several carbide
and intermetallic phases. 1leiss and Stickler (1972) have produced time -
temperature — precipitation diagrams for 316 steel between 400°C. and
9000C, for aging times of up to 3000 hours. The phases resulting from
the various temperature/aging times have been identified as M3 Cg and
1gC carbides and the intermetallic phases chi (containing molybdenum,
chromiun, iron and nickel), Laves (Fej!lo) and sigma BFe,Ni)x(Cr,Ho)yl.
Cold vork prior to aging is shown to accelerate the precipitation of

these phases; a result confirmed by Spruiell, Scott, Ary and Hardin (1973).



TABLE 2.

Composition of A.I.S.I. type 316

Stainless Steel (Clauss (1969) )

and typical composition of M316 steel

(Bagley et al (1974) )

A.I.S.1I. type M316 Steel
316 steel (wt. %)
(vit. %)
C 0-08 max. 0.04
Mn 200 max, 1.7
Si 1-00 max. i 0-6
Cr 160 - 18-C | 17-0
Ni 1040 - 14-0 13¢5
1o 2.00 -3-00 2-4
P 0+045 max. 0-01
S 0-030 0+01
Fe Balance Balance




2.2, Effect of Notches on Creep-Rupture Behaviour.

Notches are a common cause of brittle failure in metals
and their embrittling action is utilised in the standard test for
measuring fracture toughness,

N Perhaps the first indications of notch embrittlement during
creep—rupture were given by the failure of boiler flange bolts after
several years service. Such bolts were generally designed with large
factors of safety, based on conventional smooth-bar data. Nevertheless,
premature failures were reported more than thirty years ago. The breaks
usually occurred in threads or at abrupt changes in cross section,
where stress concentrations wvere present. The failures could not be
anticipated either from creep-rupture tests on smooth specimens or
from short-term tensile tests on notched specimens (Brown and Sachs,
(1951) ).

Two types of test were commonly used to evaluate the extent
of embrittlement during high temperature service. The earlier type
of test measured the room temperature impact strength of notched
specimens of the material after exposure for various times at elevated
temperature. During the past 20 years, there has been an increasing
amount of creep-rupture testing with notched specimens to assess the
susceptibility of materials to creep crack growth. Generally, such
tests are performed in simple tension at constant load upon bars with
and without notches. The cross-sectional area at the notch root is
made equal to the plain bar area, thus achieving similar nominal stress
levels. The notch influence can be expressed as a ratio of time to
failure for the notched bar divided by the failure time for the plain
bar, Some testsresult in notch strengthening, i.e. the life of the

notched testpiece is greater than that of the plain bar, vhile others

shou notch weakening.



N VT

Whether a given material is strengthened or weakened by
notching depends upon the test conditions. Variations in the notch
geometry, the temperature, the rupture life, and the metallurgical
condition of the material all effect igs sensitivity to notching.
Accordingly, the results of tests pérformed on a wide variety of
materials are so varied that they are contradictory.

The effect of plain bar ductility on notch sensitivity
has been commented upon by several authors (Garofalo (1959); Brown,
Jones and Newman (1952); Brown and Sachs (1951); Davis and
Manjoine (1952) ) who suggested that strengthening occurred when
plain specimen ductility wasgreater than about 107 and for ductilities
less than this, weakening occurred. However, Voorhees, Freeman and
Herzog, (1962) found that no value or range of ductility in unnotched
specimens could be used to predict the notch rupture behaviour.

The evidence for an effect of notch acuity on notch sensitivity
is also conflicting. Voorhees, Freeman and Herzog (1962) have shown
that for 19 materials, increasing the notch sharpness first strengthened
and then weakened notched bars. However, other workers (Hanink and
Voorhees (1962); Manjoine (1962))recorded the opposite effect while
Manjoine (1963) showed both weakening and strengthening as the notch
acuity roéeu

The investigation into size effects also shows confusing trends.
The work of Manjoine (1962, 1963) showed that notch sensitivity (either
strengthening or weakening ) tends towards the unnotched value as the
specimen size was increased. Supporting this trend to some extent was
the evidence of Goldhoff (1963) which recorded a general and continuous
reduction in notch strengthening for increasing size of specimen.

The metallurgical condition of the material has also been

shown to cause notch sensitivity. Davis and !lanjoine (1952) found that

_10_



the appearance of notch weakening or strengthening depended upon grain
size, with coarse grained material showing weakening and fine grained
material of the same smooth bar ductility showing strengthening.
Precipitation on grain boundaries has also been proposed to cause
weakening (Browm, Jones and Newvman (1952) ).

Voorhees, Freeman and Herzog (1962) suggested that the
presence of a notch introduced nothing inherently new into the properties
of a material. They pointed out that the influence of the notch on
rupture behaviour must involve to some extent (i) the resulting stress
concentration with the attendant stress gradients and the increase in
local strain for any given axial load and/or (ii) the multiaxiality
of the stress pattern produced when a notched Lar is loaded, which is
shoyn in Fig. 5 for a bar vith an external circumferential notch.
Relaxation of the radial stress occurs at the notch root so that a
biaxial stress system occurs here, whilst the triaxial stess system
in the interior of the bar increases to a maximum below the surface of
the notch.

During loading, the material near the notch root will undergo
localised plastic flow and the stress pattern will then be redistributed
by creep relaxation. Clearly, the notch sensitivity of a material will
be related to the creep and creep-relaxation strength as well as the
ability of the material to accommodate the local plastic deformation.
For axial plastic flow to proceed, radial strain must occur but the
radially induced stress is resisted by the relatively low stressed
surrounding material, . This lateral constraint to plastic flow results
in notch strengthening. Garofalo {1959) suggested that notch strengthening
occurred wvhen cracl: initiation tras celaved by relaxing the triaxial
stresses developed cn loading. Crachk ‘"nitiation is often found to occur

just belou the notch root in the position of maximum tensile stress,
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FIG.5. Schematic Representation of Stresses
Ahead of Circumferential Notch.




Taira and Ohtani (1973) suggested that notch weakening was
attributed to the short time for crack initiation in notched specimens
compared vwith plain specimens. This resulted from the p?esence of
high local stresses at the notch root which had not relaxed to the same
extent as when notch strengthening occurs. Lateral constraint
still occurred vhich would he expected to cause strengthening, but
recent results of Dyson (1975) suggest that the rate of cavity
nucleation is effected by the stress state such that cavitation
occurs more easily in a large triaxial stress system. Thus,
macroscoplc crack initiation would be easier, resulting in notch
weakening.

The early investigationson the effects of notches on the
creep—rupture behaviour of materials have lead in recent years to
more detailed quantitative examinations of the growth of creep
cracks from defects. Crack growth rates have been measured and
various fracture mechanics concepts have been proposed as the
controlling criteria for creep cracking. However,before this work is
reviewed, the various concepts of fracture mechanics and their
limitations are described.

2.3. The Concepts and Limitations of Fracture Mechanics.

2. 3.1. The stress field around a crack.

To describe the stress field around a crack in a body
deforming under some external applied stress, the co-ordinate system
shown in Fig. 6 is used. Vith this system, it is possible to
distinquish between the different stress svstems as follows:-

(i) Plane stress occurs vhen the stress component
0,7 is zero throughout the thickness of the bodv (i.e. in the

z direction).



FIG. 6. Co-Ordinate System used to
Describe Crack Tip Stresses.




(i1) Plane strain results from the strain component

£,, being zero throughout the thickness of the body. For exarple,
this type of elastic field is produced by an edge dislocation and the
displacements are confined to the xy plane.

(iii) Anti-plane strain results from displacements

only in the thickness direction. A screv dislocation produces this
type of stress field.

For the case of simple extension of a crack, length a,
in an infinite‘body the expression for the stresses, given by

Westergaard (1939) and later adapted by Irwin (1957) can be written:-

o.Ta cos O [1 - sin 6 sin 36
“xx = ()b z 7 7 W
ojﬁa' cos 8 |1 + sin 6 sin 36
o = - S =T (2)
Y  (2nr)i 2 2 2
ofTa cos O sin 6 cos 368
o = — s s (3)
X (2mr)t 2 2 2

Clearly, the stresses tend to infinity as r 0. This
is a consequence of the fact that the material has been assumed to
be linear elastic. Also, it can be seen that the equations can be

expressed in the general form:-

Qo ™ *] (4)

- 13 -



where K = o /7o and is called the stress intensity factor. This
equation applies to any geometry provided the appropriate formulation
for K is used. It is usual to denote the loading system by a suffix,
thus Kj applies to tensile loading, K, to shear loading, and Kj to
antiplane strain., The stress intensity factor is the parameter which
characterises the stress field (and the strain field) at the crack
tip. It is a function only of the applied stress, the crack length
and the geometry of the body containing the crack. Provided the
relationship between these parameters is known, the relevant K value
can be calculated,

i 2. 3,2. Linear Elastic Fracture Mechanics.

The stress intensity factor can also be used in describing
fracture since it is related to the crack extension force, G, which
is defined as the energy required to extend unit length of crack front

by unit length:-

c = k2 '
for plane stress (Irwin, 1957) (5)
or )
= K2 @ - %) for plane strain (6)
E

where v is Poisson's ratio and E is Young's modulus.
The Irvwin analysis proposed that crack propagation occurred at a
stress, o, vhen G was equal to a critical value, G.. Thus, when
G = G., K =K. and for tensile opening mode deformation under plane
strain conditions is written as Kjg,which is called the fracture
toughness.

The theory was derived for purely elastic conditions. How=
ever, equation (2) predicts that there is a region in the neighbourhood

of the-craék'tip where the stress Oyy is greater than the yield stress

of the material, cy,and a plastic zone of size dp forms. This causes

_14_



a redistribution of the stresses near the crack tip. To maintain the
load carrying capacity of the specimen, dp must extend further than
the point, rp, at which the elastic stress is equal to the yield
stress. To a first approximation, the plastic zone extends a distance

ahead of the crack given by:-

= - _k2
dy = oy = ———— )

for plane stress and about one third of this value for plane strain.
This equation allows the elastic analysis to be extended

to situations where small scale yielding has occurred. This is

achieved by proposing a new stress distribution by translating the

original distribution a distance r, ahead of the crack tip (Irwin,

P

1964). The corrected K value is determined as:-

K=o n(a+r) (8)

P
x : i ; il ;
The distribution of stress remains as r 2 but a '"notional"
elastic crack the length of the original crack,a, plus r, is

considered to exist.

2. 3.3. General Yielding Fracture Mechanics.

Where extensive plasticity precedes fracture, the
assumption of elastic behaviour for K no longer holds and the
calculation of the fracture toughness, Kj., is not valid. Under
these conditions, test pieces and structural details may be
characterised at fracture initiation by a critical crack opening
displacement (COD) concept or by the more general approach of the
J contour integral proposed by Rice (1968).

The COD concept was proposed independently by Cottrell
(1961) and Wells (1961) who reasoned that it should be possible to

use the amount by which the crack opened as a measure of the work

N T



done in extending the crack. Thus, fracture occurred whenever the
COD,6, exceeded a critical value, Sqopjt.

Bilby, Cottrell and Swinden.(1963) described the elastic-
plastic fields for anti-plane strain by a dislocation distribution
in the field of the crack. An array of edge dislocations represented
the crack face separation and the displacement in the plastic zone.
This enabled the following expression to be derived for the crack

opening displacement in tensile opening mode deformation:—

8 Oy a In sec o] 9)

m E ZUy
At very lovw stresses, this may be simplified to give,

02 ma k2

5§ = = 0
I
oyE Oyk (10)

or, substituting for equation (5) and rearranging gives:-

G = Goy (11)

Thus, it can be seen that at these low stresses §'is
related to the linear elastic fracture mechanics parameters. The
COD is a parameter which appears to characterise fracture both before
and after general yield. The possibility arises of measuring the
value of the critical crack opening displacement for a material on
a small test piece which breaks well after general yield and using
the same value to predict the failure stress of a large structure
which breaks before general yield.

This same possibility arises from the work of Heald,
Spink and Worthington (1972) who have applied the Bilby, Cottrell
and Swinden (1963) moded of plastic relaxation around the crack to
post yield fracture. They derived an equation to relate the

apparent fracture toughness, Kj, measured in a "non-valid" toughness
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test (i.e. extensive plasticity had occurred before failure) to the
" "walid" plane strain fracture toughness, Kjc, Thus, the applicability
of linear elastic fracture mechanics parameters may possibly be extended
well beyond linear elastic conditions.

The use of the J contour integral as a parameter to
characterise fracdure in both the linear elastic and post yield regimes
came to prominence following the suggestions of Rice (1968). For a
crack aligned in the x-direction,J is defined as:-

(Wdy = T 3U  ds)

9x

(12)

z

where I is any path anticlockwise around the crack tip from the lowver
flank to the upper flank, W is the strain energy density, T and U are
surface tractions and displacements along the contour and S is the
arc length aroun& Z. For linear elasticity, J =G = K2/E in plane
stress. Its use has been extrapolated to deal with elastic/plastic
and fully yielded conditions.

Experimentally, J wvalues have been measured from non-linear
compliance measurements by determining the areas between load-deflection
curves for successively longer cracks to give fﬁ? (=J) where W is the
work done to a given deflection. J can also be calculated theoretically
by Finite Element Analysis. For a single test (3 point bend or compact

tension specimen) the J value may be calculated by:-

constant. &) (13)
B (w - a)

J =

where the constant equals 2 for post yield fracture behaviour and is
related to the geometry for other cases. W is the energy absorbed
(i.e. the area under the load/deflection curve), B and w are the specimen

thickness and width respectively and a is the crack length.
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Thus, the J-integral can be evaluated for a given specimen
and experiments in vhich the value of J at fracture was measured in two
specimen geometries designed to give markedly different stress states,
appeared to show that a constant Jic value characterised fracture
in both geometries (Bucci et al, (1972)). Landes and Begley (1974)
found that Jyc versus temperature showed good agreement with previous
Kic data. The measurement of ch is a newv testing technique and much
wvork remains to be done to establish fully the applicability of the
approach.

itk The Application of Fracture lMechanics

to Creep Crack Propagation.

The need for the extension of fracture mechanics concepts
to creep fracture is iﬁportant. Cracking may escape non-destructive
testing before service, particularly in weldments and further crack
grouth may occur in service. A problem often arising, therefore, is
the estimation of the growth rate of a defect or crack in the creep
range during service.

Little information existed previously in this area and
consequently over the last five years, considerable effort has been
devoted to the study of the factors affecting creep crack growth. As
data has become available from these investigations, it has become
apparent that various approaches are possible and that interpretation
can be affected by differences in material behaviour and in the testing
technique emploved in the laboratory. To enable precise analyses of
defect growth to be made, the applicability and limitations of the
various proposed approaches need to be knoun.

From a detailed examination of creep crack grouth at 565°¢C.

- . 1 - 1
in single edge notched tenslon specinens of auenched 2;Cr 1l o steel,



Siverns and Price (1970, 1973) obtained a correlation between crack
growth rate Cii) and stress intensity factor (K) such that the data

dt
were described by the equation:-

d
E% = DKS (14)

Where D and s are material and temperature dependent constants.

Several oth;r authors have found a similar equation to
apply and the various material and testing conditioms are summarised
in Table 3a. Most work was performed on only one specimen geometry
so it is not possible to decide whether the K correlation is
unarbiguous. Conclusions varied where results were presented for
tvo geometries.

Such a correlation appears to be untenable since time
dependent plastic strain can occur vhich will tend to relax the high
initial elastic stresses at the crack tip, making elastic theory
inapplicable, However, it was argued by the various authors that the
rate at which relaxation occurred would be dependent on the material
creep properties and the degree of constraint , so that where relatively
little plastic strain accompanied crack growth, the stress field
equations for a crack in an elastic body (i.e. equation. (4) ) may
provide a good approximate description of the stresses at the crack
tip.

To test the applicability of K to creep crack growth in the
aluminium alloy RR58, Kenyon et al (1973) used contoured double
cantilever beam (DCB) specimens which were designed to give a constant
K value over a wide range of crack lengths. They found that crack growth
between 100 and 200°C. occurred in three stages. In stage 1 despite

the constant K, decreasing crack growth rates were observed and in

stage 3, acceleration of the crack growth rates occurred. In stage 2,
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hovever, the growth rates were correlated with K as in equation
(14), the exponent value being 30, which is about the same as the

stress exponent in the secondary creep equation:-
€ = A ol (15)

where € is the secondary creep rate and A and n are material and
temperature dependent constants. It was suggested that stage 1 was
possibly due to stress redistribution. Soaking the specimens at
temperature prior to testing wvas found to significantly reduce the
primary stage possibly by alloving residual stresses to redistribute.
A similar observation of three stages in crack growth rate has been
observed by Soo (1974) in coarse grained solution treated 9Cr - 1Mo
steel at 525 to 550°c.

Another investigation of the correlation betwueen crack growth
rate and K was made by Pilkington et al (1974) vho also measured the
rate of crack opening displacement during the test. Desnite their
calculations showing that the initial nett section stress (i.e. the
stress on the uncracked ligament) applied to some of the specimens
would have caused considerable vielding, correlations of crack growth
rate and I vere attermpted. A linear relationship was obtained over
limited ranges of K values for each individual test, but it was not
possible to obtain a correlation from test to test. They suggested
that although a local K parameter may be valid, it ought to be related

to the rate of change of crack opening displacement rather than crack

grovth rate, to give an equation:-

d3

v =B KM (16)

vhere 6 is the cracl: opening displacement, and B and m are constants,

vith ra varving betuveen 5 and 30.

Harrison and Sandor (1971) have presented data obtained by
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Brothers (unpublished vorl:) for tests on 1 Cr-Mo-V steel at 538°C.
using centre cracked specimens. The authors correlated the crack
grovth data with both K and the nett section stress, and found that
the latter provided the better correlation, and linear elastic
fracture mechanics vas dismissed as inappropriate since creep
deformation was certain to have occurred.

Taira and Ohtani (1973) have also found a correlation
betwveen crack growth rate and nett section stress in circumferentially
notched bar and double edge notched specimensof 1 Cr-Mo-V steel.

Their equation was:-—

da b
at = N oyett (17)

vhere b is 3-8 and N depends upon specimen geometry, being smaller
for the bar specimens.

Siverns and Price (1970, 1973) found that the correlation
of cracl: grouvth rate with nett section stress wvas poor but the assymetric
nature of their specimens subjected the uncracked ligament to additional
stresses from bending moments. Thus a more refined analysis 1is
required before the validity of various stress criteria (other than K)
can be assessed in these tests.

Ellison and Valton (1973) have found that the growth
rates obtained from tests on single edge notched specimens of normal-
ised and tempered 1 Cr-lio-V steel at 565°(C. could not be correlated
vith K alone, but introduced a time function, o> vhere tp is the time
during vhich the cracl: propagates across the specimen. Their equation

for 1 Cr-ifo-V steel vas:-

da _ =20 0-93 , 7-46 (18)
i 4456 x 10 tf' K

They suggested that the K renresented the initial local



stress conditions and that the time component described the rate at
vhich the stress was relaxed due to the creep strain. However, they
did not attempt to correlate the grouth rates with any other function
despite acknowledging that K-distribution of stresses was inapplicable.
The linear elastic fracture mechanics approach (equation(1l4))
does not describe a critical displacement for crack initiation at high
temperature as has been observed in many tests (Haigh (1973) ). An
alternative approach has been suggested by Wells and McBride (1967)
namely that crack growth is controlled by local displacements at the
crack tip. This is very attractive in principal since it is easily
visualised as the deformation and fracture of a small tensile specimen
at the crack tip (Cottrell, (1961) ) and is a method that has been
used to describe unstable crack growth at low temperatures. In
addition, for a creep process, the accumulation of strain is an accepted
physical picture. Haigh (1973) considered this approach to be relevant
in controlling creep crack grouvth in 1 Cr-llo-V steel at 565°C, where
significant deformation accompanied craclk growth. He found the

following equation to be applicable:-

R TEC) 98 (19)
The three stages of crack grouth observed by Soo (1974) corresponded
to the stages of the creep curve also suggesting a relationship between
grouth rate and displacement rate.

The application of cracl opening displacement as the
controlling parameter for crack grouth requires data on cracked
specimen defornmation,hich is controlled by an equivalent stress

(Eving and Richards (1972)):-
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a = P

e (20)
i B
vhere Iy is the equivalent stress,

P is the applied load

B is the specimen thickness

W is the specimen width.
and m is the ratio of the load to cause vield in the cracked section
compared with that in the uncracked section. The value of m was
derived from an examination of the fully plastic slip line field
analysis. A major conceptual difficulty is to relate a completely
plastic analysis based on time independent yield with a time
dependent creep process.

Another criterion for creep crack propagation has been
suggested by Turner and Yebster (1974), Webster (1975) and Nikbin
and Vebster (1975), who suggested that growth wvas controlled by a
function of the J contour integral. Reanalysis of the results of

Kenyon et al (1973) on PR 58 and results from quenched Cr—Mo—-V steel

hol=—

tested at 565°C suggested that growth could be described by the

equation:—

da .
= iy o] (21)
at &

vhere J is the rate of doing work on the specimen. For a particular
geometry, J and K are related and so an apparent correlation with

K could be found. Similarly, when the stress exponent, n, in equation
(15) is large, J is proportional to the nett section stress and
correlation with this term would be expected. However, further
experiments are reau’red over a tsider range of testing conditions

to determine whether non-linear fractur2 mechanics concepts can be

extended to predict creep crack grovth.
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Neate and Siverns(1973) and Neate (1975), in an attempt
to rationalise the various approaches, have shown in tests on 2} Cr-Mo,
1 Cr-Mo-V and ] Cr-Mo-V steels of differing heat treatment to give
varying creep strengths and ductilities, that these properties are
of prime importance in determining the applicability of the various
fracture mechanics parameters. Other attempts have been made to
rationalise the criteria controlling creep cracking, some of which
are shown in Table 3b. This Table summarises the various criteria
which have been suggested for crack growth in } Cr-Mo-V and
1 Cr-Mo~V steels. It is apparent that in the approaches specified
above there can be difficulty in reconciling the various models
in terms of creep mechanisms. An important observation in this respect
is the inherent differences in ductility shown by creeping materials,
ashshoun by Neate and Siverns (1973) and Néate (1975). Siverns and
Price's original data were for a material of low ductility (less
than 1-2% under the particular test conditions), whereas the data of
Thornton, Robson and Haigh were for relatively ductile materials.
The fracture mode was also found to be different in the different tests
with transgranular cracking occurring in James' tests but Siverns and
Price found that intergranular cracking occurred in the quenched
2} Cr-Mo steel. These differences in mechanism imply differences in
the distribution and accummulation of creep damage in the various
materials. Hence, any theory presented for general application should
be able to account for intergranular failure and for the more ductile
transgranular crack growth mechanism.

Williams and Price (1974) have tried to rationalise the
various criteria. They considered the crack tip stress distribution

resulting from creep deformation and showed that the stress distribution
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was strongly affected by the value of the stress exponent in the
operative creep equation (i.e. n in equation (15) or p in the
equation €= RoP¢X), Barnby (1974) used an elastic analogy to
evaluate the crack tip stress distribution and has also arrived at a
similar conclusion, showing that the larger the exponent, the less
vas the resulting stress gradient. Uilliams and Price showed that
for p=1, the distribution was identical to the linear elastic stress
distribution, and for p = 0, was identical to the fully plastic
stress distribution. Thus the model covers the values of p from
purely elastic to purely plastic stress distributions. A major
difficulty is to identify the deformation mode and stress index
relevant to particular test conditions and plant operation. To
overcome this difficulty, V/illiams and Price used a reference stress,
defined as that stress which when applied to a uniaxial specimen

vill give the same displacement rate. They suggested that for high
values of n or p, i.e. greater than 5, the effect of the stress
concentration is minimised and the refefence stress should be used to
describe the behaviour of components containing cracks. The reference
stress becomes identical to the equivalent stress used by Haigh when
p=0 . Forp < 5, K is suggested as a suitable criterion. Thus,
from a knowledge of the stress index, Williams and Price suggested
that either the reference stress or K should be the controlling
criteria. It can be inferred that there should be differences in the
nicrostructural aspects of creep deformation and crack growth depending
upon vhether K or the reference stress is controlling failure. In the
former, since the relaxed stresses in the vicinity of the crack tip
remain high and decrease rapidly vith distance, the creep damage vill
be confined to this region. Hovever, shen the residual stress

concentration is low and more widely s»read across the uncracked ligament,

¥}
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the creep damage will also be less localised. The concept of a
damage front spreading ahead of a crack in a creep ductile material
is used by Goodall and Chubb (1974). They assumed failure occurred
vhen a damage front, followed some way behind by the actual macro-
scopic crack, had propagated across a structure. Since they used
finite element analysis, it should be possible to carry out these
calculations for any stress index, but in practise the procedure

is extremely expensive and time consuming.
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2.5. Microscopic Aspects of Creep Fracture.

The preceding section has largely neglected the detailed
microscopic mechanisms operating at the tip of the macroscopic crack.
Whilst observations have been made on the fracture mode, i.e. inter—
granular, transgranular or mixed, little effort has been made to link
the micro-structural mechanistic work that exists from plain specimen
tests to the processes operating at the crack tip. The considerations
of stress distribution ahead of the tip have pointed to the extent of
localisation of the crack tip fracture processes and to the occurrence
of a damage zone ahead of the crack.

Williams (1973) has shown in ductile A.I.S.I. 316
stainless steel that a region of microscopic creep cracking extending
over several grains occurred at the root of the notch before macro-
scopic crack growth occurred. Haigh (1974) has found extensive damage
distributed over a region of similar size to the notch diameter in
normalised and tempered } Cr-Mo-V steel. In contrast, Soo (1974) found
in coarse grained (> 125 um) 9 Cr-lfo steel that intergranular
cavitation wvas confined to a region approximately 20 um vide, and
King (1975) found that damage was very localised in brittle heat
affected zone simulated §} Cr-Mo-V steel, extending only about one grain
diameter in front of the crack.

Clearly the growth of macroscopic cracks is controlled
by microscopic rupture processes. Accordingly, the nucleaticen and
growth of the microscopic creep cracks ahead of the main crack is of
importance when considering creep crack propagation from a defect.

2. 5.1. The nucleation of microscopic creep cracks.

The nucleation and growth of these creep cavities
has been videly studied since their full significance in limiting

life under creep conditions was first realised by Greenvood (1952)
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although voids had been observed previously by Jenkins (1944).
Greenwood, Miller and Suiter (1954) observed rounded cavities located
mainly along grain boundaries oriented perpendicular to the applied
stress in specimens of copper that had been creep tested. The inter
cavity spacing decreased with decreasing temperature and was approx-—
imately equal to the spacing between slip bands. Greenwood et al
concluded that cracks were formed by the growth and linking of these
cavities and related cavity formation with the ductility winimum observed
at high temperature. Jenkins (1954) confirmed the observation of
Greenwood et al that the cavities formed preferentially on grain
boundaries oriented perpendicular to the stress axis.

Eborall (1954) suggested that viscous sliding could lead
to stress concentrations at obstacles, such as triple points (the line
along which 3 grains meet), in a manner proposed by Zener (1948).
McLean (1957) rejected this possibility ''because many cavities do not
start at grain corners.'" He added, however, that too few observations
had been made for definite conclusions to be drauvu. Accordingly,
McLean (1956 - 1957) conducted creep tests on Nimonic 80A over a wide
range of stresses and temperatures. At high temperature or low stress,
the rounded cavities were located preferentially on the grain boundaries
oriented normal to the stress axis, similar to the results of Greenwood,
et al (1954). At lower temperature and higher stress, the cracks
assumed a different morphology being wedge shaped vith the widest end
of the wedge at a triple - point junction between boundaries on whiéh
sliding had occurred. McLean termed these configurations B and A type
cracking, but since then "r" (for the rounded cavities) and "w'" (for
the wedge shaped cavities) have become the accepted designations.

The classic work on "w" tvpe cracking is by Chang and

GCrant (1956). Tig. 7 illustrates three forms of wedge crack that can

develop at triple points.
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(a)

(b)

FIG. 7 Schematic illustration of possibie means of forming

wedge cracks by grain boundary sliding.




The observation that the nature and location of the
cracks depended on temper%ture and stress suggested that basically
different processes were responsible for the two types. Since then,
rescarch has concentrated on uncovering the different mechanisms
believed to be responsible for the nucleation and growth of the two
types of cracks.

As mentioned previously, Zener (1948) proposed that if
grain boundary sliding was blocked at a triple point, a stress concen-
tration would be produced which could be hvdrostatic iq nature. This
hydrostatic stress would not be relaxed by dislocation movement and
could nucleate cracks. McLean (1957) tried to quantify this approach
using the stress concentration at the head of a single pile-up of
dislocations derived by Stroh (1954). To.nucleate a crack, the following

relationship must be achieved:-

12 ¥ G
B s . R

where T is the shear stress across the boundary Y is the specific
surface energy, G the shear modulus and L the length of sliding boundary.
Howvever, this equation relates to perfectly elastic bodies and thus
plastic creep deformation will introduce errors in the use of this
equation. Mclean shoved that the creep failure of limonic 80A

agreed with this approach.

Further work by Smith and Barnby (1967a)examined
the double pile - up model (Fig. 7(b) and derived the relationship

for nucleation in this case:—

S
T>¥%r A -v) L §29

vhere v is Poisson's ratio. These factors reduced the stress necessary

to nucleate a crack by about a factor of two for v = 0°33.,
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Weaver (1959-60) added to McLean's work with additional
studies on Nimonic 80A but with specimens in which the micrestructure
was varied.In specimens containing precipitate particles distributed
along grain boundaries, cracks developed between the particles and
rupture lives were shortened. In interpreting the results, Weaver
equated the grain-boundary length, L, in McLeans equation, with
the interparticle spacing and obtained a specific surface energy in
agreement with McLean's original estimate. lHowever, Eborall (1961)
argued that in this case the shear was blocked or supported at discrete
points rather than at an effectively infinite medium as in the case of
a triple point. Smith and Barnby (1967b) also considered the situation
and pointed out that because of the restriction of sliding by precipitate
particles, cracks may not be able to form until stresses high enough
to fraéture the particles were reached.

At the time he first observed the cavities, Greenwood
(1952) proposed that they arose from the condensation of vacancies
generated within the grains by plastic deformation. He assumed
homogeneous nucleation on the grain boundaries. Baluffiand Seigle
(1955) and Machlin (1956) argued that the vacancy supersaturation
obtained under creep conditions was not sufficient to cause homogeneous
nucleation. Therefore, discontinuities at the boundaries were required,
irrespective of the growth process. Baluffi and Seigle (1957)
suggested that impurity particles or deformation-induced nuclei were
possible sources of the cavities and cited some observations by
Reswick and Seigle (1955) that impurity particles enhanced cavitation
in alpha-brass. !McLean (1957) argued that nucleation probably occurred
on pre-existing sites, possibly holes, since cavities were also observed
to form readily in diffusion experiments (Kirkendall effect). Oliver

and Girifalco (1962) supported the existence of pre-existing nuclei,



but Garofalo (1965) argued that this was unlikely to be a2 general
conditicnothervise "r" type cavities would be observed at high as
well as at low stresses. Gifkins (1965) also dismissed this idea
since such nuclei had never been observed even though they should

be easily detectable. As a result of these arguments deformation-
induced mechanisms for the nucleation of cavities have been proposed.
Most of these involve grain boundary sliding and some irregularity
in the boundary that blocks the sliding.

Impurity particles or precipitates could provide effective
obstacles to sliding at which stress concentrations could be produced.
For crack nucleation to occur, the stress concentration must not be
relaxed by the formation of "folds" of plasticity in the grain (Chang
and Grant (1956) ). DMNucleation at grain boundary precipitates is
supported by the results of Weaver (1959-60) for Nimonic 80A. The
distribution of particles is crucial to the mechanism, The particles
must be spaced sufficiently wide to enable stresses to build up to
overcome the cohesion at the particle/matrix interface, but at the
same time, they must be present in a high enough concentration to
take the load off the triple points. Other work has shown the
association of cavities with impurity particles or precipitates, as
shovn in Fig. 8 (Kutumbarao & Rama Rao (1973); Greenwood (1969);
Wilson (1973); Rukweid (1972); Harris (1965); Venkiteswaran, Bright,
and Taplin (1973)). However, Gifkins (1965) has pointed out that such
an association may be fortuitous since when cavities have grown large
enough to be observed it is impossible to tell whether they actually
formed at the particle or simply nucleated elsewhere and grew until
they encountered it.

Sliding concentrates stress as any point where the boundary

deviates from a perfect plane. Gifkins (1956) and Chen and Machlin
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{1956) suggested that ledges or jogs in the grain boundary could
obstruct sliding and produce stress concentrations high enough to over-
come atomic cohesion and, upon further sliding, open into cavities
(Fig. 9). Chen and Machlin (1956) proposed that ledges were a

natural feature of grain boundaries, but Gifkins (1956) proposed that
ledges were formed where slip bands penetrated a grain boundary. Davies
and Wilshire (1961) extended this proposal by suggesting that slip-
produced ledges were not straight but were themselves stepped because
of intersection by dislocations from secondary slip systems. Further
sliding then produced a string of isolated cavities that eventually
linked vp to form a large crack. This explained the strings of
cavities often observed in materials that fail by cavitation.

Whilst the possibility of ledges forming on grain boundaries
is generally accepted, there is little direct experimental evidence to
support this. Indirect evidence was provided in the original observations
by Greenwood, Miller and Suiter (1952) that in their tests on copper,
the cavity spacing increased with increasing temperature and was about
equal to the slip band spacing. McLean (1963) used electron microscopy
to examine an iron creep specimen and observed an area of grain boundary
containing several ledges up to 100; high. Howeéer, he pointed out that
this was not a typical structure. Li (1963) referred to structures of
atomic dimensions which may be sites at which individual dislocations
have entered or left the boundary.

McLean (1963) and Harris (1965) pointed out that once the
cavity has nucleated, it must grow at a rate greater than the rate of
sintering. Harris concluded that for very small cavitities sintering
should predominate. This conclusion does not however consider the
stabilising effects that dissolved gases could have. Gittins (1967)
and llalker and Evans (1970) showed that dissolved gases do collect in

cavities and that the volume change introduced by creep deformation
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cannot be fully recovered by post-test annealing.

Nucleation of cavities is cleariy a difficult problem
to examine experimentally since very high resolution techniques are
required to cbserve the cavities at their earliest stage of existence.
Johannesson and Tholen (1972) have examined grain boundaries in copper
after creep deformation in a 1 MeV electron microscope. Cavities were
observed in the very early stages of formation and were always associated
with obstacles in the grain boundaries such as triple points or kinks.
They propcsed that the stress concentration at these obstacles resulted
from grain boundary sliding,and stress concentrations as high as 10°
were suggested. Another high voltage electron microscope study of
cavity nucleation in a copper base alloy by Fleck, Taplin and Beevers
(1975) also revealed the association of cavities with grain boundary
-obstacleé, in this case grain boundary particles. The particles were
not fractured and so the proposal of Rukweid (1972) that nucleation
occurred by the shearing of the particles by the movement of grain
boundary dislocations was inapplicable to this case. Harris (1965)
has proposed a mechanism for cavity nucleation at non-shearable
grain boundary particles when the stress concentration resulting from
grain boundary sliding is sufficient to cause matrix/particle separation.
Fleck et al (1975) suggested that a similar mechanism was operating
and proposed that dislocation pile-ups at the particles after a critical
amount of sliding caused a sufficient stress concentratioﬁ for nucleation.
The cavities observed in this study showed a polyhedral shape in the
early stage of fo.mation as has been observed by Johannesson and Tholen
(1972), Cane and Greemwood (1975) and Stiegler, Farrell, Loh and McCoy
(1967). This contrastswith the results of Dyson and co-workers (Dyson
and Henn (1973); Dyson (1973); Dyson and Podgers (1974)) vho observed
spherical cavities in Nimonic 80A using high voltage electron microscopy.

The material had been prestrained at room temperature and then creep
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tested at 75000. It suffered progressive loss of creep strength, life
and ductility as the amount of prestrain was increased. l!Metallography
revealed a concomitant increase in the number of spherical creep
cavities. It was found that simply by prestraining and then heating
for a short time at 750°C. was sufficient to produce many sub-micron
cavities. The cavities formed during annealing as a result of grain
boundary decohesion during prestrain. Thus; the nucleation mechanism
of these spherical cavities was different from those discussed
previously.

The recent application of high voltage and scanning
electron microscopy to the study of cavity nucleation has proved to be
fruitful. Clearly there remains a need for further evidence concerning
the nucleation mechanisms but the electron metallographic studies have
indicated that the critical cavity nucleus size for growth is comparable
with that anticipated theoretically (Greenwood, (1973) ).

2. 5.2, Microscopic creep crack growth

The mechanisms of crack growth have been the subject
of much debate. Cottrell (1961) considered the following possible
processes for crack grouth:=-

1) by spreading along the boundary, like a cleavage
crack, throﬁgh the breaking of atomic bonds by the concentrated stress
at its ends;

2) by changing wolume through elastic defo;mation, as
a result of changes in the applied stress or in the length of the
cavity;

3) by spreading along the boundary at constant
volume (apart from elastic deformation) through the migration of
atoms, mainly by surface diffusion, from the ends to the sides of the

cavity;

4) by spreading along the boundary, with changing
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volume, through the removal of atoms from the ends by atomic
migration along the boundary or into the grains.

Also variations in crack morphology have been observed
with the tendency to form wedge cracks diminishing at higher temper-
atures and lower stresses and rounded cavities developing on grain
boundaries oriented normal to the stress axis. These cavities show
no preference for triple points. The differences in shape and location
of these cracks, along with the different stress and temperature
regimes in whicﬁ they occur have lead to two different mechanisms of
growth to be postulated. TFor alng time, bitter struggles ensued
between supporters of the opposing vacancy controlled and grain
boundary sliding controlled mechanisms, but it has become increasingly
apparent over the years that conditions can be established to
favour one mechanism. For the general case, however, both mechanisms
can occur and the relative proportions of each depend upon material and

test conditions.

2. 5. 2.1, Diffusion - controlled growth of creep cavities

Greenwood (1952) originally suggested growth by vacancy
condensation and this mechanism has been widely examined both
theoretically and experimentally. Baluffi and Seigle (1955) first
considered the thermodynamic conditions for void growth in the presence
of a stress. They considered the case of a void on a grain boundary
oriented with the bbundary normal at some angle © to the stress axis.
They considered the changes in chemical potential associated with taking
an atom from the surface of the void and inserting it into the grain
boundary. The void is therefore enlarged increasing its surface area
and energy. The elastic strain energy in the specimen changes and
finally the specimen changes volume allcuing the applied stress to do
Baluffi and Seigle demonstrated that the strain energy term could

work.

be neglected in comparison with the surface energy term and showed
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Lo - # . : .
that the critical tensile stress, o , at vhich a cavity of radius, r,

will grow by accepting vacancies from the grain boundary is
* 2Y

G ~£f;;;gg s 1.e. voids of radius r will grow if the stress is greater
than ¢* and vill sinter if the stress is less than o*. This treatment
predicts a strong orientation dependence for cavity growth since the
critical stress is inversely proportional to cos? 0. Increasing
© from O to 60° increases the stress by a factor of 4. This provides
a rationalisation for the preferential appearance of r-type cavities
on boundaries perpendicular to the stress axis (6 = 0°9).

Hull and Rimmer (1959) extended the treatment of Baluffi
and Seigle to consider the kinetics of void growth by vacancy
condensation. They considered that growth could occur either by a
void accepting vacancies only in a narrow band intersecting the grain
boundary where transport would occur by grain boundary diffusion,
“or over its entire surface where transport would occur by bulk
diffusion. They demonstrated that for all reasonable sized voids,
the effect of the latter mechanism would be small. They then adopted
the simplified picture in which voids grew only by accepting vacancies
diffusing from the grain boundary in a narrow disc of thickness z
centred on the void. They also considered only boundaries oriented
normal to the stress axis, so that the chemical potential for vacancies
was - 2y § at the surface of the void and - 0 Q at a point
midway' between the voids, where Q is the volume of a vacancy. They
assumed that the gradient in chemical potential was linear between

these extremes and that surface diffusion allowed the voids teo maintain

a spherical shape. They derived an equation for the rate of growth

of a void,

dr _ Dgz o @

(24)
dt 2 KTnr .
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vhere Dg is the grain boundary diffusion coefficient, K is
Boltzmann's constant, T is the absolute temperature and n the

average spacing betveen voids. They also showed that if the specimens
wvere subjected to hydrostatic pressure during the test, the value of
the pressure must be subtracted from the stress.

Hull and Rimmer tested this model by performing creep
tests on copper wire vhich contained oxide inclusions. They verified
metallographically that grain boundary cavities grew and linked
together to form cracks. They were unable to find cavities in an
experiment in which a hydrostatic pressure equal to the uniaxial
stress was applied. They calculated that the activation energy for
the process was close to that for grain boundary diffusion.
Additionally they observed that the intercavity spacing decreased with
increasing stress, suggesting that cavity nucleation was stress
induced.

Speight and Harris (1967) modified the treatment by
using TFick's second lav to describe the vacancy concentration profile
around the void. Radial symmetry was assumed and the concentration
was set at zero at a point midway between the voids. The chemical
potentials used by Hull and Rimmer vere used to fix the vacancy
concentrations at the void surface and at the midpoint between voids.

The resultant equation was:-—

dr . zDgQ (o= 2v/y) ( 1 zn:) 25,
2 _ 2 = Tl
dt 21{Tr2s"(2: )_(n 2n24r )i | r n

The principal difference occurs at large void spacings or in the
early stages of void formation where equation (25) gives growth rates

appreciably larger than the Hull and Rimmer equation (equation 24) ).



Several modifications_have been proposed to these two
models. Dobes and Cadek (1970) criticised the assumptions of Speight
and Harris that the only flux of vacancies was along the grain
boundaries into the voids and that the rate of vacancy production is
constant. They described the vacancy concentration in the boundary
by considering the vacancy flux vithin the grains to the boundaries
(analagous to that in Habarro —Herring creep (1950, 1948) ) and their
equation for cavity grouth predicts faster rates than equations (24)
and (25) if the intercavity spacing is greater than 25 times the
void radius. Also, unlike the other two models, Dobes and Cadek
predicted the rate of cavity growth to be independent of intercavity
spacing for large void spacing. Veertman (1973) also suggested that
relatively widely spaced voids grow much more quickly than the Hull
and Rimmer theory suggests. Weertman also pointed out that Speight
and Harris had used an improper boundary condition in the derivation
of their equation. The corrected expression for the void growth
rate can be many orders of magnitude g;eater than the Hull and Rimmer
predicted values.

Another modification to the Hull and Rimmer theory is
by Vitovec (1972) who derived an expression for the rate of void
grouth taking into account the fact that the voids cause a reduction
in the load - bearing area and thus an increase in the nett stress.
This results in an increase in growth rate for large voids.

Recently, Speight and Beere (1975) have presented a
treatment of void grouth incorporating some physical concepts which
have been previously neglected, such as the fact that the rate of
vacancy production is equivalent to a corresponding rate of precipitation

of atoms which causes adjacent grains to move apart and sc increase
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the volume of each cavity. This factor is of particular importance
vhen the void size becomes comparable with the spacing. Fig. 10
compares the void growth rate/relative separation predicted by the
various models. The Speight and Beere curve differs slightly from

the Speight and Harris curve (by a factor of 2 at a relative spacing

ZE_ of 0*5). The Speight and Beere and lleertman curves are identical
for widely spaced voids %E < 0+2).

The transference of atoms from the surface of voids
to the normal grain boundary constitutes a creep mechanism and has
been studied theoretically by Harris, Tucker and Greenwood (1974).
Creep curves were generated and it was shown that both time and strain
to failure depend critically upon the initial void spacing. Also, the
conclusions of Vitovec were supported since it was shown that the
increase in nett stress as the cavities grow has a marked influence on
the derived creep curves. However, these authors assumed that no
further cavity nucleation occurred after time zero. kelton (1975) has,
therefore, developed the Harris et al model to allow for continuous
nucleation and found that for similar failure times, the elongation
was lower when voids were continuously nucleated. No allowance was
made for the nett stress increase in these calculations. The creep
model by Harris et al does not necessarily apply only to spherical
cavities but most models of cavity growth have assumed spherical
cavities on the assumption that surface diffusion is sufficiently
fast. Dobes (1973) and Spark(1969) suggested that this is not
necessarily correct and cavities may be unable to mimimise their
surface energy and thus may be ellipsoidal, as observed by Wingrove
and Taplin (1969); Steigler, Farrell, Loh and McCoy (1967). Ashby

and Raj (1975) also considered the shape of voids during growth.
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FI1G.10 Normalized void growth rate(iqt ,where K is
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(2):~ Hull and Rimmer ( 1959)
(3):- Speight and Harris [ 1967)
(4) :~ Weertman ( 1973)



The void shape is determined by the relative rates at which atoms
are drawn from the void and surface atoms redistributed, i.e. the
shape is determined by kinetics not by equilibrium considerations.
Considerable effort has gone into producing experimental
evidence to support the theoretical models discussed above.
Boettner and Robertson (1961) studied cavity formation in copper
by means of density measurements. They were unable to detect volume
changes in single crystals or in polycrystals made by recrystallising
single crystals. They also observed that specimen purify affected the
formation of cavities and that directional solidification reduced
volume changes to below their level of detection. They concluded
that grain boundaries or possibly grain boundary diffusion and some
form of nucleus were necessary conditiomns for cavity formation. They
found that cavities formed initially ncar the free surface and
argued that the free surface was the ultimate source of vacancies
diffusing into the cavities. The apparent activation energy for
cavity grouth was considerably less than that for bulk diffusion and
suggested that grain boundary diffusion controlled the process.
Ratcliffe and Greenwood (1965) performed a series of creep
experiments on magnesium in which the stress was changed at times
during the test by application of a hydrostatic pressure equal to
the stress. Negligible cavitation occurred if the pressure was
applied for the duration of the test. Creep rates were not influenced
by the pressure, but tertiary creep started earlier in the absence
of'pressure. The specimen tested under pressure necked to failure
while that tested vithout pressure failed intergranularly vith little
reduction in area. Density measurements showed that if the pressure
was applied during the test, cavity growth ceased, even when large

cavities were already present. In experiments in which the pressure
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was initially applied and then released, the change in density with
further strain parallelled the change for specimens tested without
pressure. Ratcliffe and Greenwood (1965) concluded that cavity growth
occurred solely by vacancy precipitation and that it was independent

of any shear deformation that occurred during creep (at least for their

test conditons). Illowever, the measured density changes were proportional
to (time) 2'5, which is significantly greater than the expected value

of 1'5 for growth from vacancy condensation on a constant number of
cavities. They concluded that nucleation of cavities occurred
continuously duriﬁg the test, Greenwood (1969) extended the argument

in the form of a model in which the cavity concentration was proportional
to strain, in both primary and secondary creep, and in which the growth
rate wvas constant (valid for wvidely spaced cavities growing by vacancy
condensation (Fig. 10) ). This gave a relationship in which the total
cavity volume was equal to the product of creep strain and time and
independent of the shape of the creep curve,

Ratcliffe and Greenwood (1965) found an approximately
linear relationship between the number of observable cavities and creep
strain (or time) as did Price (1966) in studies of oxygen-free silver.
Intrater and Machlin (1959) also found a nearly linear relationship
between cavity concentration and grain boundary sliding in copper
bicrystals.

However, Gittins (1967) found that the number of
cavities increased as (time)o'S, and Oliver and Girifalco (1962)
deduced that the number of cavities remained coustant during the test.
Greenwood (1969) and independently Uoodford (1969) showed that

Gittins (1967) data were consistent with a linear relationship between

the number of cavities and creep strain for both primary and secondary

creep. Dyson and lMcLean (1972) found in Nimonic 80A at 750°C that the
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number of cavities increased linearly with strain up to about 0«75
of the creep lifetime and suggested that this may be useful in
assessing the remaining lifetime of service components.

In nearly all the work, therefore, the cavity
concentration increased with increasing strain and it was concluded
that cavity nucleation occurred continuously during creep, presumably
as a result of some deformation process. However, Spark (1969)
and Evans and Vaddington (1969) considered continuous nucleation
to be unproven. ILvans and Vaddington pointed out that optical
metallography revealed only those cavities greater than about 1 um in
diameter. They showed that an approximately linear relationship
between the number of observable cavities and the creep strain could
be derived for the case of a fixed number of cavities, having sizes

-following a log-normal distribution growing at a uniform rate that
was proportional to the grain boundary sliding displacement.

Spark (1969) also considered that continuous nucleation
was unproven and developed a model to explain the experimental results
without assuming continuous nucleation. If the cavities are unable
to minimise their surface energy by surface diffusion, there is mno
direct relationship between the volume of a cavity and the area it
occupies on the grain boundary. Therefore, Spark postulated that
the volume increase might be due to grain boundary diffusion but the
increase in area of cavitated boundary is determined primarily by
strain.

Coutinuous nucleation of cavities was invoked by
Ratcliffe and Greenwood (1965) to explain their observation that in
creep, density decrease varied as (time)z's, whereas the Hull and Rimmer
model, with a constant number of cavities, gave a pover dependence

of 1.5. As was mentioned earlier, Ratcliffe and Greenwood favoured

growth by vacancy condensation because of their observation that
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application of hydrostatic pressure could suppress cavity growth.

If all the cavities vere nucleated at the beginning of creep life, the
discrepancy between measured and predicted growth rates was sufficiently
large to invalidate the agreement betveen the experimental results

and the theory.

Some other observations have shown that cavity growth
is more dependent on strain or strain rate than on time as would be
the case if growth were diffusion controlled. Davies, Davies and
Wilshire (1965) studied a series of nickel-cobalt alloys and found
that the product of rupture life and creep rate was a constant,
independent of cobalt content. In these specimens, fracture
occurred by the growth and linking of grain boundary cavities. Since
the stress necessary to produce a given creep rate increased
appreciably with increasing cobalt content, Davies et al concluded
that rupture life and hence the cavity growth rate were independent of
stress; a result incompatible with the Hull and Rimmer model. They
added that the growth of cavities was not simply diffusion controlled
but depended on other plastic deformation mechanisms, grain boundary
sliding or dislocation motion. However, they did not investigate
vhether there were any affects of alloying additions and stress on
cavity nucleation. Nevertheless, it does question the general validity
of the concept of diffusion-controlled growth and has led to the
development of an alternative approach based on deformation-controlled
growth,

2. 5. 2.2. Growth of Creep Cracks by deformation processes.

Williams (1967) experimentally determined
crack growth rates in a single phase aluminium - 2073 zinc alloy
as a function of stress and angle between the crack plane and
the stress axis. It was shown that for growth normal to the stress

axis, the growth rate wvas proportional to the opening rate of the
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wide part of the wedge crack which in turn was found to have an
approximately 1:1 correlation with the grain boundary sliding

offset resolved parallel to the wedge opening. The crack length
increased steadily as sliding occurred and the extent of stable crack
grovth was controlled by metallurgical fecatures ahead of the crack
tip such that if the plastic ' zone of the crack is testricted, the
crack could become unstable and grov to the adjacent triple point.
Similar effects can be shown from the data of Soderberg (1969),

Waddington and Williams (1967) studied crack growth
and fracture in the single phase aluminium - 207 zinc alloy in the
presence of a hydrostatic pressure. Applicagion of a pressure equal
to the applied stress increased rupture lives and ductility and reduced
the crack demsity. Waddington and Williams argued that the hydrostatic
‘pressure aecreased the crack growfh raté. The reduced crack densities
vere believed to be due to a reduction in the number of cracks that
had groun to a visible size, not in the total number of cracks. They
argued that pressure reduced the normal stress at the tip of the crack
and thereby reduced the growth rate. They did not measure the effect
of hydrostatic pressure on grain boundary sliding. They interpreted
the occurrence of cracks in the pressurizgd specimens as evidence
that the cracks nucleated by sliding or shear processes rather than
by vacancy condensation.

Recently, Needham and Greenwood (1975) have.shown
evidence that grain boundary sliding was decreased by hydrostatic
pressure in tests on copper at 500°C. They confirred Waddington and
Williams' (1967) observation that pressure had no cffect in suppressing
cavitation but substantizlly reduced the total volume change that occurred
through the formaticn of cavities. They also found that applicatior

of a hydrostatic pressure increased the rupture lives and found that

failure time varied as (o - P)-a, wvhere o= tersile stress, end P=

hydrostatic pressure.
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Another approach to define differences in crack growth
mechanism has been the measurement of the angle between cracked
boundaries and the stress axis. If shear is the controlling process,
the distribution should peak at an angle of 45° and if vacancy
condensation is controlling, it should peak at 90°, However, from
the simple model p}oposed by Chang and Grant (1956) (Fig.7),it is
clear that varying orientations of cracked boundaries can be produced
by grain boundary sliding alone. TFor exarple, the optimum angle
will vary from about 70° (Fig 7 (a) ), about 90° (Fig. 7 (b) ) and
about 450 (Fig 7 (c¢) ) (Williams (1975) ).

Similarly, if the applied stresses are reduced, "r"
type cavities have been found to peak at 45° at the higher stresses
and at 90°in the lower stress regime, as might be expected (Gittins
and Williams (1967) ). The angular distribution of cavities has also
been studied by Rama Pao, Kutumba Rao and Pandey (1973) who found in
a Cr-Ni austenitic stainless steel, that there was a marked shift
in the peak from 90° to 45° as the grain size was decreased from
180 to 30um, suggesting increasing importance of grain boundary
sliding. In contrast, they found that the peak of the distribution
in Cr-Mn-N steel remained constant around 90° over the grain size
range 104 to 10um suggesting that the distribution in this steel
was predominantly governed by cavitation at precipitate/matrix
interfaces, since precipitation was a common feature of all specimens
irrespective of the grain size. The effect of grain size on cracking
has also been studied by Fleck, Beevers and Taplin (1975) in a copper-
based alloy. They found that decreasing the grain size increased
the contributién of grain boundary sliding to total deformation and
thus resulted in increased cavitation. They found that for grain

sizes of iess than 100um, failure occurred by void formation and
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subsequent interlinkage. TFor large grain size material, fracture
was controlled by the length of the longest crack such that
failure occurred when it reached a certain critical length.

Davies, Williams and Wilshire (1968) have studied
the orientation distribution of cracked boundaries and found that
it did not depend on creep rate over a strain rate range of nearly
three orders of magnitude. In all cases, the cavities werc located
preferentially on boundaries at 90° to the stress axis. By compressing
the specimens at the test temperature prior to creep testing, they
showed a large increase in the frequency of cavities on boundaries
at 45° to the stress axis. They interpreted this as additional
cavity nucleation that occurred at jogs cr ledges formed by the
compressive strain. Johanneson and Tholin (1969) found cavities
in copper and steel located preferentially on boundaries nearly
normal to the stress. However, cavity growth rates were much too
large to be explained by the Hull and Rimmer model, and they suggested
that deformation processes must play a prominent role in cavity
grovth.

Much work has been performed to try and clarify the
role played by deformation processes, mainly grain boundary sliding,
on the cavity growth process. Davies and Wilshire (1965) tested
nickel - 17 palladium and copper = 15% aluminium alloys to the
beginning of tertiary creep, reversed the direction for an equal
time, and then returned to tension until fracture occurred. The
specimens failed in the same time as they would have had the compressive
stage not occurred. Davies and Uilshire then argued that this
occurred because the cavities did not sinter under compression as
would be expected if the Ilull and Rimmer mechanism was operative, but

that growth had occurred by grain boundary sliding that could not
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be reversed. However, Cittins (1967) showed that gases may diffuse
into cavities to prevenf or retard their sintering.

Davies and Dutton (1966) performed a series of
experiments on changing the direction of stress in a copper - 15+4%
aluminium alloy in the sequence shown in Fig. 11. Initially, they
strained a specimen in tension to the tertiary creep stage in which
the grain boﬁnda;y sliding occurred as shown in TFig. 11(a). They
then cut a cube from the specimen and tested it in compression
(Fig. 11 (b) ). They.found that many of the cavities closed and much
of the density decrease was recovered. They then took a second cube
from the tensile specimen which they tested in compression, applying
‘the stress at 90° to the direction chosen previously. This preoduced
sliding as shown in Fig 11 (c), which was equivalent to the original
tensile condition. Continued cavity gr;wth was found, and they.
concluded that diffusional processes were uninportant and that under
these conditions only sliding contributed to cavity growth.

Taplin and Gifkins (1967) criticised this type of
experiment since void closure due to sintering could explain these
results. Cittins (1967) had also found that sintering can occur
on reversed stressing at room temperature. In response to these
corments, Davies and Williams (1969a) repeated the experiment with
copper and obtained essentially the same result. In addition, they
performed some compression tests at room terperature omn spécimens

.containing cavities and found essentially no shrinkage.

Davies and Williams (1969 b) argued strongly in
favour of cavity growth by grain boundary sliding by pointing out
that growth controlled by the diffusion of vacancies could not explain
the general observation that rupture life is inversely proportional
to secondary creep rate. They proposed a model for cguiLy formation_

based on dislocation motion and grain boundary sliding as shown
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FIG.1l Sequznce of stressing operations used by Davies and

Dutton {I966). Grain boundary is cdesignated X-X.




in Fig 12. In this model, slip dislocations entering a grain boundary
form jogs vhich are opened into cavities by sliding (Figs. 12(a) and
12(b)). Continued slip and sliding finally opens the cavity to the
form shown in Fig., 12 (e¢).

Applying Ishida and lMcLean's (1967) suggestion that
grain boundary sliding occurs by the glide and climb of slip dislocations
along a grain boundary, Davies and Williams proposed that vhen a
dislocation enters a cavity on a boundary, the component of the
Burger's vector normal to the boundary widens the cavity and the
component parallel to the boundary lengthens it. Surface diffusiqn of
atoms occurs simultaneously to attempt to change the shape of the
cavity to minimise surface energy. This model is only qualitative,
but it does have the advantage over the diffusion-controlled grouth
model of being able to explain the relationship between cavity size
and total creep strain.

Various problems arise in the use of metallographic
observations to allow distinction between the diffusion and deformation
controlled growth models. Optical microscopy techniques simply do
not have the resolution necessary to provide specific information on
the shaﬁes and locations of cavities. Transmission electron microscopy
suffers from the disadvantage that foils must be thinner than a few
tenths of a micron to obtain adequate transmission and any cavities must
be smaller than this to be contained within the foil. Taplin and
Barker (1966) devised a shadowgraphic technique in which thick, non-
transparent foils were examined. Large cavities within these thick
foils were often transparent to electrons and could be examined.
However, such cavities were usually exposed to the polishing sclution,
at least on one side, and may have been distorted and enlarged during

preparation of the electron microscopy specimens. In addition, Cocks
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and Taplin (1967) later shoved that the shape of a cavity examined by
this technique depended criticélly on its orientation to the electron
beam. They demonstrated that an apparently equiaxed cavity can appear
elongated with sharp ends if the foil is tilted through a relatively
small angle. The shadowgraphic technique is also limited by inability
to supply information on the structural features of the grains and
grain boundaries adjacent to the cavity.

Electron fractography offers the possibility of over—
coming many of these disadvantages. The techniques of fractography
and scanning electron microscopy have proved to be well suited to the
assessment of cavity shape, size and distribution, particularly if the
material is brittle at room temperature and below. Creep specimens
can then be broken open to expose cavities formed at elevated

- temperatures. This technique has been applied to the study of creep
cavities in various materials (Wingrove and Taplin (1969); Davies

and Villiams (1969); Stiegler, Farrell, Loh and McCoy (1967); Summerling
aud Hyam (1961); Cane and Greenwood (1975) ). However, the scanning
electron microscope is unable to reveal features of the lattice
structure that may be relevant to cavity nucleation. It is in this

area that the 1 lMeV transmission electron microscope is of use.

The fractographic studies show that in general, creep
cavities seen to be equiaxed and polyhedral in materials tested at
elevated temperatures and low stresses, and flat and irregularly
or dendritically shaped at lower temperatures or higher stresses.

The mechanisms proposed to account for the nucleation
and growth of r— and w-type cracks have evolved independently of one
another, so that when combined to give an overall picture cf the
fracture process, they contain a number of inconsistencies. For
example, both r - and v - type cracks are generally believed to

originate from stress concentrations produced by grain boundary sliding.
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Vlhy they are observed at triple points at higher stresses and on
two—grain interfaces is not clear. If jogs and other irregularities
are able to nucleate cavities in specimens tested at low stresses, why
are these sites apparently ineffective at high stresses?

It is apparent from the literature that no single
mechanism is applicable to all creep cracking. Indeed, the work
discussed here suggests that several mechanisms may operate and each

may become dominant at different stages of the creep life.

2.6 The Effect of Nuclear Reactor Environment on Creep Rupture.

2.6. 1 Irradiation Embrittlement.

It has been videly observed that neutron irradiation
causes high temperature embrittlement of various metals. Amongst
these are austenitic steels and nickel-based alloys and because of
their technological importance, considerable research has been under-
taken to establish the mechanisms of embrittlement and thus to show
how the irradiation effects the microscopic fracture processes for
unirradiated materials discussed in section 2.5.

The magnitude of the high temperature embrittlement
has been found to be sensitive to alloy composition and structure, test
terperature, strain rate, and irradiation conditions (for instance,
Harries (1966); Bloom (1972); Steigler and Weir (1967); Holmes, Lovell
and Fish (1973); and Waddington and Lofthouse (1967) ).

Metallographic examination of jrradiated materials
strained at high terperature shows that intergranular fracture occurs
and the crackshave similar morphologies to those in unirradiated
materials. For example, at lover terperature and higher stresses,

wedge cracks are formed and at higher temperatures and lover stresses,
>

cavitation IJs observed. Dloom (1972) has divided the deformation and

fracture behaviour of austenitic steels into 3 regions of irradiation



and testtemperature (Fig. 13). For lover irradiation temperatures,
Region I, metallogranhic examination of failed specimens shousthat the
cracks near the fracture extend over several grain facets. Creep
curves of 316 stainless steel irradiated to high fast neutron doses
in this region exhibit little or no tértiary creep suggesting very
rapid crack growth. In region II, the ductility is greater and
significant tertiary creep occurs. The cracks are wedge shaped and
extend over about one grain facet. In Region III, above about 650°C,
little tertiary is observed and extensive cavitation is observed on
nearly all grain boundaries which are perpendicular to the stress
axis.

Harries (1966) showed that thermal neutrons can be
responsible for the detrimental effects of irradiation on the high
. temperature properties by a transmutation reaction with the boron
in the steel. Natural boron contains about 18-8% of the boron - 10
isotope, the remainder being boron - 11. The reaction between the

boron - 10 and the thermal neutrons produces helium and iithium:-

7
Bl0 + nl -+ He4 + _Li (26)

5 o 2 3
This production of helium by irradiating with neutrons is an example
of an (n,a) reaction.
Martin,Weir, lMcDonaldand Franklin (1965) showed that at
very low concentrations of boron in 304 stainless steel, the contribution
of helium from (n,a) reactions between fast neutrons and Fe, Ni and
other constituents of the alloy was also important. The most important

of these fast neutron (n,a) reactions is the two stage reaction

-starting from nickel:— (Birss and Ellis (1971)
.58 1 N.59 " .
28N1 + .0 > S ¥ (27a)
1 4 .
w2+ a0 o+  meo + He (27b)
28 (o] 26 2
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FIG 13 Variation in fracture mode in anneuled austenitic stainless steels

with irrodiation and test temperaturel( from Bloom [(19721))



The helium produced has a very low solubility in the
metal lattice (estimated to be less than 10~2 at 700°¢C and 1 atmosphere
pressure (Steigler and Weir (1967)) and precipitates to form bubbles,
The distribution of the helium produced by thermal neutrons is largely
determined Ly the distribution of the boron,since the helium recoil
range is about 2 um. Boron segregation to grain boundaries is
frequently cbserved (for instance William, Harries and Furnival (1972),
Elen, Van Vitzenburg, de Vries and Glas (1972))and thus greater
numbers of helium bubbles are observed at the grain boundaries. This
increased concentration also results from the migration of bubbles from
the matrix into the grain boundary. In the absence of a driving force,
the bubbles will migrate randomly until they reach obstacles or collide
with other bubbles, coalescing to form bubbles too large to diffuse
further. At low helium concentrations, the collisions will be rare
so that the bubbles may reach the grain boundaries where they will
be held because of a reduction in the total energy. Any subsequent
movement will be confined to the plane of the grain boundary where
the probability of bubbles colliding is greater and further growth
occurs by coalescence or absorption of additional helium atoms.
Generally, helium bubbles are subjected to driving forces provided
by stress and temperature gradients. Harries (1966) showed that if
migration occurred by surface diffusion then very small bubbles would
move rapidly under the action of the driving force, but the bubbles
would virtually cease to move as they became larger.

In the early stages of bubble growth, the bubble
radius, r,, 1s regulated by the equilibrium between internal pressure,
Py, and the surface tensibn, Y. In the absence of a stress, removal

of an atem from the surface of a bubble increases the surface encrgy,
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(ro ) Qyvhere Q is the atomic volume, and does worl:, Py

2, in expanding
the gas. Equilibrium exists vhen these terms are equal:-

2
P, ==L (28)
[+]

For bubbles situated on grain boundaries perpendicular
to the stress, ¢, additional work, o 2, is done in transferring an atom
from the bubble to the grain boundary. The equilibrium condition

becomes:—

21

(o + B) ==

(29)

vhere P < Py and r > Io. Assuming ideal gas behaviour, Hyam and Sumner
(1962) showed that the stress in equilibrium with a bubble of radius

r is given by:-
2y LoD
U:;—[l—(;_:—)] (30)

This function has a maximum at a critical stress,
Ocs €qual to 0°77 (EE_). If the applied stress is below this value,
the bubble will grow to a new equilibrium radius. If the stress is
maintained above o,, the bubble will continue to grow, unable to
attain equilibrium,with the growth rate controlled by vacancy diffusion.

The presence of these grain boundary helium bubbles
will clearly have a marked effect upon the nucleation and growth of
grain boundary cracks. The different crack morphologies found in
irradiated stainless steel suggest that different mechanisms are
operating under different conditions of stress and temperature, in a
similar way to those discussed for unirradiated material.

Bloom and Steigler (1970) suggested that embrittlement
at high temperature can result from stress-induced growth of grain
boundary helium bubbles which subsequently interlink to cause failua,
They suggested that the cavity nuclei are the grain boundary helium
bubbles and growth occurs by vacancy condensation. They modified

- = 53 =



the Speight and larris equation (equation (25) ) to account for the

internal helium gas pressure to give:-

dr z Dg Q (U+P-.gl) 1 _ 4
— r r T']2
2 2 (31)
n\ 0=
dt 2KTr ln(z._ s
ol
b Ay

By inserting suitable numerical values into this
equation, Bloom and Steigler found that the growth rates were sufficiently
fast to account for the cavities observed on the grain boundaries,
despite the short-comings of the Speight and Harris equation discussed
previously,

Steigler and Weir (1967) and Reiff (1972) have considered
the growth of wedge cracks and suggested that the cracks can be easily
nucleated by inhomogeneous bubble distributions particularly chaias
of bubbles along triple points. These wedge cracks will be filled with
gas (Reiff (1972)). Such cracks can grow in the same mcaner as in
unirradiated material. Thus the effect of the bubbles is simply to
nucleate the cracks with little prior strain or increase the rate of
propagation by expansion of sub-critical size bubbles by the stress
concentration ahead of the crack. Thérefore, it appears likely that
gas bubbles enhance both the nucleation and growth of cracks.

Bloom (1972) applied these mechanisms to explain
the various crack morphologies in Regions I, II and III of Fig. 13.

In Region I, the temperature is sufficiently low for the point defects
produced by fast neutrons to persist. The matrix flow stress is increased
and results in deformation being localised at grain boundaries that

because of helium embrittlement are less able to withstand shear than

before irradiation. Thus, the embrittlement is more severe than if the

helium embrittlement had occurred alone. Under these conditions, cracks

grov in a stable manner along several grain facets until they reach
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a critical size. Then unstable propagation along grain boundaries
leads to rapid failure. The mechanism of stable growth is not clearly
understood. Bloom (1972) suggests that the crack tip stress concentration
may cause enhanced cavity growth compared with cavities on uncracked
boundaries.

With increasing irradiation temperature (Regioﬁ 1),
the matrix ha:dening decreases and wedge type cracking is observed.
This is caused by helium embrittlement alone.

Region 1II results from the stress-induced growth of
grain boundary helium bubbles,

The conclusions of Bloom (1972) and alsc Bloom and
Weir (1968) were based on fast neutron irradiation of 316 stainless
steel to a dose of 1 - 3 x 1022 n/cmz. ﬁolmes, Lovell and Fish(1973)
have arrived at similar mechanisms of intergranular fracture but they
considered a wider range of dose (i.e. 2 x 1021 - 7 x 1022 n/cm?).
Fig. 14 shous a schematic representation of the various mechanisms
operating as a function of temperature and neutron dose. It can be
seen that this figure extends the work of Bloom and shows that the
operative mechanisms are also neutron dose dependant. For example,
at 650°C. significant ductility loss occurs at fast neutron doses of
less than 5 x 1021 n/cm?. This dose is sufficiently low that no
appreciable matrix hardening has occurred. Therefore, this early
ductility loss is attributed to helium embrittlement alone. However,
for doses beyond about 2 x 1022 n/cm2 sufficient matrix hardening
develops to amplify the helium embrittlement. Since no low dose
ductility loss was found at 540°C., matrix hardening probably
dominates failure at all doses at this temperature. At 760°C.,

helium erbrittlement alone controls the ductility loss since no

irradiation hardening occurs.
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lustration removed for copyright restrictions

FIG, 14 Various embrittiement processes in AISI type 316

stainless steel as a function of temperature and neutron dose.

(from Holmes, Lovell and Fish(1973) )



Kangilaski, Perrin and Wullaert (1969) have suggested
an alternative mechanism for embrittlement in type 347 stainless
steel, irradiated to 2-1 x 1022 n/cmz. They observed that after long-
term irradiation, transmutation reactions had produced significant
amounts of copper, vanadium and zinc whilst the manganese content had
fallen. They suggested that the embrittlement was caused by segregation
of these products to the grain boundaries preventing grain boundary
migration.' Helium bubbles at the grain boundaries were not thought
to be the main cause of embrittlement. However, the importance and exact
role of solid transmutation products in other steels after differing
irradiation conditions is still uncertain.

The extensive study of irradiation embrittlement
mechanisms has resulted in methods being proposed to reduce or even
prevent the embrittlement. Martin and Weir (1967) showed that post-
irradiation ductilities can be increased by reducing the boron content
from a few parts per million to O-1 ppm. However, for fast reactor
applications this would be of little use due to the production of
helium by other (n, a) reactions.

Another method of reducing the boron available for
transmutation is to form stable borides within the matrix by the
addition of Group 1VA elements (Titanium, Zirconium Hafnium) to the
steel (Bloom and Weir (1972) ).

Other suggestions (summarised by Harries (1966)) include
retention of the helium bubbles within the grains by producing stable
intragranular precipitates with suitable.interfacial energies to trap
helium bubbles. McLean (1957) has shoun that the stress necessary to
produce an intergranular crack is proportional to ( 2yg - th) where
Ys is the surface energy and Yeb is the grain boundary energy. Thus,
the addition or removal of elements to alter yg or Ygb such that

the nett effect is an increase in (2yg - ng) would make grain toundary

_56_



1

fracture more difficult., It has been suggested by Kramer, Garr,
Rhodes and Pard (1972) that a grain boundary heavily decorated with
precipitates is unable to slide and hence the nucleation and growth
of creep cracks is impaired. Harris (1973) has shown that the presence
of intergranular precipitates prevented the boundary from acting as a
vacancy source, thereby inhibiting void growth, and this may be the
dominant effect of the grain boundary precipitates. The presence

of these precipitates could act as pegs in the boundary preventing
void growth by vacancy condensation and the concomitant plating out
of atoms along the boundary. Harris (1975) has developed this idea
and has proposed a model enabling an estimate to be made of the size
and distribution of precipitates necessary to inhibit the growth of

gas bubbles and thus prevent them from developing into creep cavities.
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2« 6. 2. Fission product attack.

Although irradiation effects and cladding/coolant compatibility
have been studied extensively, the additional effect of chemical inter-
action between fission products and cladding on cladding integrity
has received much less attention. Post-irradiation examination of
fuel pins from a number of reactor systems has revealed the formation
of reaction products at the inner clad surface and intergranular
penetration extending from the inner clad surface (e.g. Johnson,
Crouthamel, Chen and Blackburn (1969); Garlick (1971); Hilton and
Robins (1973); Batey and Bagley (1974) ). The principal reactive
fission products have been identified as caesium or its precursor
iodine, tellurium and molybdenum (Johnson and Crouthamel (1970) ).

A comprehensive review of fuel/clad reactions has recently been made
by Robins (1974).

The effect of iodine vapour on the fracture behaviour
of unirradiated zirconium alloys has been studied by Rosenbaum (1966),
Garlick and Wolfenden (1971), Garlick (1973), Wood (1973, 1974) who
found that the alloys were susceptible to embrittlement at elevated
temperatures (up to 300°C.) by transgranular stress corrosion cracking.
Cox and Wood (1975) summarised the available evidence and showed that
cold work and irradiation hardening increased the susceptibility to
stress corrosion cracking but other factors such as surface oxide
conditions, crystallographic texture, and residual stress could also
have appreciable effects.

The effect of iodine and tellurium on the creep rupture
properties of unirradiated 20/25/Nb stainless steel at 750°C. was
investigated by Lobb and Jones (1973). They found that both iodine
and telluirium vapours promoted surface nucleated intergranular cracking
which significantly reduced the specimen rupture life and strain to

failure compared with tests in vacuum. However, a stress corrosion
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mechanism was not thought to be operative in this case. Lobb and Jones
attributed the embrittlement to a selective corrosion process forming
small surface grain boundary cracks in all parts of the creep specimens.
In the stressed gauge length, these cracks propagate@ into the specimen
reducing the cross—sectional area. Final failure occurred when the load
bearing area had reduced and the stress had increased to the level for
rapid shear. The mode of selective attack suggested by Lobb and Jones
involved iodide formation (Fe Iy, Ni I, and Cr I). The accompanying
compositional and structural changes in the metal beneath the scale
could produce enhanced intergranular penetration.

Ring, Busboon and Spalaris (1972) have performed short term
tube burst tests on several irradiated 316 and 304L stainless steel
fuel pins which had suffered from intergranular attack from fission

-products. The results indicated that although ductility is sharply
reduced due to the intergranular attack, rupture strength properties
were higher than anticipated using a calculation allowing for the -
reduction in wall thickness due to the intergranular attack. However,
these tests were performed in the absence of fission products and were
of short duration so that any time dependent corrosion processes would
not be observed.

There is a clear need for further investigation of the
effect of fission products attack on the mechanical properties of

austenitic steels.
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CHAPTER 3.

EXPERIMENTAL
3.1 Specimen Preparations
3. 1.1 Materials and Heat Treatment,

Tests were performed on the stainless steels shown
in Table 4, which also shows their compositions.

The type 316 stainless steel was initially 207 cold
worked and was in the form of 50 mm x 0*74 mm strip. Specimens were
either punched or machined from the strip to the dimensions given in
section 3. 1.2. The M316 steel specimens were punched from 05 mm thick
204 cold worked strip supplied by the United Kingdom Atomic Energy
Authority from P.F.R. stock. The 20Cr/25Ni/Nb steel specimens were
produced from C.A.G.R. plain drawn cladding tubes of 15:84 mm outside
diameter and 0:67 mm wall thickness. The tubes were split longitudinally
and each semicircular segment was rolled flat to produce 0¢67 mnm thick
strip. The specimens were then punched from the strip.

The specimens werc deburred, some were notched as
described in section 3. 1.2, degreased and sealed in silica capsules
evacuated to better than 0°013 ubar. The heat treatments given

to the specimens were according to Table 5:-

Table 5.
Steel Heat Treatment Linear Intercept }
Grain Size.
A.I.S.I. type Solution treatment 33 um
316 stainless (1 hr. at 1050°C)
steel. Air cool
M316 Stainless Solution treatment 38 um
Steel (1 hr. at 1050°C)
Air cool
20Cr/25Ni /tib Primary Recrystall- 17 ym(Batch 1)
Stainless isation (930°C for
—_— 17 ym(Batch 2
Steel 1 hr.) pum( )
Water quench.
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Temperature was controlled to + 1°C. of the values
shown in Table 5. Also shown are the mean linear intercept grain
sizes resulting from the heat treatments. The silica capsule
containing the 20Cr/25Ni/Nb steel specimens shattered on entering
the water, but the capsules contaiﬂing the other specimens had to be

broken after cooling.

3. La2; Specimen Dimensions

Most of the specimens tested were shaped like the
strip tensile specimen shovn in Fig. 15. The actual specimen sizes are
given in Table -6.

The large tvpe 316 steel specimens were milled from
the strip whilst all the others were punched. Some of the specimens
had notches machined into them using a circular slitting saw, 0+1 mm
thick. The resulting notches had u-shaped roots and were about
0+14 mm wide with lengths depending upon the size of specimen, but
in the range 008 to 0-14 Ci%),where a, = length of the starter
notch, W = specimen width (dimension F in TFig. 15). The specimens
wvere either single or double edge notched with a maximum variation
in notch length for a given specimen size of 0:013 mm.

Some large notched cenfre hole specimens were also
milled from the 316 strip, the dimensions of which are given ir
Fig. 16. The centre notches were introduced by spark machining
and were the same width and had similar notch roots to the machined
defects. One specimen vas made with the central hole 12°75 mm.
diameter and with starter notches of 1 mm.

Some specimens, 10 mm wide x 0°74 mm thick and 150 mm
long, were also milled from the 316 stainless steel strip and double
edge notches, 0+7 rm deep, were cut in the middle of the specimen.

A large head vwas not required for these specinmens since they were
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FIG |6  Dimensions(in mm.) of notched centre hole specimens,




Material A B C D E F
A I.5.I, type 76 39 25 19 8 6-3
316 steel 178 76+4 50 44 12.5 [15-9
M 316 53-3 25 |(20-3 |11-5 4+8 4.2
20Cr/25N1 /Nb 76 39 25 19 8 63
steel
TABLE 6. Actual Dimensions (mm) of specimens

(Small specimen)

(large specimen)



to be gripped over a large area by wedge-type grips, rather than be
pin loaded like the other specimens.' The specimens were polished to
a 6 um diamond finish and parallel lines (approximately 0+1 mm apart)
were then scribed across the surface in the region of the notches
using a vernier marking gauge. |

3.2, Creep Rupture Testing

Prior to testing, the specimen dimensions were
measured using a travelling microscope and the specimen thickness was
obtained from several measurements using a micrometer.

Tour types of creep rig were used for the tests
depending upon the testing environment.

Constant load cantilever beam Denison rigs were used
for air tests. Displacement measurements were obtained from changes
-in the position of the beam using dial gauges which were calibrated
to show the movement along the line of the specimen rather than the
amplified deflections of the beam. The specimen extensions were
measured with a sensitivity of 2+5 um. No éorrections were made for
changes in specimen compliance as cracks propagated from the notches
because this was a negligible source of error. The temperature was
controlled to within + 1°C. of the required temperature using a
Eurothern controller and by having the control thermocouple close
to the furnace windings. A second thermocouple was always positioned
beside the specimen and the output from this thermocouple'was recorded
continuously. The input to each of the 3 furnace windings could be
controlled to give a constant temperature zome about 25.mm long in
the middle of the furnace. Generally, the specimens were heated to
the test temperature in about one hour and were then left for about
three hours for the temperature to equilibrate. The load was then
applied as quickly as possible (in less than 30 secoqu) and the test

was defined as starting once the desired load was attained.
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Tor other environments (e.g. vacuum, Iodine vapour),
the rigs were of a different design with the constant load applied
directly to the bottom stainless steel pull rod and with the specimen
and pull rods enclosed by a silica tube (Fig. 17(a) shows the rig
used for vacuum tests). The bottom.pull rod, connecting the specimen
and the weights, emerged from the silica tube through a double "@"
ring sliding seal. Displacement of the bottom pull rod was monitored
continuously using linear variable differential transformer (LVDT)
transducers connected to a data logger. For iodine vapour environments,
the silica tube was evacuated by rotary and diffusion pumps to better
than 0-13 pbar. The pumps were then isolated and the tap connecting
the side—arm of the silica tube was opened to introduce iodine vapour
(Fig.17(b) ). The start of the test was defined as the time when this
operation was completed. For vacuum tests, the pressure was measured
at the top of the silica tube (the point furthest from the specimen
and diffusion pump) during the tests was about 0°03 ubar. Loading
of these rigs was achieved by using a hydraulic jack to support the
weight whilst the specimen was being heated up and then the jack was
slowly lowered until the weights were supported by the specimen.

For tests in vacuum on irradiated specimens, a very
similar rig was used but a stainless steel tube replaced the silica
tube and the rig was surrounded by 75 mm thick lead bricks. No
problems with radioactive contamination were encountered during these
tests.

The fourth type of rig used was 4 modified Hounsfield
tensometer giving constant cross—head displacement rates. Fig. 18
shows a view of the apparatus with a vacuum chamber located in the
modified HMounsfield tensometer, surmounted by a microscope and cine
camera vhich were positioned above a viewing window in the vacuum

chamber. The vacuum chamber incorporated water jackets around the
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FIG 18 Modified Hounsfield Tensometer




"0" ring locations and bonded inserts in the wall, to provide

insulated, vacuum tight seals around the furnace and thermocouple

leads. The viéwing vindow was made from optically flat silica.

The furnace consisted of a fused alumina cylinder with a circular

vieving port wound with 87/13 platinumrhodium wire and surrounded by
tantalum heat shields. Heating and cooling were rapid and the temperature
variation over a 25 mm gauge length was less than 5°C.at 750°C. in

vacu9 despite the unheated opening over part of the specimen.

A standard Zeiss microscope was inverted on its stand
so that the base of the support column could be mounted on the under-
side of the table straddling the vacuum chamber (Fig. 18). The
microscope could be moveé relative to the frame of the table and
therefore to the specimen by slides moving at right angles to one
another, A long focus .objective lens was used.A Vinten Mark III
16 mm. scientific cine camera was used vhich can be automatically
controlled to give single shotsat preset intervals.

Various constant cross—head displacement rates were
produced by an electric motor driving through a series of gears. In
the other rigs, the specimens were pin loaded but wedge-type grips

were used in the modified Hounsfield tensometer.

I lMeasurement of Creep Crack growth rates.

3. 3.1.. D.C. Potential Drop Method.

A Initially the technique used to monitor crack growth

in specimens in air was the D.C. potential drop method (Gilbey and
Pearson (1966)). The method involves passing a constant direct electric
current through a notched specimen of rectangular cross-section and
comparing the potential measured between points either side of the
notch (Va) with the potential over unit length of uncracked material
(Vo) (Fig.19). For a given specimen geometry, as the crack grous

the cross-section of the specimen is reduced and its resistance
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increases causing an increase in V,. V, is measured by spot welding
wires either side of the notch at positions (x + y) in Fig. 19.

The initial value of Vj is determined by the exact positioning of the
leads. The V4 leads are spot welded along the centre line of the
specimen well avay from the notch. The current is introduced into the
specimen by spot welding strip contacts to the specimen at either

end of the gauge length. If V; is monitored throughout the test, the
growth of the crack can be ascertained firom suitable calibration
curves relating potential increase to crack length. Gilbey and
Pearson (1966) have produced calibration curves of C%%w) versus

(%), where W = specimen width and a = crack length, for single edge
notched specimens and, by symmetry, in centre notched plate
specimens, for differing positions of the V, potential leads

(i.e. different x and y co-ordinates in Fig. 19).

For the notched centre hole specimens tested here, it
was necessary to generate new calibration curves, This was done by
making full size specimens (as in Fig. 16) from aluminium foil glued
to cardboard for support. Probes to measure V, and V, were positioned
along the centre line of the specimen.

To monitor crack growth in the large single edge
notched and notched centre hole specimens of type 316 steel, the potential
leads were 0°35 mm nichrome wire enclosed in alumina beads. The
thermal E.!.F.'s generated between the mnichrome wire and the stainless
steel vere negligible. The current leads consisted of several 0+5 rm
diameter nickel wires twisted together and enclosed by alumina
insulators. A constant current of 10 amps was used in all tests and
the potential was measured with a sensitivity of 10 v,

Although the electrical notential method has the

advantage of being relatively cheap and of giving a continuous record,



there are a number of high temperature situations where its use is
either difficult or impossible, such as in neutron irradiated specimens
or specimens in closely controlled reactive environments such as liquid
sodium or corrosive vapours. Therefore, the Notch Region Extension

Method described below was developed primarily for these applications.

3. 3.2. The Notch Region Lxtension (NRE) Method.

For a single edge notched specimen in a tensile creep
rupture test, at the beginning of the test, time t,, the starter
notch has a width w, and a length a,, as shown in figure 20(a).
During the test, the notch strains open and at time t;i and notch
opening displacement wi, cracking initiates from the notch, figure
20 (b). At time tj, the creep crack length will be aj;. Clearly,
the extension in the notched region, as defined by the dotted lines in
figure 20 (c¢),is (%] + y1)-wo. As the crack length increases, the
fracture surface behind the crack tip remains effectively 'frozen'
into the shape it adopted when fracturing, so that for any crack
length, the corresponding notch region extension can be measured.

Any strain redistribution that occurs behind the crack tip is assumed
to be negligibly small for most materials, but in some very ductile
materials, where blunting of the crack tip occurs, some shape change
in the fracéure surface can occur.

Accordingly, after failure the fracture surfaces can
be measured relative to the dotted lines to produce a graph of crack
length versus notch region extension. Figure 20 (d) shows three such
sets of measurements. Also the measurement of (x5 + yo) gives the
notch opening displacewent for crack grovth,wj. The fracture angles
observed between the crack surfaces are thus an indication of the

notch region ductility.
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During the creep-rupture test, the overall specimen
extension can be measured as a function of time. To a good approxi—
mation the overall extension comprises the extension of the notched
region and the extension of the remainder of the specimen gauge
length. The notch region component can be found by the following
method.

After failure, the total extension of the specimen 1is
measured (AC in figure 21). The NRE at failure is measured as above
and thus the extension of the gauge length at failure can be found
(CB and BA respectively). The extension of the remainder of the
gauge length consists of primary and secondary creep components and
these may be found experimentally by performing creep tests on plain
specimens of the same material at the test temperature enabling curve
0B to be constructed.

By this means, the contribution to the overall extension
from the unnotched portion of the gauge length can be found and so
permits the evaluation of the shaded part of figure 21 which represents
the change in extension with time in the notched region. Accordingly,
the increase in creep crack length with time can now be estimated
since for a particular extension, the crack length and the time are
both known.

The time for crack initiation, t;, from the starter
notch can also beldetermined since the notch opening dispiacement

for crack initiation, w:, has been measured. Thus the time when the

19
notch region extension plus the initial notch width, w,, equals this
value is the time from crack initiation.

The discussion sa far has concerned idealized single

edge notched specimens. Howvever, as a crack propagates in such an

asymmetrical specimen, the uncracked ligament experiences an increasing
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bending moment and if the strength of the material is unable to
withstand this, the cracked region hinges open. The dotted lines in
figure 20 define the notch region for a single edge notched specimen
that has not deformed under the action of this bending moment. Clearly,
the hinging will cause the cracked specimen to rotate relative to
these dotted lines, so that fora particular crack length, the notch
region extension measured after the test 'will differ from that which
would have been measured had the test been interrupted at that crack
length., The error will be small for small rotations, as is the case
for high creep strength materials. However, for other materials it
is advisable to use a symmetrical specimen geometry, e.g. double edge
notched or centre notched, so that specimen hinging does not occur.

The variation in NRE with time, as shown by the shading
" -in figure 21, is obtained by the difference between the overall
_extension measured thoughout the test and the extension of the plain
part of the specimen calculated froﬁ plain specimen control tests,. |
The secondary creep rate found by the plain specimen control could
differ by up to a factor of three from the actual strain rate of the
plain part of the specimen. lowever, even without a plain specimen
control some idea of the extension of the plain part of the specimen
with time can be obtained. Clearly, the extension of the plain part
of the specimen at any time must be greater than line (1) in figure 22,
which represents £he case where all the observed primary ereep is from
notch region. The extension must also be less than line (3), which
represents the case vhere all the primary creep is due to the extension
of the plain part of the specimen, and no extension occurs in the
notched region until the end of primary creep. Thugt lines (1) and (3)

define lower and upper bounds to the extension of the plain part of the
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specimen with time. The extension derived from the plain specimen
controls must fit between these lines, and any that do not can be

rejected.

3 3.3, Direct Measurement.

The modified Hounsfield tensometer described in section
3.2, allowed direct observation of the growing creep cracks to be
made and so the crack length at various times could be measured from

the cine film.

3.4. Post-test examination techniques.

3. 4,1, Post—test measurements.

Most tests were continued until the specimen failed.
After each test, the fractured specimen halves were placed together
and measured with a travelling microscope to obtain the total elongation
at failure. Thus for plain specimens, the failure strain could be
calculated. Reduction of area measurements were also made on the
fracture surfaces of some of the specimens by measuring the cross
sectional area of the fracture surfaces using a Reichart microscope.

The measurements needed to calculate crack growth
rates were made on some of the notched specimens either by photographing
the notched region at a magnification of 50X and measuring the crack
length versﬁslnotch region extension from the photograph, or magnifying
the notched region 50X (to an accuracy of within + 0:075%)using a
Nikon 6 CT-2 Profile projector,then tracing the magnified image and
making the measurements from the tracing.

3. 4.2, Optical metallography.

Selected specimens were prepared for examination in
the optical microscope. Longitudinal sections of the specimens were
mounted in bakelite and polished to a 1 um diamond finish by

normal metallographic procedures. The specimens were examined in both
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the as-polished and the etched condition. The various etchants and

etching conditons used are shown in Table 7.

3. 4.3. Electron lMicroscopy

Some of the specimens were sectioned and the fracture
surfaces vere examined in a Cambridge scanning electron microscope.

For notched specimens that had been interrupted before
final failure, longitudinal sections of the cracked regions were
prepared as for optical metallography, then lightly etched with

dilute aqua regia and examined in the scanning electron microscope.
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Etchant

Conditicns

Remarks

107 oxalic

10 gm. oxalic acid

General reagent

aqua regia

Hp0, 25cc HC1,

10cc HNOj,

Chemical etch

at room temperature

acid in 100 cc. distilled revealing inter

Ho0. and intragranular
Electroytic etch precipitdtes, and
at 70°C using grain boundaries
stainless steel
cathode,
3V, 1-5A,
2-30 secs.

Dilute 25ce distilled General reagent.

Attacks austenite
uniformly leaving
carbides clearly
outlined and in
relief.

107 HC1
in methanol

10cc HC1 in
methanol
Electrolytic etch
at room temperature
3V, 1+5A, 2-10 secs.

As for 107
oxalic acid.

TABLE 7

Etchants and conditions used on stainless

steel specimens




CHAPTER 4.

EXPERTIMENTAL RESULTS

4, 1, Creep crack growth in A.I.S.I. type 3i6 stainless steel.

4., 1.1. Cormparison of methcds for measuring creep crack growth.

Crack growth in 316 stainless steel specimens has been
measured by the three methods described in section 3. 3 and the results
have been compared.

Single edge notched specimens of 316 steel were tested
at 740°C. and the crack lengths during the tests were monitored
continuously by the D.C. potential drop technique. The extension of
the specimens were recorded during the tests and after failure, the
notched regions.were measured so that crack growth rates could be

:calculated by the NRE method. The results of the variation in crack
length with time for the two techniques are shown in Fig. 23. The
most significant difference between the two sets of results lor the
test at a gross section stress of 69:7 IW m{"z was in the time to
initiate cracking from thelnotch: the NRE method predicted a time
of 61 hours wvhilst the DC method gave a time of 84 hours. This was
thougiit to be due to a lack of sensitivity in the DC method at very
small crack lengths and to the experimental errors in the measurement
of the small displacements involved. However, for larger crack lengths
the two sets of results compare favourably. Also shown are the results

for a second test at the same temperature but with the specimen

2

loaded under a gross section stress of 59 MN m.“ and again the two

techniques compare favourably.

Comparisons between the results of the NRE method and
the direct observation of crack growth have been made on double edge
notched specimens at650 and 750°C.. Fig. 24 shows the results of the

tuo tests. The tests at 750°C. shoved that at a given time, the two
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‘methods gave crack lengths to within about O¢l mm of cach other,
consistent with the experimental accuracy of the two methods. At
650°C., there was a greater difference at short crack lengths (up

to 04 mm) but for crack lengths greater than 1-4 mm, the two methods
gave very similar results. It is thought that the discrepancy at
short crack lengths arises from difficulties in accurately identifying
the crack tip on the photographs due to extensive surface rumpling,
thus, resulting in incorrect crack length measurements. However,

in general it can be seen that similar results would be obtained
whichever method of measuring crack growth was used.

4. 1.2. The validity of various fracture mechanics

methods at 740°C.

Tensile creep rupture tests were performed in air on
single edge notched specimens (large size) and notched centre hole
specimens of 316 stainless steel at 740°C. Crack growth was monitored
continuously by the D.C. potential drop technique and on a couple of
specimens was checked by the NRE method as described above. The
initial nett section stresses (i.e. before cracking initiated from
the notch) were from 63 to 90 MN m 2 and Table 8 shows the various
failure times.

Figs. 25 and 26 show the crack growth rates plotted
against stress intensity factor and nett section stress respectively.
For the singleledge notched specimens, the stress intensity factor
(KI) used was given by (Brown and Srauley (1966) ):-

Ky = Y. Lal
BV

2
where Y = 1°99 - 0-41 (%) + 18-70 (%)”.and L is load, B is specimen

(32)

thickness and W is width.

For the notched centre hole specimens,

KI = ogrOSS \J anm f(‘?_‘) (333)

-72 -



TABLE 3.

Creep Rupture of notched specimens of 316 stainless

steel at 740°C.

Type of Specimen Initial Nett Failure
Sectio% Stress Time (hrs).
N m “)

Single Edge 89.4 258

Notched (S.E.MN)

S.E.N. 13%5 1806
S.E.N. 63-6 442-1
S.E.N. 88+ 4 115-8

Notched Centre
Hole (1.C.H) 862 48+5

N.C.H. 77+5 318-0

N.C.H. 65-9 5112
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where a <0+2 R and R is the hole radius and fGE) is evaluated by

Paris and Sip (1964). When a > 042 R,

Ky =Y La? (33b)
BW

vhere Y' = 177 + 0227 C%E) - 0:510 (%E)%. (Brown and Sravley (1966) ).
When the crack growth rates were plotted against
Ky (Fig. 25) a single relationship was found for the single edge
notched specimens, but the same relationship was not found in the
notched centre hole specimens which showed great changes in growth rate
for very slight changes in Ky. If a real link existed between K; and
and crack growth rate,-g%, all the points from both types of specimen
should have fallen on one curve. Tllhen plotted against the nett section
stress (fig. 26), all points do in fact fall on one curve and obey the
relationship:-

=No, P (34)

2-7

Py | =
L m. hr (N m. 7)

where N and p are constants, of values 1°8 x 10
and 7 respectively. The stress exponent for secondary creep at 740°C.

is, in fact, close to 7 (MéLauchlin (1975) ).

4, 1.3, The Effect of Temperature on the criteria controlling

Creep Crack growth,

Double edge notched specimens (small size) of 316
stainless steel were tested in air at temperatures of 600, 700,740,800
and 850°C. and crack growth rates were calculated by the NRE method.
Plain specimen tests at various stresses were also
performed at the same temperatures. The secondary creep rate, ¢,
was measured at each stress level and used to obtain a value for the
stress exponent, n, in the secondary creep equation (equation (15) ).
The creep crack growth rates are plotted against
nett section stress in Fig. 27 and it can be seen that between

600 and 850°C., equation (34) is obeyed. The value of p at each

- 73 =
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FIG. 27 Creep crack gro'7th rate v, nett section stress between 6Q08& ‘6500C.




temperature was determined by linear regression analysis and is
shown in Table 9. Also shoun are the values of the stress exponent,
n, in equation (15) calculated from the plain specimen tests, the
results of vhich are shown in Tig. 28. Values of n found by other
authors at about the same temperatures are also included in Table 9.
The values of n and p are plotted at each temperature in Fig. 29 and
it can be seen that within the accuracy of the experiments, n = p.
Fig. 30 shows the notched region of a specimen with
the crack opening displacement (8§) and notch region extension (NRE)
indicated at a particular crack length. It can be seen that the
NRE = 8§ and thus the NRE method of measuring creep crack growth gives
de aa plotted against El-"’i-.at temperatures of

at dt dt
600, 740 and 850°C. The gradients of the lines have been calculated

also.Fig. 31 shous

by linear regression analysis and in the temperature range 600 to
850°C all fall in the range 1:2 + 0-2.

Fig. 27 shous that crack growvth rates at constant
ONett increase with increasing temperature. Assuming an Arrhenius-

type equation to apply, i.e.

da _Q
E'E a exp RT) (35 )

where Q = Activation energy for crack growth, R and T have their usual

i . da (103) have been constructed and
meanings, graphs of log GHE) versus (gop) hav
are shown in TFig. 32 for the temperature range 700 to 850°C. A few
of the points were found by extrapolating the curves in Tig. 27, but
the extrapolation was never over more than one order of magnitude
in crack growth rates. Between 740 and 8500C, apparent crack growth
activation energies of between 339 and 372 KJ mole~l were found for

2

nett section stresses of between 100 and 65 MN m <.

Creep activation energies have been calculated for

= T4 =



TABLE

AND CRACK GROWTH PARAMETERS

o (present (Other '
i i
e work) Authors) Auth?r
600 + 11.9 = 1.4 | 12.5 at $93.3°%C Garofalo et al
(1961)
700 8.8 + 1.2 6.6 at 704.4°C Garofalo et al
(1961)
740 + 7:2 = 0.5 7.0 at 750°C McLauchlin(1975)
3 at 760°0C Corinell Aero
Lab. Report
(1950)
6.8 At 732°C Challenger et al
(1973)
800 6.3 # 0.8 .9 at 816°C Challenger et al
(1973)
.5 at 8160C Garofalo et al
850 Ot 5:6. £ 0.5 = =




FIG. 28 Plain specimzn Secondary creep rate v. applied stress

between 600 & 850°C.
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FIG. 29 The relationship between exponentsnand p and temperature
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P = LOAD

S+
initial notch NRE + initial notch
width width

Total crack
lengih = a

—P—L//’\__,l

FIG. 30 Notched rzqion of soecimen showing that the

notched region extension = crack opzning displacement, S,

measured at outside of <arter notch.




FIG. 31 Crack growth rate v. crack opening displacement betwezn

600 & 850°C. :
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FIG.32 Arrhenius plot of creep crack growth rates to calculate

activation enzrgy for crack growth
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the plain specinen data shown in Fig. 28. Fig. 33 shows the
Arrhenius plot for the temperature range 700 to 850°C. Between
740 and 850°C, apparent creep activation energies of between 345 and
470 KJ mole™!l wvere found for a stress range of 80 to 50 TN w2,

TFor the temperature below 740°C, the available data
in Tigs. 32 and 33 shows that both creep and crack propagation processes
decreases more rapidly with temperature than would be expected from
the apparent activation energies obtained at higher teﬁperatures.
However, the lack of comprehensive information prevents any further

quantitative comparison.

&y Yuhis Macroscaopic Aspects of Crack Grouth from notches.
4. 1.4.1. Crack initiation and propagation

It was observed in each test on type 316 stainless
steel that certain minimum displacements must be achieved for crack
initiation and propagation; this being the basis of the NPE method of
measuring crack grouvth. The displacements to initiate cracking,

8;, can be measured at the notch root. A measure of the digplacement
associated with propagation is the angle included at the craék tip

by the fracture surfaces, w, (i.e. the fracture angle) (Formby

(1972), McLintock (1968) ). These quantities are illustrated in

Fig. 30.

It was found in the type 316 stainless steel specimens
that as the crack propagates from the notch, the fracture angle
remains about constant for part of the specimen width and then
decrecases to zero as final failure occurs. Fig. 34 shows a typical
result obtained from a type 316 steel specimen (large size) tested
at 740°C. Therefore, atter failure of the notched specimens tested
in air at temperatures betveeen 600 and 850°C., &;j and w vere
measured. Tor a given specimen size, tests at various loads, and there-

fore various times to failure, shoved that w and &; decreased as the

..?5...
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failure time increased (Figs. 35 and 36) in a similar way to the

elongation to failure of plain specimens which is shown in Fig. 37.

4, Vein 2o Stress and Strain Distribution ahead of notches

under creen conditions.

Creep stress and strain distributions ahead of notches
in type 316 stainless steel have been measured experimentally using
the modified Hounsfield tensometer described previously. The specimens
tested were double edge notched strips vhich had parallel lines
(approximately O+1 mm apart) scribed across the specimen perpendicular
to the stress axis, in the region of the notch. Tests were performed
at 750 and 650°C. under constant cross-head displacement rates of
either 1.2 x 1072 or 1:1 x 1074 n. hr~l, and deformation at one of the
notches was observed through the microscope and recorded by the time
lapse cine camera talking one photograph every 5 minutes. The output
from the 7oad cell was recorded continuously. The scribe lines
were observed to bend locally near the notch tip before crack initiation
occurred and analysis of the cine film after test enabled the
displacement of the lines at any time to be measured.

In each test, during primary creep the load increased,
became constant once secondary creep was reached and then decreased
as crack propagation from the notches occurred. Thus, the time for
the onset of secondary creep, tg, in a given test was found from the
load cell record. The displacements of the scribe lines at the notch
root at this time could also be found from the cine film.

Two scribe lines, one near each side of the notch,
were selected and the displacementsbetween these two lines at various
r values, where r = distance from the notch tip, were measured from

prints taken from the cine film. Various times between tg and the
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time for crack initiation from the notch, tj, were selected and at
each time, the displacements between the pair of lines at the same
r values were measured. Using the displacements measured at tg as
the initial "gauge lengths'" at various distances from the notch, the
additional displacements at the later times were found and strain
and strain rate, €, values vere calculated. Since the measurements
were only taken once the specimen was in secondary creep, the equation
¢ = Ao" where A and n are constants for a given temperature, was used
to calculate the steady state stress, o, acting at various distances
ahead of the notch,

Fig. 38 shows the variation of strain rate with
distance from the notch for the test performed at 750°C. and cross-

3 m. hr-l. Secondary creep

head displacement rate of 1°2 x 10~
started after about 150 hours and the strain rates at various times
after this, but before crack initiation occurred, have been calculated
at varying distances from the notch root. It can be seen that at times
of 162+7, 182+7 and 199:2 hours, the curves coincide but at 228.5

hours the strain rates, up to about 1:5 mm from the notch, are higher.
A constant strain rate region extending up to about 0:3 mm from the

notch occurs and then decreases to a lower constant strain rate over

the remainder of the ligament.

These three regions are also found in the other tests.
The corresponding stress versus r graphs are shown in Fig. 39. It
is found that the stress decreases according to o a r ° after the
constant stress region at the notch tip and before the nett section
stress is reached. The values of s for the tests at 12 x 10_5 and
1°1 x 1074 m. hr~! and 750°C. are found to be 0+175 and 0°195

3

respectively. At 650°C. and 1-2 x 105 m. hr~ , s was found to be

0+129.
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8 LS5, Microscopic aspects of crack grouth from notches.

Further tests were performed at 750°C. at a cross-
head displacement rate of 1°2 x 1072 n. hr‘l, and interrupted after
differing times so that the creep cracksgreu to various lengths. The
growth of the cracks were recorded on cine film and a typical
example of the growth is shown in Fig. 40. Tests wvere also interrupted
before macroscopic crack initiation occurred. After the required time,
the tests were interrupted and the specimens were cooled under constant
load conditions.

After removal from the rig, the specimens were sectioned
so that the notched region could be examined metallographically.
Longitudinal sections were ground and polished to a 1 un finish
and then very lightly etched in dilute aqua regia. The specimens
vere examined in the scanning electron microscope.

The region ahead of the notch in a specimen that had
been interrupted before macroscopic cracking'occurred was closely
examined. It was found that ex:ensive microscopic creep cracking
had occurred. This was clearly visible up to a distance of about
120 ym ahead of the notch, as shown in TFig. 41 (a). The creep
cavities were examined at higher magnification and were generally
associated vith grain boundary particles (Fig. 41 (b))

Another specimen was interrupted when the creep cracks
frgm the two notches were each about 3 mm. long (i.e. Cg% )= 0-74,
where 2a = length of both creep cracks and notches, W = width of
specimen (Fig. 42 (a)). Detailed examination showed extensive cracking
ahead of the crack tip with indications that individual cavities
had interlinked with each other (Fig. 42 (b) ). Again association of
the cavities with grain boundary particles was the usual observation

(Fig. 42 (c) ). The middle of the ligament, well away from either

crack tip was examined and cracking was observed on a few grain boundaries.

= I8 =
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FIG. 40 Creep crack growth in type 316 steel at 650°¢C (Mugniﬁcqﬂonz zox)
(i P
§= 142 x 10 m.hr)
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FIG 41 Creep cracking ahead of notch in type 316 steel at 750°C
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FIG 42 Creep crack growth in type 316 steel at 750°C



A specimen interrupted after each creep crack had
grown to about 1 mm (i.e. (gg) = 0*3)is shown in Fig. 43 (a).
Typical cavities ahead of the crack tips are shown in Fig. 43 (b).

In this specimen, no sign of cracking in the middle of the ligament

could be found.
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FIG 43 Creep crack growth in type 316 steel at 750°C



&. 2. The effect of environment on creep crack growth

in stainless steels

4. 2.1, The effect of iodine vapour on the creep rupture

properties of !M316 stainless steel.

Tensile creep rupture tests were performed on plain
and double edge notched specimens of 316 stainless steel. The
specimen dimensions are given in Table 6. |

The specimens were stressed at 750 and 650°cC.
(+ 1°C at each temperature) under constant loads giving the initial
gross section stresses shown in Table 10, and tested following the
procedure described previously. The tests were performed on notched
and plain specimens at each of the gross section stresses in air,
vacuum (pressure ~ 0+03 pbar) and iodine vapour (pressure ~ 0°:92 pbar).

4, 2.T7.1, Plain Specimens.

The results of the plain specimen tests at 80 MJ o2

and 750°C. are shown in Fig. 44 and it can be seen that the failure
time and strain are reduced in the presence of iodine vapour
compared with air and vacuum environments. The air test failed in
the longest time but with intermediate ductility. These observations
were confirmed by the reduction of area measurements. The other
750°C. tests at 95 and 182 MN m~2 showed similar features but the
variation in failure time decreased with increased stress. The 6500C,
tests showed similar results but with only slightly increased
endurance in air compared with vacuum.

The failure times and strain parameters of the plain
specimens are shovn in Table 10 and Fig. 45.

Optical metallography of the crack morphology and
distribution showed that specimens tested in iodine vapour contained

sharp, intergranular cracks extending several grain facets from the
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TABLE 10

Creep Rupture Results of Plain M316 Specimens

Temp. Environ | Failure Strain Reduction Strain Gross
(T°C) -ment Time (%) * of Area Rate Stress
(hrs.) @) (hr.”1) | om™2)
750 L, 307.3 | 29.9 35.8 | 6.44x10"" | 80
750 Air 607.5 39.2 45.8 | 4.10x10" 80
750 Vac 359.4 | 56.7 69.9 7.92x107% 80
750 I, 98.8 | 27.0 38.0 | 2.03x10°| 95
750 Air 347.8 | 33.7 33.0 | 6.44x107% ] 95
750 Vac 138.0 75.1 79.4 | 2.48x1073| 95
750 I, 0.86 3.7 53.0 2.89x10 1| 182
750 Air 1.47 | 55.0 73.4 | 1.90x107t| 182
750 Vac 1.21 | 49.5 66.0 | 1.94x10_) | 182
1.27 | 55.7 78.1 | 2.23x10 182
650 I, 92.9 19.1 29.2 1.07x10> | 190
650 Air 186.1 38.4 52.8 8.71x10 190
650 Vac 167.8 48.1 71.6 1.20x10 > | 190
650 T 293.5 7.80 22.5 | 1.38x10°%| 150
650 Air 775.5 | 26.34 37.4 1.96x10 % | 150
650 Vac 771.5 | 43.0 71.5 3.10x10 4| 150
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surface, along the whole gauge length. There was little evidence of
grain deformation (Fig. 46a). The air specimens also showed cracking
from the surface but most of the cracks were not as clearly inter-
granular as the iodine specimens and some transgranular cracking was
observed (Fig. 46b). The vacuum specimens showed little evidence of
surface cracking with only a few rounded grain boundary cavities
distributed throughout the gauge length (Fig. 46¢). Scanning

electron micrographs of the fracture surfaces at 750°C. showed similar
behaviour. The iodine specimens exhibited extensive regions of inter—
granular fracture extending inwards from the surface and a transgranular
region towards the centre vhere final failure occurred (TFig. 47a).

In the air specimens, oxidation products tended to mask some of the
surface features but the fracture mode appeared to be mixed trans

and intergranular (Fig. 47b). A ductile fracture occurred in the
vacuum specimens evidenced by considerable necking and the presence of
cusps in the necked region (Fig. 47c).

o 2.1.2. Motched Specimens.

The results of the tests at 750 and 650°C. are shown
in Table 11.

The results of the notched specimen tests at 80 MN m™2
and 7500C. are shown in Fig. 48 and again the failure time and overall
extension of the iodine specimen were reduced compared with tle air
and vacuum tests. The amount of reduction in failure time by the
iodine vapour decreased with increasing stress level (Fig. 49).

The notch opening displacement .to initiate cracking
(ﬁ) at each stress level and temperature is plotted against initial
nett section stress in Fig. 50. At 750°C., the embrittling effect
of iodine vapour reduced 6j in the 80 and 95 IW m~2 tests in contrast
with the specimens tested in vacuum which gave the largest displacement

at both stress levelss The intermediate values for the air specimens



FIG 46 Surface cracks in gauge length of specimens tested in (a) iodine

vapour (b) air (c)vucuum at BOMNm?2 and 750°C Stress axis horizontal

Magnification X 200
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""Results of Notched M316 Stainless Steel Specimens

TABLE 11

.

Temp Gross—section Nett-section Failure Environ-
°c) Stress Stress Time ment
(MNm™ 2) (m™2) (hrs.)
750 80 96 57.4 I2
750 80 98 136.1 Air
750 80 98 119.8
750 80 98 142.2 Vac
750 95 112 33.6 I2
750 95 114 49.1 Air
750 a5 115 50.8 Vac
750 95 115 60.6
750 182 219 0.24 I
750 182 218 0.32 Air
750 182 217 0.31 Vac
650 190 227 14.3 I2
650 190 226 36.8 Air
650 190 227 31.9 Vac
650 150 192 62.3 I,
650 150 194 136.5 Air
650 150 196 143.1
650 150 194 147.7

Vac
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indicate a more marked reduction of the initiation displacement in
the longer term 80 MM w2 tests. A similar variation is shown in
Fig. 51 where the times for crack initiation from the notch (t;) are
plotted against the initial nett section stresses. The 182 MN m—2
tests showed little effect of environment on §; and t;i. The iodine
vapour also reduced §; and t; at 650°C. but the reduction was less
marked than at 750°C. for similar failure times. The reduction in
8i also decreased with increasing stress.

The creep crack propagation rates were calculated
and have been plotted against the crack opening displacement rates
(obtained from the notch region extension method) in Figs. 52-~56
for the various stresses at both temperatures; a linear relationship
is found in each case. At 750°C., the 80 MN m~2 tests indicate that
crack propagation in the specimen exposed to iodine vapour occurred
with least ductility and, for a given crack opening displacement rate,
was faster than the air and vacuum specimens by factorsof about
1-5 and 2-2 respectively. However, in the_95 MY m_z tests, the
propagation rates in iodine vapour fell within the 957 confidence
limits of the vacuum test, indicating that the iodine had little
effect on the propagation rate. Crack propagation in air was about
a factor of 1+6 faster than in vacuum at 95 IN m 2., At 182 MN m 2
environmental effects on crack propagation rates were negligible.

At 650°C., iodine vapour had little effect on crack
propagation rates for given rates of crack opening displacement.
Crack propagation rates in air were about a factor of 1+7 faster
than in vacuum at 190 MY m~2 and 650°C. At 150 MN wfz, any

enhancement of crack propagation rates in air was slight. At this

stress the crack propagation rates in wvacuuw were higher than the

indine vapour by up to a factor of 5.
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&, 2.2 The effect of neutrcn irradiation on the creep

rupture properties of 20Cr/251li/!!h stainless

steel, &

Tensile creep rupture tests have been performed on plain
and double edge notched specimens of irradiated and unirradiated
primary recrystallised 20Cr/25Ni/Nb stainless steel. The specimens
for irradiation were prepared from one batch of steel but there was
insufficient material for all the unirradiated control specimens,
so it was necessary to manufacture some of these specimens from another
batch of 20Cr/25Ni/Nb steel. The analyses of the two batches are given
in Table 4 and the specimen dimensions in Table 6. Thus, absolute
comparisons between the irradiated specimens of batch 1 and unirradiated
specimens of batch 2 are not possible but trends in the creep rupture
behaviour of the irradiated and unirradiated specimens can be
compared.

The specimens were irradiated at 40°C. to doses of
6 - 7 x 1019 thermal neutronsjcmz, 2 - 3 x 1019 fast neutrons /cm?
in the Herald Reactof.

The tests were performed in vacuum (0°03 pbar) at
750°C. under constant load conditions using the apparatus described
previously. All specimens were left for 24 hours at 7500C. before the
load was applied.

b 24251, Plain specimens

The results of the plain specimens are shown in
Figs. 57 and 58. Also included in these figures are data obtained by
Hitchcock (to be published) on irradiated and unirradiated specimens
of batch 1 steel. For comparison, some other unirradiated 20Cr /25N1 /iib

data from different batches are also shown (Nicholson, unpublished

work) .
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When the irradiated and unirradiated batch 1
specimen results are compared, it can be seen that contrary to previous
investigations, the effects of irradiation are negligible, Indeed all
the irradiated specimens fajled with ductilities greater than about
30%Z and for failure in less than 100 hours, the ductility was greater
than about 60%. Boron autoradiographs were produced of the batch 1
steel and are shown in Fig. 59. It can be seen that the boron was
evenly distributed with no segregation to grain boundaries. A few
boron-rich particles showed up.

The endurance and ductility of the batch 2 specimens for
a given stress are up to factors of 2 and 1.5 respecfively greater than
the irradiated and unirradiated batch 1 specimens. However, this is
within the batch to batch scatter observed in many materials. The
batch 2 specimen results show that the ductility decreases with

increasing time, as observed in the batch 1 material.

4.  2.2.2. Notched Specimens.

Fig. 60 shows the results of the irradiated baich 1
steel and the unirradiated batch 2 steel specimens. As observed with
the plain specimens, the endurances of the notched batch 2 specimens
are about a factor of 2 greater than-the batch 1 specimens, reflecting
the batch to batch scatter.

Crack initiation displacements, &;, and propagation
rates have been measured by the NRE method. Fig. 61 shows that &
for a given initial nett section stress is greater in the batch 2
material, but both batches show decreasing §; values with decreasing
stress. When the crack propagation rates are compared (Fig. 62),
no significant differences in behaviour can be detected and the
irradiated crack growth data fall within the 957 confidence limits

of the unirradiated specimens, which can be described by the equation:-

-84 -
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Boron autoradiographs of primary recrystallised 20Cr/25Ni/Nb

steel

stainless
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The fracture surfaces of the irradiated and unirradiated
specimens were examined in the scanning electron microscope and
examples are shown in Tig. 63. It can be seen that ductile trans-—
granular fracture occurred in both the irradiaied and unirradiated
specimens at high stresses with considerable necking in the thickness
direction. (Figs. 63 (a) and (b)). At lower stresses, the fracture

mode was mainly intergranular as shown in Figs. 63 (c) and (d).

&
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FIG 63 Scanning electron micrographs of fracture surfaces of notched specimens

of irradiated and unirradiated 20Cr[25Ni/Nb steel tested at 750°C



CHAPTER. 5.
DISCUSSION

5ils Creep Crack Growth in AISI type 316 stainless steel,

5. 1l.d, Criteria controlling creep crack growth.

In tests on SEN and NCH specimens of type 316 stainless
steel at 7400C., it was found that for a given stress intensity
factor, Ry, the crack growth rates were different in the two types of
specimen (Fig. 25). If a real link existed between Ky and creep
crack growvth rate, then for a given Ky, the measured growth rate would
have been independent of geometry.

Qualitatively, it can be imagined that the elastically
determined stresses at the instant of applying the constant load will
tend to be relaxed by creep. Thus the rate and extent to which the
stresses relax prior to rupture will determine the applicability of
LEFM. The initial state of stress given by LEIFM is given by equation
(4). Clearly the elastically determined stress is very large where
r is small and thus a locally high creep rate will modify the stress
field. The rate of relaxation of this stress field is calculated in
Appendix 1. An expression for the time taken for the stress to relax
from the elastically determined level to a lowver level is derived.

This equation is then applied to the A.I.S.I. type 316 stainless

steél specimens at 740°C and it is found that the time for the local
stress to relax from the high elastically determined level to 1-5 times
the nett section stress is only about 60 seconds in a creep test lasting
many hours. Clearly, this stress relaxation makes the K-distribution

of stress, predicted by LEFM, inapplicable. The experimentally measured
stress distribution mentioned previously confirms this and will be
discussed later.

It has been found that the nett section stress is a

successful criterion for creep crack grouth and the different curves



in Fig. 25 can be shown to be quantitatively consistent with the
hypothesis that the nett section stress is the controlling parameter.
A crack is imagined to propagate across a SEN and a ICH specimen,
both subjected to loadLl, and thus at each crack length KI and nett
section stress can be calculated. KI values are calculated for the

SEN and NCH specimens using equations (32) and(33a and b) respectively.

L
Nett B (W-a)°®

where B = 1 unit for both specimens and W = 20 units for the NCH

Nett section stresses are calculated by the equation, o

specimens and 10 units for the SEN specimens. Tig. 64 showus the

relationship between KI and ¢ both divided by load L, as the

Nett?
crack is imagined to propagate across the SEN and NCH specimens. The
curves of the two specimen geometries are quite distinct and their

different slopes can be related to the difference between the curves

in Fig. 25 since, from equation (34),

Aa
S\ -1
PUOY te
so that,
a
A ( Netth) _ 1 A3
n-1
1 K
G5 L

or, at the same o in SEN and NCH specimens:

Nett

A "Nett/L;

A (KI/ ) £ )
L AK
NCH T/NeH
: Oy / A *
6 ( “Nett/)) _ba ) (36)
. 21 /sen
A Ol )
L7 N

From Fig. 25, the right hand side of equation (36) is about
6 (taking slopes where a and hence Oyert 2T the same). From

Fig. 64, the left hand is also about 6 (again taking positions having
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the same Oﬂett)' These figures show that the results support the
ONett hyvpothesis even when they are plotted, as in Fig. 25, against

1‘1.

The applicability of equation (34) over the temperature
range 600 to 850°C. for 316 stainless steel is demonstrated in Fag. 27,
Table 9 indicates that p (equation (34) ) and n (equation (15) ) are
equal. Equation (34) may nowv be written:

da . N
at A (37)

The displacement rate, é, and the strain rate, &, are
related thus:
6 = 10 é (38)

vhere lo is the '"gauge length" of the straining material. Substituting

€ from equation (38) into equation (37) gives:

da _ N.1 . dé§
T T F 1,  d &9

Creep crack growth rates are therefore determined by the
ligament displacement rates. This is because after the relaxation,
the residual stress concentration at the crack tip ensures that the
local strain rate is greater than the strain rate in the rest of the
ligament, vhich is subjected to the nett section stress. However,
across the notch region of specimens vhere bending moments are negligible,
the displacement rate is constant. Accordingly, the "gauge length"
at the crack tip is smaller than across the ligament and thgg a
localisation of stréin occurs at the crack tip. This strain localisation,
resulting from the crack tip stress and strain rate, causes further
crack propagation to occur once a critical local strain has been exceeded.
Therefore, creep crack propagation is governed by the crack tip strain

and the displacement needed to achieve this strain is determined by the



degree of stress relaxation at the crack tip. Creep crack grouth
rates are therefore a function of the displacement rates at the crack
tip and in the ligament, as has been found experimentally,

Further evidence which lends support to this conclusion
is provided by the calculated activation energies in the termperature
range 740 - 850°C, for the 316 stainless steel specimens. Apparent
activation energies for crack growth of 352 - 372 KJmole_l are close
to the apparent activation energies for creep of 345 - 416 KJ molehl
for stresses between 80 - 65 MN nrz. The variation of these apparent
activation energies with stress is thought to be a consequence of the
temperature dependence of the crack growth and creep exponents (p and
n respectively) illustrated in Fig. 29. A similar effect has been
noted for the variation of creep activation energies in 20Cr/25Ni/Nb
stainless steel by McLauchlin (1972).

The increase in apparent activation energy for temperatures
below 740°C. needs further investigation to establish whether there
is a change in rate controlling nrocess. This possibility arises
from the work of Mazza and Willoughby (1966) who found the creep
activation energy at 600°C. to be 523 KJ molem1 and suggested that
at this temperature creep occurred by cross-slip rather than by the
dislocation climb mechanism observed by Garofalo et al (1963) at higher
temperatures. The climb mechanism may have been suppressed by fine
precipitates on the dislocations at GOOOC., as has also been observed
by Barnby (1965). However, further vork on the mechanisms is needed
before any definite conclusions can be reached.

When degeneration of the initial crack tip stress field
occurs in creep, the nett section stress (in some cases incorporating
an allowance for a bending component) should be generally usable to
make predictions of creep crack growth rates. Indeed the reference
stress (Williams and Price (1974) ) or the equivalent stress (Haigh
(1973) ) are equal to the nett section stress for crack geometries



that do not include a bending component, as is the case for the NCH
and double edge notched specimens tested here. The SEN specimens

vere long in order to reduce the rotation. Some limitations should be
borne in mind, hovever. An incubation period before crack grovth
started vas observed in the tests, so that equation (34) by itself
would tend to underestimate the life of a structure. Another
limitation is when creep modifies the stress applied to the crack as it
would if this were generated by temperature differences, for example,
or residual stresses. These situations are essentially "strain-
controlled" and it may be more straightforward to adopt a strain-
based crack growth parameter in place of O aEE such as the crack
opening displacement (COD).

Vells and !MeBride (1967) have measured the COD(8) during
creep crack growth and commented that the deformations and § in
components might be satisfactorily correlated under creep conditions by
application of general vielding stress analysis. In a study of
creep rupture under the wedging action of oxide (Formby (1972)), the
relationship betwveen vedging displacement (i.e. §) and crack growth
has been investigated. The results indicate an approximately linear
variation of crack length with § after an initiation displacement
required to start the cracliing. This linear variation is consistent
with a suggestion by McClintock (1968) that the angle (w) developed
at the tip of a propagating crack between the fractured surfaces is
a characteristic of ductility. Thus, .

a = = (8-8) (40)
where a is the crack length and §; is the COD to initiate cracking
and thus allows the incubation period to be incorporated simply into
the calculation. l!Measurements of & and a on the type 316 stainless
steel specimens shou a similar relationship to apply for part of the

specimen width (Fig. 34). Equation (40), therefore, allovs the amount



of cracking to be calculated if § and w are knoim. Also differentiatin-z
this equation with respect to time, gives a linear relationship between
crack growth rate and displacement rate as was found for equation (39).

It can thus be seen that equation(39) and (40) are compatible.

56 L2 Macroscopic aspects of crack growth.

e 121, Crack initation and propagation.

The occurrence of an initiation displacement and an approximately
constant fracture angle have been established in the 316 steel specimens
and 0; and w have been measured (Figs. 35 and 36). The fact that w and
01 are reproductibly measurable indicates that certain minimum
displacements must be achieved for crack initiation and propagation.

Since crack growth rates are a function of ligament displacement
rates, the observed constant fracture angle can be simply explained.

Since w = QBl.&t vhere A§ is the increase in COD in time At and

&a/&t

Aa is the increase in crack length in time At, substitution for ¢ and

b 1 = n "y —
a gives w =15 A ONett ° Thus, when n = p,
P
N 0Nett
s 294 = constant. (41)
N

If n > p, w will not be constant but will increése with increasing
crack length to give the fracture profile shown in Fig. 65 (a). If
n < p, w will decrease with crack length giving the profile shown in
Fig. 65 (b).

For a given specimen size, equation (41) shows that changes
in w with varying stress and failure tine, will produce a change in
the value of N. This stress dependence of N is not very narked in
Fig. 26 but when the scatter in the data is considered, i can change
by at least a factor of five between the upper and lower limits of the

scatter bands. The measured changes in o are wvithin this scatter, thus



n>p
{a) W Increases with
Crack Length

n<p
(b) w Decreases with
Crack Length

)

FIG. 65. The Effect of n and p_ Values
on the Fracture Angle (w).




accounting for the apparent lack of a stress dependence of N,

Since v and §; are both in different ways measures of the
ductility of the material, it would be expected that they would vary
with time in a similar manner to the ductility of plain specimens.

It is generally found that the elongation to failure of plain specimens,
€s, decreases with increasing time as the contribution to the overall
elongation from grain boundary deformation processes increases. Fig. 37
shows the decrease in €f with time for the_316 stainless steel specimens
tested here and Figs. 35 and 36 confirm the concomitant decrease iﬁ

é; and w.

Neither w nor §; are parameters which are commonly measured
in creep rupture tests, particularly in long term tests. What
information there is refers to the elongation to rupture of plain
specimens. The relationships between &; and ef, and w and € can be
utilised to calculate values of 0;{ and w relevant to service conditions,
i.e. times of test up to 30 years, and thus by using equation (40),
the amount of creep cracking can be deduced. Therefore, for given
failure times Fig. 66 enables w and §{ to be related empirically to
€¢c. The graphs in Fig. 66 have been interpolated between the origin
and the short term data points and can be used to convert existing very
long term ef data to 0; and w values. TFor example €f in 105 hcours
can be as low as 107 (Trueman et al (1966) ) and this would give w
equal to 2+5° and 0; equal to 136 um.

5:. 1:2.2: Stress and strain distribution ahead of

notches under creep conditions.

The lack of correlation between creep crack growth rates
and Ky is a consequence of the stress redistribution that occurs at
the notch tip, as previously described. The experimentally measured
stress distributions confirm this, showing that the stress does not

vary as r (where r = distance ahead of notch) as would be predicted
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by LEFM. The stress distribution can be divided into three regions
(Fig. 39).

In region II, it is found that the stress,o, is proportional
to r S and s is determined by the stress exponent, n, in the secondary
creep equation, such that as n increases, s decreases consistent with
the suggestions of Barnby (1974) and Williams and Price (1974).
Barnby used an elastic analogy suggested by Hoff (1954) to evaluate
the stress distribution. Hoff showed that the stresses in an elastic
solution are the same as those in the creep solution and the elastic
deformations are numerically equal to the creep rates in the creep
problem. Barnby calculated the stress distribution ahead of a crack
in a material deforming according to the non-linear elastic law:-

n
€E a O

The creep analogue is therefore the steady state creep equation

(equation (15) ). The calculated creep stress distribution varied as
1
oar 20,

Rice and Rosengren (1968) considered the stress distribution

. . . 1/
ahead of a crack in a power law hardening material, i.e. € a ¢ d,

for d between 1 and 0, and found the stress distribution in this
d
material to vary as c a r d +l1. The creep analogue of the power

; T |
law hardening material is the steady state creep equation if 9
__1
equals n. Therefore, the creep stress distribution becomes 0 a r n + 1

( a result confirmed by Goodall and Chubb (1974) using finite element
computer analysis to calculate the crack tip stresses during creep ).
The exponent values calculated experimentally are compared with the
theoretical results in Table I2. Values of R, where R is the length of
Region I, are also included. Tig. 67 compares the various stress
distributions with the experimental results and it can be seen that

l .
the Rice and Rosengren model is closer to the experimentally determined
values.
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In region I, the strain rate and stress are constant.
However, Fig. 38 shows that at a time of 228'5 hours, the strain rate
at a given r value within this region is greater than the strain rate
at the earlier times that were considered. 1lacroscopic crack initiation
was observed at about 230 hours, so that the increased strain rates at
2285 hours suggest that this region was in tertiary creep.

For tests conducted on similar specimens at ambient
temperatures, the stress level near the notch tip would be the flow
stress but under creep conditons where the plastic zone extends across
the whole ligament in the 316 steel specimens, it is difficult to
define a time independent flow stress. Thus, the stress in region I
will be determined by the applied displacement rate and by the local
strain rate.

The length of region I can be calculated as follows. In
the absence of a constant stress region, the stresses in region I would
vary as found in region II, i.e. 0 =F r °, wvhere F is a constant
determined by the applied stress and temperature. However, at ry the
stress equals the maximum crack tip stress (determined by the displacement
rate) as shown in Tig. 39. Therefore, to maintain the load carrying
capacity, a constant stress region of length R (62 rI) is produced.

At r., the total area under the curve is:-

I
Ty 1-s 1
F -5 T Fr
E - 1-s
(8]
2 1-s
_ E r 5
1-s

After relaxation to the constant stress level, the area under the
curve = g_ R

. ¥=s
To a first approximation, I <



€ 1/n
Now UI =(_A_)

. [\ 1/ 1-s
i R —(i) n F r; 42)

From equation (42), if the crack tip strain rate increases,

A I

————

.1
£ /n 1-s . . P
= and r decrease and F will increase with a nett result
l-s

that R wvill decrease vith increasing strain rate as has been found
experimentally. The values of R have been calculated from the data
obtained from the tests at displacement rates of 1-2 x 1095 and

1°1 x 10 ¥ @, hrl

and the values of R are compared with the experimentally
measured values in Table I2. It can be seen that within the accuracy
of the experiments the values compare favourably and confirm that
as the displacement rate increases, the length of the constant stress
region decreases.

In region III, the stress is the nett section stress which

for these tests is determined by the applied displacement rate.

5, 1.3, Microscopic aspects of crack growth.

As the load increases during primarv creep, the stress at
the notch root increases and consequently the strain rate is varying
within region I. This is indicated by the local bending of the scribe
lines near the root and produces a strain gradient before the onset
of secondary creep. Once secondary creep is reached and constant strain
rate conditions apply, the strain gradient within Region I is maintained
at this level. The occurrence of this strain gradient is shown when the
notch root region is closely examined using a scanning electron microscope.
It is observed that microscopic creep cavities extend a distance of about
120 ym. from the notch root. The morphology and distribution of these

cavities suggest that the presence of a notch in these specimens
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localises the deformation and hence the cavitation but the actual
nechanisms involved in the crack nucleation and growth will be as
observed in the plain specimen tests.

The cavitics in the 316 steel are generally associated with
grain boundary particles of H23 C6. The model proposed by Harris
(1965) for cavity nucleation by grain boundary sliding causing stress
concentrations at non-wetting particles will be inapplicable since
it 1s knovn that M23 86 particles are strongly adherent (Kegg (1971) ).
Also since the particles are not fractured the specific model proposed
by Smith and Barnby (1967) that the cavities are nucleated by the
particles being cracked as a result of dislocation pile-up mechanisms,
is also ruled out. Hovever, a similar mechanism to the Smith and
Barnby model can be envisaged in which dislocation pile-ups at
particles cause particle/grain boundary interface decohesion rather
than particle fracture. This model vas used by Fleck et al (1975) to
explain the observation of cavities associated with uncracked particles
in a copper-based alloy. In the Smith and Barnby model, the stress
concentration at the particle is determined by the length of the
dislocation pile-up in the boundary plane vhich is determined by the
inter-particle spacing. Fleck et al suggested that the length of
dislocation pile-up was not restricted to the interparticle spacing
and suggested an additional pile-up in the matrix of length,

,and inclined at an angle © to the grain boundary. Thus, the

1 ;
nmatrix

effective length of. pile-up becomes:- ‘

= 2 e
D 1g.b. e 1matr1x =95

vhere 1 b is the length of the pile-up in the plame of the boundary.
g-D.
Uncertainties in the value of the fracture surface energy and

the effective length of pile-up prevent quantitative assessment of this

model for the 316 steel at 750°cC. Howvever, the observations suggest
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that such a nucleation mechanism may be operating.

The shape and orientation of the cracks to the stress
axis suggest that growth occurs by deformation processes involving
grain boundary sliding.

As the macroscopic crack grows across the ligament, the
material well removed from the crack tip is straining in the manner
described previously, and cumulative creep damage can result in
microscopic crack nucleation and growth at points distant from the
crack tip. Examples of these cracks have been observed at 750°C.
when the macrocracks were about 747 of the ligament width, and thus
considerable.ligament straining had occurred. Also since the macrocrack
is grouving into regions of progressively more damaged material, the
amount of micro-cracking ahead of the main crack increases with

increasing crack length.
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B 2. The effect of enviromment on creep crack

grovth in stainless steels.

5. 2.1. The effect of iodine vapour on the creep rupture

properties of 11316 stainless steel.

Iodine vapour embrittles M316 stainless steel reducing
failure strain by at least a factor of 2 and the failure time by
1°3 compared with vacuum data at 750°C. and by factors of at least
2+*5 and 1-7 respectively for the tests at 650°C. The embrittlement
of 20Cr/25Ni/lib stainless steel by iodine vapour observed by Lobb and
Jones (1973) was attributed to the effect of a selective corrosion
process forming small surface grain boundary cracks in all pérts of
the specimen. In the stressed gauge length, these cracks propagated
into the specimen reducing the cross-sectional area. Similarly in the
M316 steel, examination of the unstressed heads of the iodine exposed
specimens revealed some intergranular penetration of about 10 um,
vhile in the gauge length extensive intergranular cracking was found
at both temperatures (Fig 46 (a) ). Final failure occurred in a more
ductile transgranular manner when the load-bearing area had reduced
and the stress had increased to the level necessary for rapid shear.
Lobb and Jones (1973) suggested that iodide formation
(Fe Iy Ni I, and Cr IZ) occurs on exposure of 20Cr/25Ni/Nb steel
to iodine vapour. Of these iodides Cr IZ has the highest formation
energy and is formed preferentially on the steel surface. They observed
chromium depletion in grain boundary regions which implies that
chromium is being preferentially removed from the metal to form
iodide. At sites such as grain boundaries, where the chromium is
rapidly replenished by diffusion from the interior, attack proceeds with
This penetration

the formation of an intergranular iodide penetration.

locally reduces the cross—sectional area and can propagate as a grain
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boundary crack under the local stress. It is felt that such a mechanism
can form a basis for the explanation of the embrittlement observed here.
The results at 750°C. show increased endurance for the plain

specimens tested in air compared with those in vacuum together with

a reduction im the failure strain and secondary creep rate; it is
thought that this is due to nitriding and/or oxidation of the steel.

At 650°C. similar effects are observed but the increased endurance in
air is much smaller than at 750°C.

S - 2 L2, Crack Initiation.

Figs. 50 and 51 show the marked effect that corrosive
environments have on crack initiation from the notches. For example,
the initiation displacement Bi is reduced by a factor of about 5 in
iodine vapour compared with vacuum in the 80 IN m_z tests at 750°C.
but by a factor of 3+4 in the 95 IMN nrz tests. Similarly, the reduction
in 51 (and ti) in air compared with vacuum is less in the 95 Mtlmfz
tests, indicating that iodine attack and the possible nitriding/
oxidation processes are stress and time dependent. At 182 MN nrz
there is no reduction in si by environment.

At 6500C., the results show similar trends. In the tests
at 150 MN nrz, Bi is reduced by iodine compared with vacuum and air
but only by factors of 1:5 and 1-2 respectively. t; is also reduced

=2 : :
by the iodine vapour at 150 and 190 MN m compared with air and

vacuum but at 190 IMN m-z, the difference in t; between air and vacuum
tests is negligible. '

These results suggest the existence of a threshold stress
above which there is insufficient time for environmental embrittleﬁent
to occur, but below which embrittlement occurs, becoming more severe

as the stress is reduced. However, the present data are insufficient

to permit precise threshold stresses to be specified.



5y 241435 Crack Propagation

" The results indicate a decreasing effect of environment on
crack propagation as the initial applied stress is increased. Even at
the lowest stress (80 MN H:Z) at 750°C. the main environmental effect
is on crack initiation. Nevertheless certain conclusions can be
drawvn from the crack growth results and these are discussed belou
with particular reference to the 80 MN nrz tests at 750°C.

For the crack to grov from length a to (a + §a) (where
a > the initial notch length), some critical crack tip strain,
€. corresponding to some critical displacement, Gc’ must be reached.
The time taken to reach this displacement will be determined by the
crack opening displacement rate and, when general yielding occurs, this
is controlled by the displacement rate in the ligament as discussed
previously. This.suggestioﬁ is confirmed by the linear relationships
shown in Figure 52. For a given displacement rate the growth rate
is highest in the specimen exposed to iodine vapour indicating that
Gc has been reduced by chemical attack. Such enhanced crack growth can

be expressed:-

a-= ém + éE (43)

where a 1is the crack growth rate determined by the material properties
in an inert environment and éE is the additional growth rate from the
reduction in crack tip ductility by the aggressive environment.

It is knowun that crack growth rate in a non-aggressive
environment is controlled by crack opening displacement rate (é)
(equation(39) ) so that & = Béy, where the constant B is a measure
of the ductility associated with crack propagation and y has a value
of 0°8 to l-é(from-the previous work and Robson (1972), Soo (1974),
Haigh (1974) ). If éE is also determined by &, then equation (43)

could be written:-

N o X
iwB) « O (44)



The values of the constants and exponents for the range of § shown

in TFigure 52 are summarised for each environment in Table 13. Since
the crack growth rates (for a given é) in the three environments are in
the order é(I2 vapour) > a(air) > &(vacuum) then, GC(I2 vapour) < Sc
(ain) < 6c (vacuun).

For a given environment, changes in GC as the crack
propagates are shown by the values of the exponents x and y. Uhere
environmental effects are negligible (i.e. in vacuum tests where éE
is zero), 6c is determined by material properties alome. If v > 1
(see Table 13), Gc (vacuum) decreases as the crack propagatesand thus
the fracture angle, w,decreases as shown in Fig. 65 (b). This
behaviour may result from the cumulative damage process in the un-
cracked ligament where the crack is growing into progressively more
strained material: ‘the necessary additional displacement at the
-crack tip decreases with increasing crack length.

The values of y are compared at both temperatures and
each stress in Table 14. It is found that as the stress increases, the
value of y approaches unity, suggesting that the cumulative damage
is becoming less at the high stress levels. Indeed at 650°C. and a
stress of 150 MI m__2 the high y value gives crack growth rates in the
vacuum tests faster than in the iodine tests for a range of §

Where marked environmental effects occur Gc is reduced.

As the crack propagates, changes in 6c (environment) are shown by the
value of the exponent x. For x > 1, embrittlement increases and
8§ (environment)decreases with increasing §. Therefore, the crack

c
propagates faster for a given §. For x < 1, environmental embrittlement
decreases with increasing & so that 6c (environment) increases
until it is equal to éc (vacuum), i.e. GC is nov material determined
with no environnental effects.

Iodine embrittlement at the crack tip is thought to be

- 101 -



TABLE 13

*
- Values of the Crack Growth Parameters in Equation (44)

for 80 MN m-Z

Tests at 750°C

ENVIRONMENT B y c x
Vacuum 16.4 1.3 0 0
Air 16.4 1.3 3.6 1.1
Iodine Vapour 16.4 1.3 | 0.08 0.8

* . =
Quoted for a and § in m.hr 1.

"TABLE 14

Variation in y with Stress

Temperature | Gross—section | Initial Nett-— t, N

©c) Stress Section Stress ' ’
(MNm—Z) (MNm_z) (hrs.)

750 80 98 142.2 113
750 95 112 50.8 125
750 182 218 0.31 1.19
650 150 194 147.7 1:55
650 190 227 31.9 1..27




time dependent so that as the crack growth rates increase,the
embrittlement should be relatively less effective (1.8, %< 1),

This conclusion is supported in the range of crack grouth rates
considered here, although for this series of tests, the environments
have much more effect on crack initiation than propagation.

The crack growth rates have not been related to nett
sectioh stress since difficulties arise in the‘calculation of " the
stress due to large changes in the specimen thickness as the crack
propagates in the vacuum and iodine vapour specimens. This is
because in the vacuum tests, extensive necking occurs, which for
a given crack length will mean that the actual nett section stress
is greater than if no reduction in thickness had occurred. Similarly
for the iodine tests, intergranular penetration in the thickness direction
due to iodide formation will reduce the effective thickness, again

causing an increase in nett section stress for a given crack length.
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Ss: 22 The effect of neutron irradiation on the creep

rupture properties of 20Cr/25Ni/llb stainless steel.

The results of the irradiated and unirradiated
20Cr/25Ni/llb steel specimens at 750°C. show that the effects of
irradiation are negligible, which is contrary to the general
observ?tion in austenitic steels that irradfation causes embrittlement
at this temperature. The embrittlement is thought to arise from the
transmutation of B10 within the steel to helium.

The initial natural boron content of the irradiated steel
tested here was 9 ppm by weight, so that the BlO content would have been
approximately 9 atoms per million. This would produce about 2 atoms

19

per million of helium after irradiation to a dose of 7 x 10 n/cmz
(Howarth (1974) ). Broomfield et al (1968) suggested that a helium
content of 0-15 atoms per million was required to significantly
reduce the 750°C. tensile ductility of 20Cr/25Ni/Nb stainless steel.
Waddington and Lofthouse (1969) have shown in solution treated
unstabilised 20Cr/25Ni stainless steel that irradiation to a dose of
5 x 1019 thermal neutronSIsz at 40°C. produced significant embrittlement.
They suggested that the irradiation did not markedly effect wedge crack
nucleation but accelerated the rate of propagation.

Although the boron content and irradiation dose should
have been sufficient to produce enough helium to cause embrittlement,
no such effect was observed in these specimens. The boron distribution
was not investigated by the previous authors and clearly, the
helium bubble distribution must be important in determining the
degree of embrittlement. Williams et al (19?5) have shown in type
316 stainless steel that heat treatment can have a marked effect
on the boron distribution. They studied the boron distribution as
a function of solution treatment temperature (900 to lBOOOC.) and

cooling rate (either 50 or 500°C/second). They showed that

inrreas.np boron segregation tc grain boundaries occurred



during slover cooling from higher solution treatment temperatures.
No segregation was observed in specimens cooled at 500°C/second
(i.e. quenched in vater at OOC.) irrespective of the solution treatment
temperature. The boron autoradiographs of the primary recrystallised
20Cr/25Ni/Nb steel showed no segregation to grain boundaries,
consistent with the observations of Uilliams et al. in type 316 steel.
Therefére, during irradiation helium will be préduced by transmutation
of B10 throughout the sample, reducing the helium concentration at the
grain boundaries. Transmission electron microscopy of the irradiated
20Cr/25Ni/lb steel failed to reveal any features that could be positively
identified as bubbles, suggesting that the bubbles must be less than %0 ﬁ
in diameter. The helium formed in the matrix may diffuse as single atoms
or small bubbles to grain boundaries or may be trapped by intragranular
precipitates and thus prevented from reaching the boundaries. In
20Cr/25Ni/Nb, the association of bubbles vith intragranular NbC and M6C
precipitates has been observed by Broomfield et al (1972). Therefore,
by avoiding boron segregation to the grain boundaries, the helium
available at the boundaries will be reduced.

Another factor which will reduce the effect of the helium
bubbles is the small grain size of the primary recrystallised steel.
The grain boundary surface area is accordingly increased, further
reducing the grain boundary helium concentration. Martin and Weir
(1966) have found that reducing the grain size decreased the irradiation
embrittlement in type 304 stainless steel.

Accordingly, by a combination of a uniform boron distribution
and small érain size, the irradiation embrittlement in primary re-

crystallised 20Cr/25Ni/Nb steel has becore negligible.
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CONCLUSIONS

1.

In tests on SEN and NCH specimens of A.I.S.I. type

316 stainless steel at 740°C,, it is found that the

stress intensity factors to produce a particular crack
growth rate are different in the two tvpes of specimen,
showing that LEF!! does not apply.

Creep crack growth rates, &, in both specimen geometries
correlate well with the nett section stress, ONetts SO

that this parameter can be used in predicting growth

rates, using the equation a = N UNetE-

The effect of creep relaxation, which reduces the high
elastically determined stresses, is considered and it is
shown that after a very short period of time, the LEFM
stress distribution becomes inapplicable.

The possibility of using a strain-based criterion for creep
crack growth, such as COD, §, or the angle made between
the fracture surfaces (the fracture angle, w) is considered
and the use of the equation a =-% (5-81), where &3 is

the displacement required to initiate cracking, is found to
have advantages.

In tests on double edge notched specimens of type 316
stainless steel, it is found that creep crack growth rates

correlate with nett section stress over the temperature

range 600 to 850°C.
n

The stress exponent, n, in the creep equation € = A g

is found to be equal to exponent p between: 600 and 850°C.

(8§ - &;) are shown to be

S

1 3 = p =
The equations a = N ONett and a
compatible.

The strains in the specimens resulting from the crack tip

stress redistribution are considered and together with the

-105~



10.

11.

12,

13.

experimental evidence show that creep crack growth is
governed by ligament displacements and ultimately by
displacements at the crack tip.

Apparent activatjon energies for creep and creep crack
propagation have been measured in the temperature range

740 to 850°C. and stresses between 80 and 65 M m~2,

The values are found to be 345-416 and 352-372 KJ mole™!
respectively, sugggsting that dislocation climb mechanisms
could be rate controlling in the crack propagation process.
Below 7400C., large increases in the apparent activation
energies are indicated which may arise from a change in
dislocation mechanism. Further work is required to identify
the rate controlling processes at these temperatures.

It is observed in each test on type 316 steel that certain
minimum displacements must be achieved for crack initiation
and propagation. For crack initiation from a notch, a
displacement §; is required. A measure of the displacement
associated with propagation is the fracture angle, w,and w
is found to remain about constant over a range of crack
lengths. Since w and §; are both in different ways measures
of ductility, it is found that they vary with time in a
similar manner to the ductility of plain specimens, cgf.
Empirical relationships have been established between

€f, 9; and w, and can be used to convert existing long
term measurements of ef to w and 5;.

The variation of stress/strain rate with distance ahead of

a notch under creep conditions has been measured and 1is .

found to show three regions. The extent of the regions and
stress and strain rate within them are determined by the

applied displacement rate and temperature.
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14. Microscopic cracking is observed ahead of notches and
macroscopic creep cracks in type 316 steel at 750°C.

The cavities are generally associated with grain boundary
precipitates. -It is thought that cavity nucleation occurs
by dislocation pile-ups causing matrix-precipitate
decohesion and subsequent growth occurs by grain boundary
sliding.

15, Creep rupture tests on plain specimens of M316 steel at
650 and 750°C. and various applied stresses show that the
failure times and strains are reduced in the presence of
iodine vapour, compared with vacuum and air environnents.
The air tests failed in the longest times but with inter-
mediate ductility.

16. Optical metallography revealed extensive inter-granular
surface nucleated cracking in the iodine exposed specimens
and a selective corrosion process is thought to cause the
embrittlement.

17. For notched specimens of M316 steel, the iodine vapour
has much more effect on crack initiation than propagation.
The environmental effects become less marked as the duration
of test is reduced. The crack propagation results indicate
that growth is controlled by crack tip and ligament
displacements in all environments.

18. The effect of neutron irradiation on the creep rupture
properties of primary recrystallised 20Cr/25N: /Nb steel
ét 7509C. has been found to be negligible. It is
thought that a combination of a uniform boron distribution
and small grain size causes sufficiently low helium bubble

concentrations on the grain boundaries to have negligible

effects on the creep rupture properties.
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APPLENDIX

Calculation of the time required to relax the

crack tip stresses.

Initially, the local stress (010cal) at the tip
of the geometrical stress concentration is much larger than the nominal
applied stresses (opy). Creep relaxation occurs to limit the local
stress such that the rate of decrease of elastic strain equals the
rate of increasc of plastic strain,

> (A1)

ile' é - = - .
plastic = € elastic

. . : 3 n
Substituting the secondary creep equation (¢ = Ao where A and

n are constants) for € in equation (Al) gives:-

plastic

n 1 [de
= = = [— 1
Aclocal E (dflocu ) (A2)

At the instant the stress is applied

olocal = Mo
na

where M is the local elastic stress concentration factor, equal to

3 for a circular hole, for example.

Thus re-arranging and integrating Eqn. (A.2). the

relationship
o
1 local a5
t = AE 10C&1
n
Mona 9 1ocal
1 1-n_ 1-n
= [(cha) o local] (A3)
AE (1-n)

is obtained. To evaluate t in conditions relevant to the experimental

i = [ inal applied
work, let t equal the time to reach Honal. = 1*5 x the nominal app

: o
net section stress for A.I.S.I. type 316 stainless steel at 7407C.

By taking

= 109-



E =1:93 x 105 1] m 2
A= 3x18" wetom, w7
n=717

then from Eqn. (A.3)

(1-5) M

6
6AEGH 4 (net)
For any M > 2, the HTG term is negligible and therefore t is
independent of the magnitude of the stress concentration. This means

that the calculated time of relaxation applies over the whole of the

stress field close to the crack. 1In particular when

O a(nety = 13 I m 2

a2y 68-1 AEG® -
na(net)

= 0+017 hr.

60 seconds.
This is an upper bound solution since the secondary creep equation

represents the lowest creep rate during a test at constant stress.
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